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The constitutive calcium/culmodulin-dependent nitric oxide (NO) synthase expressed in vuscular endothelium shires common biochemical and
pharmacologic properties with neuronal NO synthase. However, recent cloning und molecular characierization of NO synthase from bovine
endothelial cells indicated the existence of a fumily ol constitutive NO synthuses. Accordingly, we undertook molecular cloning and sequence
analysis of human endothelial NO synthase. Complementary DNA clones predict 4 protein of 1,203 amino acids sharing 94% identity with the
bovine endothelial protein, bul only 60% identity with the rut brain NO synthase isoform. Northern blot analysis with an endothelial-derived cDNA
identified a 4.6-4.8 kb mRNA transcript in HUVEC and in situ hybridization localized transeripts to vascular endothelium but not neuronal tissue.

Cyclic GMP; Endothelium-derived relaxing fiuctor: Endothelium; Vascular smooth muscle; Yasodilatation

1. INTRODUCTION

Synthesis of nitric oxide (NO) by NO synthuse derives
from one of the two chemically equivalent guanidino
nitrogens of L-arginine, producing L-citrulline as a co-
product [1,2]. In endothelial cells and neuronal tissue,
NO synthase enzymatic activity is constitutively ex-
pressed but activation of the calcium/calmodulin sig-
nalling pathway is required for maximal activity [3.4].
Synthesis and release of NO is rapid and not dependent
upon new protein synthesis. Dynamic control at the
cellular level is through activation of specific cell surface
receptors by calcium-mobilizing agonists. Constitutive
NO synthase contrasts with a pathway for NO synthesis
evident in macrophages [5], Kupffur cells, hepatocytes,
vascular smooth muscle [6], and mesangial cells [7]. Cal-
cium/calmodulin-independent NO synthase activity is
induced in these cell types by cytokines or bacterial wall
products over a period of many hours. Induction of NO
synthase activity is dependent upon new RNA and pro-
tein synthesis. Biological control for this NO synthase
pathway is at the level of transcriptional activation
[8] and appears to be controlled by the cytokine-re-
sponse profile of the particular cell type. Sequence com-
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parison of recently isolated molecular clones for rat
brain [4] and murine macrophage NO synthase [8,9]
indicated that these proteins are the products of sepa-
rate genes.

The calcium/calmodulin-dependent NO synthases of
endothelial cells and neuronal tissue, though similarly
regulated and expressing identical cofactor require-
ments, localize to different subcellular compartments
[10] and vary in apparent molecular weight [11]. To
determine whether these constitutively expressed NO
synthases were encoded by distinct genes we have re-
cently purified bovine cerebellar NO synthase, deter-
mined the amino acid composition of tryptic peptides,
and used a PCR-based cloning strategy to isolate cDNA
probes for bovine neuronal and bovine endothelial NO
synthase {12]. Genomic southern analysis using neu-
ronal and endothelial cDINAs identified unique restric-
tion enzyme fragments indicating that these cDNA
clones reflected the products of distinet genes. Further-
more, isolation and expression of a full-length ¢cDNA
for bovine endothelial NO synthase in eukaryotic trans-
fectants resulted in the acquisition of calcium-stimu-
lated NO synthase activity, as well as NADPH diapho-
rase activity. Sequence analysis of this full-length clone
predicted a protein of 1205 amino acids that differed at
numerous residues from the sequence determined for
the purified bovine neuronal NO synthase. Moreover,
bovine endothelial NO synthase showed only 50 and
60% homology with recently identified murine macro-
phage and rat brain NO synthases, respectively. These
data were taken to indicate that bovine endothelial NO
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HUVEC NOS SSPRPEQNHKS YRIRFNSIUSC SDPLVSSWRR KRKESSNTDS AGALGTLRFC 648
BAEC NOS SSPRPEQHKS YKIRFNSEC SDPLVSSWRR KRKESSNTDS AGALGTLREC 650

HUVEC NOS VFGLGSRAYP HFCAFARAVD TRLEELGCGER LLQLGQRGDEL CGQREEAFRG €98
BAEC NOS VFGLCSRAYP HFCAFARAVD TRLEELGGER LLQLGQGDEL CGQEEAFRG 700

FMN
HUVEC NOS FOQAMCE TFCVG KA IFSPKR SWKRQRYRLS AEGLQLLP 748
BAEC NOS FQASKCE TFCVG K3 IFSPKR SWKRERYRLS AEGLOLLP 7580
HUVEC NOS GLIEVHRRKM FQATIIRSVEN LQSSKSTRAT ILVRLDTIZQ ECLOYQPGDH 798
BAEC NOs GLIHVHRRKM FQATVLISVEN LQSSKSTRAT ILVRLDIMEQ ECLQYQPGDH 800
[r——
FAD-P
HUVEC NoOs I FPPNRPG LVEALLSRVE DPHMPTEFMVA VEQLEKGSPG GPP DP| 848
BAEC NOs IGIKCPPNRPG LVEALLSRVE DPHHPTERVA VEQLEKGSPCG GPP DP| 850
[ro——
HUVEC NOS RLPPCTLRQA LTFFLDITSP PSHIALLRLLS TLAEE 90 ELERLSQDPR 898
BAEC NOS RLPPCTLRQA LTFFLDITSP PSHRLLRLLS TLAEEHIEQD ELHILSQDER 200
[
FLAVIN
HUVEC NoOS RYEEWKWFRC PTLLEVLEQF PSVALPAPLL LTQLPLLQPR ¥YSVSSAHST 948
BAEC NOS RYEEWKWFRC PTLLEVLEQF PSVALPAPLL LTQLPLLQPR YYSVSSAFNA 950
Je—
FAD-l
HUVEC NOS HPG LTVA VLAYRTQDGL GPLHYGVCST WLSQL DP VPCFIRGAPS 998
BAEC NOS HPG LTVA VLAYRTQDGL GPLHYGVCST WLSQL ﬂGDP VPCFIRGAPS 1000
HUVEC NOS {FRLPPD LP CILVCPGTGI APFRGFWQER LHDIESKGLQ HIPMTLVFGC 1048
BAEC NOS FRLPPD P CILVGPGTGI APFRGFWQER LHDIESKGLY HAPMTLVFGC 1050
) e ——————
NADPH-R
HUVEC NOS RCSQRLDHLYR DEVH G VFGRVLTAFS REP KTYV QDILRTELAA 1088
BAEC NOS RCSQLDHLYR DEVQ G VFGRVLTAFS REP KTYV ODILRTELAA 1100
HUVEC NCs EVHRVLCLER GHMFVCGDVT MA' QTVR RILATEGDME LDEAGDVIGVY 1148
BAEC NOS EVHRVLCLER GHMFVCGDVT MAa' QTVE RILATECDME LDEAGDVIG% 1150
NADPH-A
HUVEC NOS LRDQORYHED IFGLTLRTQE VTSRIRTQSF SLQE RGA VPWAFDP 1203
BAEC Nos& LRDQORYHED IFGLTLRTQE VTSRIRTQSF SLQE RCA VPWAFDPP DT 1208

Fig. 1. Comparison of human and bovine constitutive endothelial nitric sxide synthases. The sequences are numbered with respect to the first

potential initistor methionine residue. Deduced amino acid sequence is denoled with the single letter code. Identical amino acids are framed. A

consensus sequence for M-terminal myristoylation is noted (MYRIS). A potential phosphorylation site for cyclic AMP-dependent protein kinase

(PKA) and a putative binding site for calmodulin (CALCIUM-CALMODULIN) is indicated. Cofactor consensus siles include; flavin mononucle-

otide binding (FIVIN), flavin adenine dinucleotide pyrophosphate (FARE, L. vo-flavin electron transport (FLAVIN), FAD-isoalloxazine (FAD-1),
nicotine adenine dinucleotide phosphate ribose (NADPH-R) and NADPH adenine (NADPH-A).
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synthase represented a novel member of a family of
constitutive calcium/dependent NO synthases [12].

Endothelium-dependent vasorelaxation is suggested
to be impaired in important diseases of the human vas-
cular wall; atherosclerosis, diabetes, and hypertension,
among others. The ability to dissect the pathophysiol-
ogic basis of these defects at the molecular level has been
hampered by the lack of molecular clones for the human
constitutive endothelial NO synthase. The isolation of
c¢DNA clones encoding the human constitutive endothe-
lial NO synthase is reported herein.

2. MATERIALS AND METHODS

2.1, Muterials

Cell culture media were from Gibgo, Grand Island, NY; cell culture
plates from Costar, Cambridge, MA; human recombinant wmor ne-
crosis luctor-alpha (rHuTNFa, spec. act. 9.8 x 10° U/mg) was a gift
of Knoll Pharmaceuticals, Whippany, NJ; DNA restriction and mod-
ifying enzymes from Pharmacia LKB, Baie d'Urle, Quebec; Taq DNA
polymerase from Perkin-Elmer Cetus, Emeryville, CA; all other rea-
gents were us described [13].

2.2, cDNA clones

Recombinant bacteriophage clones were isolated by plaque hybrid-
jzalion from a random-primed HUYEC Agtll ¢cDNA library with
¢cDNA probes labelled with {x-*P[dCTP (New England Nuclear,
Wilminglon, DE, spec. act. 3000 Ci/mmol) by the rundom-primer
method, Initial ¢cDNA clones were isolated using a 400 bp bovine
endothelial cDNA encoding amino acids 516 to 654 (bovine mid-
region probe) of bovine endothelial NO synthase [12], A total of §
cross-hybridizing phage clones were isolated from 5.0 x 10° plaques
screened. To isolute fanking sequences a 360 bp HUVEC cDNA
encoding amino acids 1105 to 1203 and 3’ non-coding sequence (3
probe), and a 360 bp HUVEC ¢DNA encoding amino acids 13 to 134
(5 probe) of human endothelial NO synthase were utilized, In total,
10 and 13 cross-hybridizing phage clones ware isolated [rom screens
ol 5.0 x 10° plaques, respectively. Cross-hybridizing clones were pla-
que-purified, isolated by preparative agarose gel clectrophoresis, sub-
cloned into the EcoRI multiple cloning site of pBluescript I SK(~)
(Stratagene, San Diego, CA), and subjected to dideoxy chainslermi-
nation sequence analysis with Sequenase 2.0 (US Biochemical Corp.,
Cleveland, OH). Oligonucleotide primers werz synthesized on a Phar-
macia LKB Gene Assembler Plus. Deduced nucleotide sequences were
confirmed on both sirands of multiple overlapping phage clones,

2.3, Rapid amplification of 5 ¢cDNA end (RACE protocol
Modifications ol the RACE protocol were utilized 10 isolate 50
nucleotides of 5’ coding sequence [14]. Briefly, human umbilical vein
endothelial cells (HUVEC) 1otal cellitar RNA (3 ug) was reverse
transcribed with an anti-sense gene-specific primer (5- GCG GGG
AAC TCC AGG CCC -3') by murine moloney leukemia virus reverse
transcriptase (Gibeco BRL/Life Technologies). RNuse H (BRL) wus
utilized to remove mRNA [15). First stand cDNA product was tailed
with dATP by lerminal deoxynucleolide transferase (BRL). First
round PCR amplification was performed in 4 total volume of 50 ul
for 35 eycles at 45°C (Perkin-Elmer Cetus 480 thermocycler) (sense
primers 5- GAC TCG AGT CGA CGA ATT CAA T,,, -¥, 2 pmol;
5- GAC TCG AGT CGA CGA ATT CAA -3, 25 pmol; anti-sense
gene-specific primer 5- AAT TTC CAG CAG CAT GTT -%, 25
pmol). A second round of amplification wus performed for 35 cycles
at 35°C in a total volume of 50 ul (sense primer 5- GAC TCG AGT
CGC CGA ATT CAA -3%, 25 pmol; antisense gene-specific primer 5'-
TTC CCC CAC TGG ATC CGG CCC ACG CAG -3, 25 pmol).
Products of the desired size were isoluted with preparative gel efectro-
phoresis, digested with EcoR1/BamiHI, and subcloned into pBluescript
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1 SK(-). A library of 10° RACE-PCR producis, transformed into
DH108 electrocompetent cells (BRL), were screened with in situ cols
ony lift hybridization using the above mentioned human 5 ¢cDNA
probe. Mulliple positive colonies were subjected to DNA sequence
analysis 1o exclude PCR-associated nucleotide incorporalion errors.

2.4, RNA isolation, northern blotting and hybridization

HUVEC were isolated and maintained as described [16]. Northern
analysis wis performed as previously published [13). A 790 bp human
endothelial cDNA corresponding to amino acids 380 to 643 (human
mid-region probe) was lubelled with 1he random-primer method (5 x
10® epm/ml), Hybridization and washes were performed under condi-
tions of high stringency. Blots were rehybridized with o human B
tubulin cDNA under condilions of high siringency (0.75 kb EcoRI
insert) (ATCC 77044) to conirol for the amount of RNA loaded per
lane. A 1.0 kb EcoRI/Pstl restriction {ragment, corresponding to 3
coding and noui~coding regions of human cytochrome P450 reductase,
was also used in Narthern analysis. This cDNA wus isolated [rom an
EcoRI/Xhol dT-primed AZAP 1[I human vascular smooth muscle
¢DNA library. 4.0 x 10° plaques were screened with the human endo-
thefial 3* ¢DNA described above. VCS M13 helper phage allowed
in-vitro phagemid rescue following manuficturer's suggesijons (Strat-
agene).

2.5, In situ hybridization

Tissues were collected al necropsy from an adult human male and
adult baboon and fixed in 4% paraformaldehyde with 0.1 M NaPO,
(pH 7.4) for 2-4 h at 4°C, cyloprotected in |5% sucrose-PBS over-
night, embedded in OCT, frozen in liquid nitrogen, and stored at
-70°C. Cryosections (7-10 ym) were thaw-~mounted onto Veclabond-
(Veclor Laboratories, Burlingame, CA) coated-slides, refrozen, and
stored at ~70°C with desiccant until use, The above-rmentioned human
mid-region probe was transcribed with T3 RNA polymerase
(Promega) using [2-*S]UTP (Amersham, Atlinglon Heights, IL., spec.
act, 1200 Ci/mmol) to produce full-lengih anti-sense transeripts, Ex-
periments were controlled by hybridizing seclions with the same
¢DNA probe transcribed in the sense orientation with T7 RNA
polymerase (Promega). Studies were performed as previously de-
scribed [17], Briefly, cryosections were pretreated with paraformalde-
hyde, proteinase K (Sigma Chemical, St. Louis, MO), and prehybr-
idized in 100 wl hybridization buffer (50% lormamide, 0.3 M NaCl,
20 mM Tris-HCI pH 8,0, 5 mM EDTA, 0.02% polyvinylpyrrolidine,
0.02% ficoll, 0.02% bovine serum albumin, 109 dextran sulfate, and
10 mM dithiothreilol) al 42°C, Serial sections were hybridized with
6.0 x 10° cpm [MS]riboprobersiide ut 55°C. After hybridization, the
seclions were washed with 2 xSSC (1 x 88C = 150 mM NaCl, 15 mM
Nacitrate, pH 7.0) with 10 mM G-mercaploethanol and | mM EDTA,
lrented willh RNuse A (Sigma), aguin washed in the same bufTer,
followed by a high stringency wash in 0.1 x SSC with 10 mM j-
mercaptoethanol and 1 mM EDTA, at 35°C, Slides were then washed
in 0.5 x $8C and dehydraled in graded alcohols containing 0.3 M
NH,Ac. Sections were dried, couated with NTB2 nuclear irack emuls
sion (Eastman Kodak, Rochester, NY), and exposed in the dark at
4°C for 4 to 10 weeks. Afier development, the seclions were counter-
stained with hematoxylin and eosin lo aid in cell identification,

3. RESULTS AND DISCUSSION

The nucleotide sequence(s) reported in this paper has
been submitted to the GenBank/EMBL Data Bank with
accession number(s) M95296. Nucleotide coding se-
quences are 90% identical comparing human and bo-
vine endothelial constitutive NO synthases. The
methionine-encoding sequences near the 5 end of the
open reading frame have neighbouring nucleotide se-
Guences consistent with eukaryotic translational starg
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Fig. 2. Northern blot analysis of constitutive human endothelial nitric
oxide synthase; effect of TNF-g. In the upper panel total cellular RNA
(10 ug/lane) isolated from HUVEC; conrol (lane 1), TNF-a (100
ng/ml, 4 h) (lane 2), TNF-a (100 ng/ml, 24 h) (lane 3). Nylon mem-
branes were probed with a **P-labelled constitutive human endothelial
NO synthase ¢cDNA. In the lower panel membranes were reprobed
with a “P-lubelled human cylochrome P450 reductase cDNA.

sites AGTAACATG)G [18). The deduced amino acid
sequence of human endothelial NO synthase, compris-
ing 1203 amino acids, predicts a protein with a mw of
133 kDa. This is in close agreement with the predicted
molecular mass of bovine endothelial NO synthase
(1205 amino acids) [12] as well as the molecular weight
of 135 kDa suggested from purification of the enzyme
from bovine endothelial cells [11]. Indicated in Fig. 1 is
an amino acid sequence comparison of the human and
bovine endothelial NO synthases. The sequence is num-
bered with respect to the first potential initiator
methionine codon.

Cellular fractionation has indicated that endothelial
NO synthase may be localized to the particulate fraction
of endothelial cell preparations [10]. This contrasts with
the cytosolic localization of constitutive neuronal and
inducible macrophage NO synthases. A consensus
motif for N-terminal myristoylation is noted in both
human and bovine endothelial sequences [19]). Such a
motif is not present in neuronal and macrophage N
termini, Binding sites for cofactors and nucleotides are
highly conserved between human and bovine endothe-
lial NO synthases, indeed overall amino acid sequence
identity is 94%. This contrasts with a predicted amino
acid identity of 50 and 60% with murine macrophage
and rat neuronal NO synthase, respectively. Constitu-
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tive human endothelial NO synthase reveals no signifi-
cant sequence similarity over the initial 226 residues of
neuronal NO synthase [4).

Northern blot analysis (Fig. 2, upper panel) indicated
the most prominent mRNA transcript to be 4.6 to 4.8
kb in size. We and others have previously demonstrated
that proinflammatory cytokines, such as TNF-a, induce
a pathway for NO synthesis in endothelial cells [20,21).
Addition of human recombinant TNF-a (100 ng/ml) for
4 and 24 h failed to increase levels of endothelial NO
synthase mRNA transcripts. In fact, such treatment de-
creased levels of constitutive endothelial NO synthase
mRNA when assessed at 24 h (# = 3). NO synthases
show a high degree of homology to cytochrome F450
reductase [4]. This is especially evident at the COOH
termini of the molecules, regions of putative nucleotide
and cofactor interactions. A human cytochrome P450
reductasc cDNA was utilized to control for the amount
of RNA loaded per lane (Fig. 2, lower panel). Similar
results were obtained when blots were reprobed with a
human S-tubulin cDNA (results not shown). Therefore,
the increase in endothelial NO synthase activity induced
by prolonged treatment with TNF-q is likely to involve
post-transcriptional modification of NO synthase, in-
duction of co-regulatory processes, or the induction of
a distinct endothelial NO synthase isoform.

Anti-sense cRNA probes were utilized under condi-
tions of high stringency for in situ hybridization studies.
These studies were performed to assess the cellular ex-
pression of endothelial constitutive NO synthase.
Shown in Fig. 3A is localization of NO synthase mRNA
to vascular endothelium within a human intercostal ar-
tery. In Fig. 3B constitutive endothelial NO synthase
mRNA was also localized in representative sections of
baboon cerebellum solely to endothelial cells of bleod
vessels and not to neurons. In contrast to findings ob-
tained with anti-sense riboprobes no hybridization sig-
nal was detected using a sense riboprobe (data not
shown). Endothelial cell identity was confirmed by Ulex
europaeus lectin immunohistochemistry [17] and in-situ
hybridization using a von Willebrand factor cRNA
probe on adjacent serial sections [22]. Such studies dem-
onstrated specific hybridization to endothelial NO syn-
thase mRNA and not neuronal NO synthase mRNA.

There are striking areas of regional amino acid ho-
mology among the NO synthase family. Functional as-
sessment of putative regulatory and functional domains
are under active investigation. For instance, whether
N-terminal myristoylation of endothelial NO synthase
targets the protein to membranes remains 1o be deter-
mined. Functional expression of a full-length cDNA for
human endothelial NO synthase will be an important
component of such studies. Bovine endothelial NO syn-
thase cDNAs clearly confer calcium-activated NO syn-
thase activity in a heterologous system [12]. We believe
that the marked sequence identity as well as equivalent
size and tissue distribution of mRNA transcripts, all
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Fig. 3. Representative sections of in situ localization of constitutive endothelial NO synthase mRNA within a human intercostal artery (A) and

baboon cerebetium (B). (A) NO synthase mRNA was detected in the endothelial cells of a human intercostal artery by in situ hybridization using

an endothelial NO synthase [2-**S]JUTP-labelled ¢cRNA probe. (B) NO synthase expression was localized within baboon cerebellum solely to

endothelial cells of blood vessels and not neuronal tissue. Similar results were obtained on serial sections hybridized to a human von Willebrand

factor [a-*S]JUTP-labelled cRNA probe. Serial sections hybridized with a corresponding sense human endotheliul NO synthase [a-*SJUTP-labelled

cRMA probe did not show hybridization. Autoradiographs were pholographed using a combination of bright field illumination and polarized
epi-illumination. A, 1250x; B, 416x%,

suggest that these cDNA clones encode the human and
bovine constitutive endothelial isoforms. Indeed, the
current study suggests that isoforms may be highly con-
served across species. The isolation of human sequences
may now allow direct assessment of endothelial NO
synthase mRNA expression in important vascular dis-

292

eases of man and permit studies of genomic organiza-
tion and transcriptional regulation.
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