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We have isolated a rabbit neuronal nitric oxide synthase
(nNOS) ¢cDNA encoding a protein of 1,435 amino acids.
Using the cDNA clones as probes, the 5’-flanking region
of the nNOS gene was isolated from a rabbit genomic
DNA library. 5RACE and primer extension analysis of
rabbit brain total RNA mapped multiple transcription
initiation sites localized 474-487 bp upstream from the
translation start codon. Analysis of 5,197 bp of the 5'-
flanking sequence revealed that the rabbit nNOS gene
promoter lacks canonical TATA or CCAAT boxes and,
instead, contains a GC-rich region and multiple Sp1 sites.
Farther from the +1 start, various putative cis-elements
including AP-1, AP-4, NF-kB, STAT, CREB, C/EBP
and c-Myc were observed. The functional promoter
activity of the 5’-flanking region was demonstrated by
its ability to drive the expression of a P-galactosidase
reporter gene in several cell types. Serial deletion analysis
of the promoter region revealed that the -291 to -172
region, which contains two Spl1 sites, is essential for basal
transcriptional activity. These results suggest that the
rabbit nNOS promoter contains characteristics of induc-
ible genes.

Keywords: Gene Regulation; Neuronal Nitric Oxide
Promoter; Rabbit; Synthase.

Introduction

Nitric oxide (NO) has been identified as an important
mediator with a wide range of physiological activities.
In the brain, normal physiology of NO has been
implicated in synaptic plasticity. Recent studies with
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cultured hippocampal neurons (Arancio et al., 1996) or
NOS-knockout mice (Son et al., 1996) demonstrated
that NO acts as a retrograde messenger during long
term potentiation (LTP) of excitatory neurotransmis-
sion in the hippocampus. In the peripheral nervous
system, NO induces relaxation of smooth muscle
important in the adaptation to a bolus of food and
peristalsis. In the gut, smooth muscle relaxation de-
pends on nonadrenergic-noncholinergic neurons that
mediate their effects via NO (Huang et al., 1993). In
addition to these beneficial effects, NO may also be
detrimental in certain pathophysiological conditions.
For example, neuronal damage following focal cerebral
ischemia has been reported to be attributed to NO
(Quast et al., 1995). NO is also involved in cellular
damage in immunological diseases such as rheumatoid
arthritis and septic shock. Because of its dual nature,
tight regulation of NO biosynthesis is necessary. Indeed,
NOS activity is regulated at multiple levels (Nathan and
Xie, 1994). Although nNOS activity is strictly controlled
by Ca®"/calmodulin, additional mechanisms such as
phosphorylation (Briine and Lapetina, 1991; Nakane
et al., 1991) and NO feedback regulation (Griscavage
et al., 1994) may contribute to nNOS regulation.
Signalling actions of NO can also be modulated by
association of nNOS with several proteins. The postsy-
naptic density protein PSD-95 or al-syntrophin mediate
subcellular localizations of nNOS (Brenman et al.,
1995; 1996). The protein inhibitor of nNOS (PIN)
interacts physically with nNOS and destabilizes its
dimeric form (Jaffrey and Snyder, 1996).

In spite of the constitutive expression of nNOS,
several studies have shown that transcription of the
nNOS gene can also be tightly regulated. In trkA-
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expressing cholinergic neurons and PC12 cells, nerve
growth factor (NGF) induced the expression of nNOS,
resulting in elevation of its mRNA levels (Holtzman
et al., 1996; Sheehy et al., 1997). Also, pregnancy and
estrogen treatment increased the amount of mRNA for
eNOS and nNOS in the skeletal muscle (Weiner et al.,
1994). Several findings have suggested that the nNOS
content may be modulated during certain pathophysi-
ological conditions. Nerve injury such as peripheral
axotomy caused up-regulation of nNOS mRNA (Verge
et al., 1992). Guo et al. (1997) showed that prolonged
in vivo hypoxia caused a time-dependent increase in
nNOS mRNA and protein expression in rat. These
observations indicate that the biological activity of
nNOS is specifically regulated at transcriptional or post-
transcriptional levels, and that therefore the notion
of the constitutive expression of this isoform needs to
be reconsidered. Contrary to inducible NOS, however,
little is known about transcriptional control processes of
the nNOS gene since the accumulation of evidence is
only just beginning.

Indeed to date, only the organization of the human
nNOS gene has been reported (Hall et al., 1994), and
there are few studies demonstrating the effects of
external signals on nNOS mRNA levels. In the present
study, we have isolated the rabbit nNOS cDNA and
characterized its 5" flanking region as a prerequisite step
in understanding the regulatory processes of nNOS gene
expression.

Materials and Methods

Cloning of rabbit nNOS ¢cDNA Rabbit brain Total RNA was
reverse transcribed with 100 pmole of oligo(dT) or random
primer and 40 units of AMYV reverse transcriptase (Promega).
The first-strand of cDNA was amplified with 2 units of Tagq
DNA polymerase (Poscochem) and 50 pmole of degenerate
primers corresponding to amino acid sequences shared by rat
and human nNOS. The three PCR products were subcloned
into a PCR cloning vector, pGEM-T Easy (Promega), and
then sequenced. The resulting plasmids, pTA23, pTAS9,
and pTA1011, were linearized, and utilized as templates to
generate radioactive RNA run-off transcripts with 10 uM
[0-**PJUTP (800 Ci/mmol; Amersham) and 20 units of T7
RNA polymerase (Poscochem) or SP6 RNA polymerase
(Poscochem). These riboprobes were used to screen a rabbit
brain cDNA library (Clontech) as described before (Jeong
et al., 1998). The inserts of positive clones were subcloned into
the EcoRI site of pPGEM7zf (Promega) and sequenced.

Screening of rabbit genomic library cDNA subclones were
linearized and utilized as templates to synthesize radiolabeled
RNA run-off transcripts. This riboprobe was used to screen
an EMBL SP6/T7 rabbit genomic library (Clontech). Phage
hybridizations were carried out on Hybond-N membranes
(Amersham). Nylon membranes were hybridized at 43—45°C
for 16 h in 50% formamide, 2x Denhardt’s solution, 150 mM
sodium phosphate, pH 6.8, 250 mM sodium chloride, 1 mM

EDTA, 1% SDS, 10% polyethylene glycol and the **P-
labelled riboprobe. The blots were washed at 55-60°C with
0.1x SSC, 1% SDS and 10 mM sodium phosphate, pH 6.8,
and exposed overnight at —80°C. Several positive clones were
isolated, and phage DNAs were purified for restriction-site
mapping. The inserts were subcloned and used as templates to
generate riboprobes for further screening.

5 Rapid amplification of ¢cDNA ends Twenty to fifty pg of
rabbit brain total RNA were dissolved in 50 mM Tris-HCI,
pH 8.5, 8 mM MgCl,, 30 mM KCI, and 1 mM dithiothreitol,
and mixed with a NOS gene-specific primer, NR4 (5'-
AAGAGACGGACCGAGATGAC-3"), corresponding to
nucleotides +43 to +62 relative to the ATG translation
initiation codon. After heating at 70°C for 10 min and cooling
down to 43°C, the RNA-primer mixture was then incubated
with 20 units of AMV reverse transcriptase for 1 h at 43°C.
The 3’-end of the cDNA was tailed at 37°C for 20 min with 10
units of terminal transferase in 10 mM Tris-HCl, pH 8.3,
1.5 mM MgCl,, 50 mM KCI and 200 uM dATP. The tailed
c¢cDNA pool was then amplified by PCR using an oligo
dT-anchor primer (5-GACCACGC GTATCGATGTCG-
ACT4V-3") and a nested NOS gene-specific primer,
NR5 (5-GCCAAACACGTGCTCCTCCAT-3’), correspond-
ing to nucleotides +1 to + 21 relative to the ATG translation
start codon. The products were ligated into pGEM-T Easy,
and independent clones were sequenced. According to the
sequencing result, the following primers were synthesized
and used to perform a second 5’RACE: NRI10 for RT,
5-GAGTAGACAACATCTGCCACA-3" (+332 to +352);
NRI11 for the first-round of PCR, 5-GATCGGCTGT-
GCACCTCAC-3" (+377 to +395); NR-13 for the second-
round of PCR, 5-TCTCAGCGGCGGCGGCAG-3" (+410
to +427).

Primer extension analysis An oligonucleotide primer (5'-
TCCCCCGTCCGTGAGGTGCACAGCCGATCT-3) com-
plementary to the 5-end of the rabbit nNOS mRNA was
end-labeled with [y->PJATP (800 Ci/mmol; Amersham) and
T4 polynucleotide kinase (Poscochem). Approximately
1 x 10° cpm of this primer was hybridized to 50 pg of rabbit
brain total RNA at 30°C for 16 h in 40 mM PIPES, pH 6.4,
I mM EDTA, pH 8.0, 0.4 M NaCl and 80% formamide.
The primer was extended at 37°C for 2 h with 100 units
of Moloney murine leukemia virus reverse transcriptase
in 50 mM Tris, pH 8.3, 7 mM MgCl,, 40 mM KCI, 1 mM
dNTPs, 10 mM dithiothreitol, and 40 units of RNasin. Primer
extension products were digested with RNase A (Sigma),
extracted with phenol/chloroform, precipitated with ethanol,
and then analyzed on an 8% denaturing polyacrylamide gel in
parallel with dideoxynucleotide chain termination sequencing
ladders.

Construction of promoter-p-galactosidase plasmids A 6 kb-
Xhol fragment of AnosJ was cloned into pBluescriptlIKS to
generate subclone pJ 6.0, and then a 4 kb-Sfol fragment of pJ
6.0 was ligated into the Smal site of pPgal-Basic (Clontech) to
obtain a reporter-promoter construct, pGalS4. To make serial
deletion constructs, -3,319, -2,643, -1,999, -1,105, -728, -291,
and -171, pGalS4 was partially cut with EcoRI, Earl, BamHI,
Apal, Afll, Nael, and Sacl in combination with Xmal
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respectively, and appropriate restriction fragments isolated
from the gel were self-ligated.

Cell culture and transfection LLC-RK1 (rabbit kidney) cells
were maintained in medium 199 supplemented with 10% heat-
inactivated horse serum (Gibco-BRL) under 5% CO,. HIG-82
(rabbit synoviocyte) cells were cultured in Ham’s F12 medium
with 10% fetal bovine serum (Gibco-BRL). PC12 cells were
maintained in Ham’s F12K medium supplemented with 15%
horse serum and 2.5% fetal bovine serum. For PCI12 cell
transfection, plastic dishes were treated overnight with 15 pg/
ml poly-D-lysine (> 300,000 Da, Sigma), rinsed with distilled
water, and then plated with PC12 cells. About 50% confluent
cells in 35-mm dishes were transfected with 1 pg of various
promoter-reporer constructs, 1 ug of pEGFP-N1 (Clontech)
and 12 pg Lipofectamin (Gibco-BRL) in 1 ml of Opti-MEM
(Gibco-BRL), and incubated for 8 h at 37°C under 5% CO,.
After 2 d of culture in the respective serum-containing
medium, the B-galactosidase activity was assayed using the
Luminescent B-gal Detection kit II (Clontech) and luminom-
eter (EG & G Berthold). The fluorescence of the EGFP
protein was also measured to normalize differences in
transfection efficiency or the preparation of cell extracts.

Results

Isolation of rabbit nNOS ¢DNA Fully degenerate
oligonucleotide primers based on the amino acid
sequences of human and rat nNOS were synthesized
for RT-PCR with the aim to generate probes useful for
screening a rabbit brain cDNA library. After reverse
transcription, the primers of each set were added to the
reaction, and cDNA sequences were amplified by PCR.
A rabbit brain Jgtl0 cDNA library was screened with
NOS-specific PCR fragments, and six positive clones
were isolated. Each ¢cDNA insert of the clones was
ligated into the FEcoRI site of pGEMT7zf, and the
nucleotide sequences determined. Sequence analysis
indicates that the 4,920-bp cDNA sequence of rabbit
neuronal nitric oxide synthase contains a 4,305-bp open
reading frame encoding a polypeptide of 1,435 amino
acids with a calculated molecular mass of 161 kDa
(Fig. 1). The deduced amino acid sequence of nNOS
reveals several consensus sites. The amino acid sequence
of rabbit nNOS displays an overall 90% identity
to other neuronal enzymes from human, rat, and
mouse. Like other nNOSs, the rabbit protein possesses
recognition sites for calmodulin, FMN, FAD, and

NADPH in the carboxyl terminal half of the polypep-
tide (Fig. 1).

Isolation of the 5’ flanking genomic region The rabbit
genomic DNA library was screened with *?P-labeled
riboprobes derived from linearized cDNA subclones as
templates. Three positively hybridizing phage clones,
JnosA, AnosB, and AnosC, were isolated and the inserts
were subcloned (Fig. 2). Since partial sequence analysis
showed that these clones contained exons 3 to 10,
repeated screening was performed with the same probe.
/nosP, AnosQ, AnosS, and JnosL were isolated and
partially sequenced. Compared with the nNOS cDNA
sequence, these clones contained only exon 2. Using
radioactive riboprobes derived from AnosL subclones

MEEHVFGVQQIQPNVISVRLFKRKVGGLGFLVKERVSKPPVIISDLIRGG 50
AAEQSGLIQAGDIILAVNGRPLVDLSYDSALEVLRGVASETHVVLILRGP 100
EGFTTNLETTFTGDGTPKTIRVTQPLGAPTKAVDLSHQPPSAGKEQPRPV 150
DGAAGPGSWPQPTQGHGQEAGSPSRANGLAPRTSSQDPAKKSGWAGLQGS 200
GDKNELLKE IEPVLTLLAGGSKAVDGGGPAKAETRDTGVQVDRDFDAKSH 250
KPLPLGVENDRVFSDLWGKGSAPVVLNNPY SEKEQPPASGKQSPTKNGSP 300
SKCPRFLKVKNWETDVVLIDTLHLKSTLETGCTEHICMGSIMFPSQHTRR 350
PEDIRTKEQLFPLAKEFIDQYYSSIKRFGSKAHMERLEEVNKEIESTSTY 400
QLKDTELIYGAKHAWRNASRCVGRIQWSKLOVFDARDCTTAHGMFNYICN 450
HIKYATNKGNLRSAITIFPQRTDGKHDFRVWNSQLIRYAGYKQPDGSTLG 500
DPANVQFTE I CIQQGWKPPRSRFDVLPLLLOANGNDPELFQIPPELVLEV ~ 550
PIRHPKFEWFKDLGLKWYGLPAVSNMLLEIGGLEFSACPFSGWYMGTEIG 600
VRDYCDNSRYNILEEVAKKMNLDMRKTSSLWKDQALVEINIAVLYSFQSD 650
KVTIVDHHSATESFIKHMENEYRCRGGCPADWVWIVPPMSGSITPVFHQE 700
MLNYRLTPCFEYQPDPWNTHVWKGTNGTE[TKRRAIGFKKLAEAVKESAKL] 750
CaM
MGOAMAKRIVKATILYATETGKSQAYAKTLCEIFKHAFDAKVMSMEEYDIV 800
HLEHE TLVLVVTSTFGNGDPPENGEKFRCALMEMRHPNSLQEERKSYKVR ~ 850

FNSVSSYSDSRKSSGDGPDVRDHFESAGPLANVRFSVFGLGSRAYPHFCA 900

FMN

FGHAVDTLLEELGGERILKMREGDELCGQEEAFRTWAKKVFKAACDVFCV 950

GDDVNIEKANNSLISNDRSWKRNKFRLTYVAEAPGLTQGLSSVHKKRVSA 1000
ARLLSRONLOSPKSSRSTIFVRLHTNGSQELQYQPGDHLGVEPGNHEDLY 1050
FAD-PPi
NALIERLEDAPPANQMVKVELLEERNTALGVISNWKDEPRLPPCTVFQAF 1100
KYYLDITTPPTPLOLOOFASLASNEKEKQRLLVLSKGLQEYEEWKWGKNP 1150
TIVEVLEEFPSIQMPATLLLTQLSLLQPRYYSISSSPDMYPDEVHLTVAI 1200
FAD-ISO
VSYHTRDGEGPIHEGVCSSWLNRIPADEVVPCFVRGAPSFRLPRNPQVPC 1250
[[LVGPGTAFAPFRSFWQORQFDIQHKGMSPCPMVLVFGCROSKIDHIYRE 1300
NADPH-ribose
EALQAKNKGVFRELYTAYSREPDKPKKYVODILQEQLAEQVYRALKEQGG 1350
[ETYVCGDVTMAADVLKAVORTMAQQGKLSAEDAGVF I SRLRDDNRYHEDT 1400
NADPH-adenine
FGVTLRTYEVTNRLRSESIAFIEESKKDTDEVFSS 1435

Fig. 1. Deduced amino acid sequence of the rabbit neuronal
NOS. Consensus sites for calmodulin (CaM), FMN, FAD
pyrophosphate (FAD-PPi), FAD isoalloxazine (FAD-ISO),
NADPH ribose, NADPH adenine are boxed. The nucleotide
sequence has been submitted to GenBank with the accession
number U91584.

GGCTGGGCGGGCC TGCAAGGCAGTGGCGATAAGAACGAGC TCC TGAAGGAGAT TGAGCCCGTGCTGACCCTCCTCGCCAGTGGGAGCAAGGCAGTCGACGGAGGGGGCCCTGCCAAGGCG
GlyTrpAlaGlyLeuGlnGlySerGlyAspLysAsnGluLeuLeuLysGluI1eGluProValLeuThrLeuLeuAlaGlyGlySerLysAlaValAspGLyGlyGlyProAlaLysAla 232
GAGACGAGAGACATGGGAGTCCAGGTGGACAGgtgagatgcccaggtgtgtgtgtgcgtgtgtgtgtgcgtgtctgtgtgcacgcgggagtctcagcctcacagcccagagctgctcaga

GluThrArgAspThrGlyValGlnValAspAr

tcatgcgcatgecatttggccacccttgaccttgeccecaa . . Intron 2 .

243

. . . tggattgaggcagtgatctggeccgttecttgtgtgtetectgecteacca
ccccgccttgcttgcagGGATTTCGATGCCAAGTCGCACAAGCCTCTGCCTCTTGGCGTGGAGAACGACCGCGTCTTCAGTGACCTGTGGGGGAAGGGCAGCGCGCCTGTGGTCCTCAAC

Exon 3

gAspPHeAsoAlaLysSerH1sLysProLeuProLeuGlyValGluAsnAspArgValPheSerAspLeuTrpGlyLysGlySerAlaProValValLeuAsn 277
AACCCCTATTCAGAGAAGGAGCAGgtaagtgtgcgaggegagectggegeeccacacteccacaccgecctgaacecteccggggagaageegagggg

AsnProTvrSerGluLysGluGln

285

Fig. 2. Genomic map of the rabbit nNOS gene. Overlapping phage clones are shown as horizontal lines. The first ten exons are
indicated by vertical lines or an empty box. Exon 2 contains the ATG translational start site. E, EcoRI; B, BamHI.
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and the 5RACE result, we have isolated two positive
clones, AnosK and /nosJ, and determined their restric-
tion-site maps. Comparison of genomic and comple-
mentary DNA sequences revealed that the AnosJ clone
contained exon 1 and a 5’ flanking region for the nNOS
gene. A 6 kb-Xhol fragment of ZnosJ was subcloned
into pBluescriptlIKS and the nucleotide sequence was
determined (Fig. 3).

Determination of the transcriptional initiation site
5’RACE analysis was performed to identify the tran-
scription initiation site of nNOS and orient its promoter
relative to the coding sequence. When NR4 was used as
the first-strand cDNA synthesis primer, and NR5 as the
nested PCR primer, a -470 bp product was amplified, and
subcloned into pGEM-T Easy. Sequence analysis of
twenty individual clones mapped the transcriptional start
sites at positions 474, 481, 487 bp upstream with respect
to the first nucleotide of the translational initiator codon.
These were consistent with the result from a second
5’RACE using primers near the 5 end. Shown in Fig. 4is
a primer extension analysis that was also used to confirm
the start site of transcription. Three distinct extended
products were observed in lane 1. Adjacent lanes (GATC)
display a dideoxy nucleotide sequencing ladder used to
measure the lengths of the extension products. In agree-
ment with the result of 5RACE, alignment of the nNOS
primer extension products with the sequencing ladder
revealed that the rabbit nNOS mRNA began at multiple
sites, which are -487 bp, -481 bp or -474 bp upstream of
the initiator methionine codon. Sequence inspection of
the proximal upstream region of the start sites did not
identify a consensus TATA motif. The occurrence of
multiple transcriptional initiation sites is not uncommon
in genes whose promoter lacks a TATA box.

DNA sequence analysis of the rabbit nNOS 5’ flanking
region Analysis of the 5,197 bp promoter region of the
rabbit nNOS gene revealed that it has an overall GC
content of 60%. In particular, the proximal region of
the nNOS gene promoter has a high GC content of 78%
between -399 bp and -98 bp. The sequence immediately
upstream of the transcriptional start site does not have
an identifiable TATA or CCAAT box. Instead, com-
putational analysis of the promoter region shows that
there are various consensus sequences for binding
potential transcription regulatory factors (Fig. 3). Mul-
tiple Sp1 binding sites were evident at nt -246, -185, and
-145. The Spl site is commonly required for the
transcription of numerous TATA-less genes by RNA
polymerase II. Five myeloid zinc finger 1 (MZF1)
elements are found in the 5’flanking region, of which
two are located at positions -235 and -55 contiguous to
the Spl1 sites. Three consensus sequences for CdxA were
observed at nt -4,985, -1,445 and -396. In addition, there
are five AP-1 sites at nt -4,351, -3,906, -3,811, -2,596 and

-1,002 as well as seven AP-4 sites at nt -4,588, -4,520,
-4,356, -4,068, -3,123, -1,616 and -852. In the distal
promoter region, five putative binding sites for NF-xB
were detected at nt -5,037, -4,958, -4,216, -3,729 and
-2,253. The 5-flanking region of the rabbit nNOS gene
contains two cyclic AMP-responsive elements (CRE) at
positions -4,379 and -2,528 of the transcription start.
Located at nt -5,056, -3,407, -3,400, -2,925, -2,803,
-2,174 and -864 are potential MyoD elements, of which
two overlap with the upstream stimulating factor (USF)
at nt -3,400 and -2,803. Sequences for binding possible
transcription factors such as c-Myc, SREBP 1 (sterol
regulatory element-binding protein 1), STAT (signal
transducers and activators of transcription), and NF-Y
can also be found at nt -3,466, -2,134, -1,523, and -744,
respectively (Fig. 3). Other putative cis-acting elements
observed in the promoter of the nNOS gene are sites for
C/EBP at nt -3,608 and -1,125, GATA-1 at nt -4,119,
-3,101 and -2,795, GATA-2 at nt -4,129, Oct-1 at nt
-3,253 and -2,008, and c-Myb at nt -3,633 and -1,708.

Promoter activity of the rabbit nNOS 5’-flanking
region We have subcloned the 5’-flanking region into
the pPgal-Basic plasmid vector in front of the reporter
B-galactosidase gene to test its ability to function as a
transcriptional promoter. This plasmid was used to
transfect some cultured cell lines, while the promoterless
pBgal-Basic served as a negative control. The transfec-
tion efficiency was normalized by co-transfection with
green fluorescent protein DNA driven by the CMV
promoter. As shown in Fig. 5, the two rabbit cell lines
transfected with pGalS4 showed significantly more
B-galactosidase activity than cells transfected with the
control plasmid that lacked the promoter. Similar
activity was shown with PC12 (rat Pheochromocytoma)
cells. These results demonstrate that the 5'-flanking
region of the rabbit nNOS gene is capable of function-
ing as a transcriptional promoter.

Deletion analysis of the rabbit nNOS promoter To
determine the cis elements essential for the transcrip-
tional activity of the nNOS gene, we performed serial
deletion analysis of the rabbit nNOS promoter (Fig. 6).
Deletion of the -1,105 to -729 region led to a 30%
reduction in transcriptional activity in PCI12 cells. A
further deletion from -728 to -292 led to only a slight
reduction in transcriptional activity. The loss of more
than 70% promoter activity in construct -171 compared
to construct -291 suggests that the region from -291 to
-172 is essential for the basal promoter activity.

Discussion

Identification of the nNOS potential cis-regulatory DNA
sequences We have characterized the structure of the
promoter by DNA sequence analysis and examined its
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GGGGTGGCCCAGCATT
CTCATCCCACCCACGTCAGCCCAGCTTTCGCCGGGACCCAGGTCCCAGGTCCAAAAAGC TGAGTACAGGAAGCAGCAAGTCCGCCTACTTGGTC TCAGGGAGGC TACAGTGAAGGCTTAG

GCCATCTGTTiGGTCAC TG T[GGGAAC TGO TC T T TATCACACGGGC TGGG TACCAAGCAAAAGGCACC TACANRTTTATTITGCCCGCTGGAT TC TTRGGAGACTTTCCOOGTTTTTGAAG
MyoD NF-kB Cdxa NF-«xB
GTCTGGTTCACTTGTTCCTAACCT TAAGAAGT TC TCATGCCCC TTTARAAATGCACC TAACACCATAAACCCTCTGCCCCAGAARAACACACTTGTCCTCAAACGTGCACACAACTGCAG
GAAGCTAACCATCATCAGGTTAGGATCCCTGAGACCCCAAGATCTGAAGGGGTT TGCATGTGAGTGGCAGAGCCAGGTCCGGAGGTGTTCCCTC TTCTGCCCAGGCTGTCTC TTTAAGCC
TTAAAGGGCTCTCCCTCTTGCTTCCCTGCGEAATCCTGCCGAAGTCCTTGGGGTGTTGATAT TGCCAGGAACTGTGGCTGCGCTCCC TCCCTGTGGC TGTGGGC TGTCCRGCAGC TCTGT

AP-4
CCTCTACTTCTTTCATGATCCCCTCTCTCGTCTCTTCCAAGCCCCAGAACCAGCATCICACAGC TGACIC TGCCACTGACCAGT TCTTGCCCCTGGGATARATC TCTGAGCC T TCCTGGACC
AP-4
TTGCCTTCCCCTGGGTACAAGGTCAGGGGCAGGGGCAGCCATTTCCAAGGGTTCTTGTGCCACC TGCAAAGCCAGGCCCTGGCGTCATCCT TAGTAACAGGICACAGC TGAC|TGACTGCCC
USF CREB AP-4 AP-1

CGGCCAAGCAGCAGAGAGTGTGGCAACAGCGAAGTTCCCTTCCAGAATCAGAAATCC TGGGTGGGTGGGGC TGC TGCC TGGAGGGAGGGGCTCTGAGTGACAGCAGGAGGGGGGGACACA
{GGGGCTCCCCTGGGTC TCAACACACCCCTACTGCCC TATAAT TAGGGACAGATCCAAGAGGCGC TTC TTGGGGAGAAAGCCATGTGGGGGATGG TIGRG TGATGG TTICAAGG TCACGAC
NF-kB GATA-2 GATA-1
GCACAGGGCTGGGCAGCCAGTGGGCECC TAGCAGCAGGAT TAC TGGCG T TAGGCGAGGAGAGC TGAAACCCAGCTCGACACTGAGATTCTCGC TCACT TAT TCACGGGTTC TGGCAGGAA
AP~4
CAGAGGCTCCCGACCTGAGCTTGTGCCCAGGCTTGCCTGAAACATAGATAGCAAGGCCCCACCCTGCCTGTICTGATTCAGCAGGTCTGGGGTTCGGTCCAGGAAACGCTGCTTCCGACAC
AP-1
CTTTTCAGGCCGGCCCTGACATCGAAAGAGCAGGC TC TGAGGGTCACTGACTGAGCGTGACTGC TAGCCAGGC TGCCC TGCCCCGGGGTGEGGEGTGGGGGC TCTGCATGGCC TAGCATA
AP-1
GAGCCCACAGGGATCCCOAAGGGGG T TG TG TG TCG TGAGCACTGGGGAGC TCAGAGCAGGTGC TTCTCCAAGETGGLGETGCC TETGCTGAGCCCCGACGEC TGACAGARC TGGCAGAAGA
NE-xB MZF1 c-Myb
GGGGTGGGGTTTGGT TAAACITC TTACT TAGAAAGGGC TGGGCCCCCTGTTAATATCCTTCATC TCACCCTCCCGTTCAGTGTGAGGCGGGGAAGGCTAACCCCATTTTACAGATGAGAAA
C/EBP MZF1
GGTAAGGCCCAGGGACTCAGGACAAGCCAGAAGCACGGGTCTGTCGCTGCCACGACTGCCTGCACCC TCACGCTCCCCTCCCCGCCCCGAGGCAGE TGCCACCTGGOTACGGCCCCAGGG
c-Myc/Max MyoD/USF
TGCAGCAGCCACTCTGTCCACTCCCCGCGCTCGGGGCCTTCAAGTGTTTTCCCTGCTCGGGGAAT TCAGCAGATGCCTTTCGATCGCAGCCTATTARATTAGCCCCTCTCTGCAGCCAAA
AGGAGATAATTATGTTTTCATTACCCTGGGTAATGCAT TACCCCTCCACAGCAGCCACGC TGGCAAAGCCGGCCGARAGCCCCGCCCCCTCTCCTCCCCTGGGCACAGCCAGAGGGCTCT
Oct-1
GCTCCCCCCAGGCCCACAGCTGCAICCGCGGGTGGGTGCTGATGGCGAGGAGGGTGAAAGGGGACGGCAGGGAC TGAGGGC TGAGGGCCTGGGCGACAACCCAAGAGTAACTTCTCACGAT
AP-4 GATA-1
GACTCTTCATGGAGCCCCGGCCCTGGGC TGACACTGGGACAGTC T TGGCTCACTTCATGCGACAACGT TC TAGACAGAAGGGCAGCATCAGGGTCACCTGCC/CCARAAAGTAAGAGGCTC
MyoD
TGGTGGGATCGAGTAGGCACCAATGCCCAGGGCCATC TCAAAGGC TCCCCACCCAAGGGGCACTTTGGGAACTGTCAT TGTGCAT TGTCCCAGGGCCACCTGGCTGATGGCARAAGTGGC
MyoD/USF  GATA-1
TCTTTGATTACAGTTGTTGGGGACCCCTGGAGACACTGCCTTCCCAAATGGTAGCGATCCCCTCCGAACCCAGATGCTCCCCAATGGTTGTGACTGTCCCCCTCCCTCTGTCGCCACACT
GCAGTCACAGGAAGGTAGGAAGAGCGCCCCCTTTCCGGGTCCCGTGAACTTGGGAGTCACT|ITTGACTCAGAGCCTCTATTCTCCCCACTGTAGAATGGGAAGAAGAAAAGGAGGCATCTC
AP-1
TTAGCACC[TTGATGACGAAGCC TGTCAAACGC TCAGC TCCAAACCAGCAAAACGAGTCCAGGGTGGCCTGGAGTC TCTCTACCGC TGTAGCCCGTGGTGTCACCTGC TCCCCTGAACCCC
CREB
ACACAAATCACCAGAGCGAGGCAGGGCAAGTCTCAGTCCCCCCTCTCCCTCCCTCTCCCTTTCTGGATCTCCTCTCTATGTCTCTCTACTTATCTCTAACTCTCCCCCCAGCTCCGCAGT
CTCTCTTCTCCTCCCCTTCCCTCCCCCCCCCCCCGACATGTGGGGGGACCTACCCTIGGAC TCAGAGGC TCCCCCTCGCCTGCCGGAGTGGGACCAACTCTGCC TTCCAGTCTTGGGCCCT

NF-xB
GGCICCCACCTGGCGGC TGCCCTCCCTCTCAACCACTCCTCCAGIT TCCAGGAAGGCAGGTGCACCTCCCCTGTTCCAGCC TCGTGGCCCCAGCCCTCACTCAGGTGAGCGGC TAGCCCAGC
MyoD STAT
AGAGAGCAGCTTCCCTTCCCCTGGCTTCCTGAATTTTCCCAGTTGCCATGGTAATCAAGGGAGCAGTGTTC TGAGACTGACACCTCGAAGCCCAGCGCTCAACTTTGAAATGGTTCAGGC
Oct-1

AGGGGAAGCAAGGTCCAGGAGG! GAAGGGGACCTGGCTGTAGGGATCCAGCTGCAGCCTCGCTCTCCGGGCAGCCCCTGTGCCACCTGGGTGTCGCTGTCATCGTCACCCTCAGCCACTGT

c-Myb
CGGCGCGTGCGTGTGTGCGTGCAGCAGAGGCAGGAAGTGGCAGAGTCC TGEGGCTGACGGAGT TACT TC TGCGCCCT TACCAGCAGC TGGAAGACAATCCAGACCCCCCCCTCCCCCCAC
AP-4
CCGTCCTGTCCCAGCCCTGTCTTTAGC TCCTTGGTTAGTCC TTCCTCCCCTGTICATCCCCCCAQACCCTTC TTCCTGCCCCAGAAGTCACACCCCCTGTTTCACCGCTGGATGTGCAAGA
SREBP-1
CGCTCTGAAAAGCATTTATTAGCGACAGAGGGGGTGGTGATGGTTTTCCTCTTTGCGTCTTC TGGAGGC TACTTGGAGC TGCAGTGGGC T TGCTCCCC TTGGCAAGGC TGGGCAGGTGCC
CdxA
ATGTGTGTGTGTGTGTGTGTGTG TG TGTGTGAGAGAGAGAGAGAGAGAGAGAGAGAATGAGCAAGCAATTGAGCACAAAATCCCCCTCTCGTTCCC TAATTCCCCACCCCACACACACAC
TGCTTTCCCAAGAGTGTGTGAGCAGCAGCGACAGTGAAATGTAAAATCCTTTGCAATC TGCCCAGGAAAAGACAGCTTT TGAGATGGGT TTATATGGT TACCCIATATGGTAGGGCCCCTA

C/EBP
AGAAAGGAAGGGGAGCTTGGGTCTT TGCCTCTTCCC TTCCCCCAGCCCAGCCCAGCCCCTGGCCTCTTCCCACCTGTGAGTCTGCCAGGCCACAGGTGACTGCGTICCTCTCCACGCCCCT
AP-1
CCCCCCCAGAGGCCAGACCTCAGCGC TGCCCTGGGAGATGCCAGGAACCAGGCAACAC T TGCAGAACCGGCTGCCTCCATCCTTGTCTGCGCACCCAAGCGCTGGTCCCAAA
MyoD
[GCOACICCCAGETGGEECC TEEGEECC TCCAGECC TGCCCAGCATGGGEGGCTGTGCC TTCCGCCACAGTCCCCTTCAGAAACGGTCCCCACCAGCANTGCGGGGACACAAATTAACCAA
AP-4 MZF1 NF-Y

IGCTIGCC TCCCGTGGACCCCGCTCCACCCAGAGAGAACTGTCCTTCCTGTGTGGTCACTACACTCACCCCCTCCAGCCTCGCACATTGTGTGTGTGTGTGTGTGTGTGTTTCCTGATAGAA
AAAAAATGGAAATTAAGGT TATATAAAAGATGTATGC TCCGAAGCCCGGGAGCCACTCTTTTAACGAGGGT TGCCGCCGTC TCCCTCCCCACACCCATAAACCAGCCCGGGTTGGACGGT
CACCACTAATTCGTGTCAGTGATGATAGGATAAAGGAGGGACAT TAAGAAATAAATTCCCCCCTCAACGACCCTCCCTGAGCTCACGGCTCCGTCCCCACA! CGCGCCTCCA
CdxaA

GCCGC TGCGCGAGGAGCCAC TTCGCGCCGAGGEGCGGCCGEGCGECGAGCEECGGCCGEGGTGAGCCAGGGGECGCGCACGGGGGAAGCCGGCACCGCACCGGCGTCCCGAACTTGGGET
GGCGEGGCCGHAGGGCGEGEAGEGGAGEEGAGECCAGGGEAGGGCGCAAGGCAGGEE TGEGGECTAGGCGAGGGGGTGGGGAGTGAGC TCGGCGGCACARAG

spl MZF1 spl MZF1 spl
[lcecaeaeaaeTCCTACCCGARGGTGAGTGGETGCGCCCAGCGCCCTGCAGCCGCTCGCGGGGCGGCCGACTCGGAGCACTCGGAACCCGGAGCGCGGCGGTCGCGEGCGCCCCGGAGGA

AGCGGCGGCGGGCGGGCGGGCGCGCGGAGCAGGAGCGAGGAGCGAGAAGGCAGCCCTAGCGCTGCCCGTCTCAGCGGCGGCGGCAGgtgagttctaggcgcaggctgcccgcgccctctt
cctgtcccccagqgctcgcctctcccgcgcgcaaggtttgcgccgtgtcccaacctcgttcgggcagcctcgttgtcctccatgcaggcggtcccgggcagaggggctccggtgccctgg
gggtcgcectgtgecccgectggectecaactttgocagggacee . . - Intron 1 . . . . gaggttggtggttgcaggtggggcctgtectgetggetace
gtt.ccgtcttagctttgagagtggtacgtgtactccacgtcagtgtcttgtttttcttcttetttttacgccctccctcttctcctttcctcagCTCCGGGAG”CCCAGATCGGCTGTG
CACCTCACGGACGGGGGACCACGATGCCCAGGGAGTAGACAACATCTGCCACATGTCCCCTTGACCCCTCCGCCAGACGCTTCTCCCCCCTCAGCCTGTTCTGACCCCGTTGATCAGAAC
GTCCCCCCGCCACCTCTCCCGACGTCTGCCTGGTCAGCCATTGC TTCC TTGGAGAACGAGGACGGCGGCAGACGCATGAAATCATGCCACCGGCAGCCGGGCGGCCGTGACTGGGTGACG
CCGGGTTGACGTCAGAGCCGGAGAAGACTGAGAGAGC TCGGCGGCCCCAGC TCCCGGCCCCTTCCCTCGGCGAAC T TGGGCGCCCAGCACCTCCTGGTAAAGTCTTCCCGGCTTGATAGG
TGTTGAGGTCTCCCGCCGGGCACCATGGAGGAGCACGTGTTTGGCGT TCAGCAAATCCAGCCCAATGTCATCTCGGTCCGTCTCTTCAAGCGCAAGGTGGGGGGCCTGGGGTTCCTGGTG

MetGluGluHisValPheGlyValGlnGlnIleGlnProAsnValIleSerValArgLeuPheLysArgLysValGLyGlyLeuGlyPheLeuval
AAGGAGCGCGTCAGCAAGCCCCCCGTGATCATC TCCGACCTGATTCGAGGCGGGGCCGCCGAGCAGAGCGGCC TTATCCAGGCCGGCGACATCATTCTCGCCGTCAACGGCAGGCCCTTG
LysgluArgvValSerLysProProvalllelleSerAspleulleArgGlyGlyAlaAlaGluGlnSerGlyLeulleGlnAlaGlyAspIleIleLeuAlavValAsnGlyArgProLeu
GTGGACC TGAGCTACGACAGCGCCCTGGAAGTGCTCCGGGGTGTTGCCTCGGAGACCCATGTCGTCC TCATCCTGAGGGGCCCCGAGGGC TTCACCACGCACCTGGAGACCACCTTCACT
ValAspLeuSerTyrAspSerAlaLeuGluvValLeuArgGlyValAlaSerGluThrHisValvalLeuIleLeuArgGlyProGluGlyPheThrThrAsnLeuGluThrThrPheThr
GGAGACGGCACCCCCAAGACCATCCGGGTAACCCAGCCCCTGGGTGCCCCCACCAAAGCCGTCGATC TATCCCACCAGCCGCCGTCGGCCGGCAAAGAGCAGCCACGGCCAGTGGACGGG
GlyAspGlyThrProLysThrIleArgValThrGlnProLeuGlyAlaProThrLysAlaValAspLeuSerH1sGlnProProSerAlaGlyLysGluGlnProArgProValAspGly
GCCGCGGGGCC TGGCAGE TGGCC TCAGCCCGCCCAAGGTCACGGGCAGGAAGCCGGC TCACCCTCCCGCGCCAATGGCCTGGCCCCCAGAACGTCAAGCCAGGACCCTGTCAAGARAAGT
AlaAlaGlyProGlySerTrpProGlnProThrGlnGlyHisGlyGlnGluAlaGlySerProSerArgALaAsnGlyLeuAlaProArgThrSerSerGlnAspProAlalysLysSer
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Fig. 3. Nucleotide sequences of the 5’-flanking region and the
first three exons of the rabbit neuronal NOS gene. Exons are
numbered and the amino acid sequences are shown below the
nucleotide sequence. Intron sequences are in lower-case. The
transcription start point was determined by 5RACE and
denoted by an underline. In the 5’-flanking region, putative cis-
regulatory elements are identified by computer-based sequence
analysis and indicated by open boxes. The nucleotide sequence
has submitted to the GenBank with the accession number
AF115281, AF126538-9.

GATC 1
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Fig. 4. Primer extension analysis. Lane 1 contained the extended
products. A related sequence ladder (lane GATC) was used to
measure the length of the extension products.
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Fig. 5. Promoter activity of the rabbit nNOS 5-flanking
sequence. Transfected cells were cultured for 2 d and harvested.
B-galactosidase activity and GFP fluorescence in cell lysates
were measured. Open bars, promoter transfectants; solid bars,
promoterless transfectants.
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Fig. 6. Deletion analysis of the rabbit nNOS promoter. A.
Schematic illustration of the B-galactosidase reporter plasmids
with serial deletions of the rabbit nNOS promoter. B. -galact-
osidase activity of the deletion constructs in PCI2 cells.
B-galactosidase activity was expressed as a percentage of the
activity of the -2,643 plasmid

functional activity with transient transfection. The
rabbit nNOS promoter has a high GC content of 60%
overall and 78% within -399 to -98 bp. The canonical
TATA and CCAAT boxes are not present within the
proximal region upstream of the transcription start.
Three distinct transcription start sites for exon 1 were
detected by SRACE and primer extension analysis.
These features have also been observed in the promoters
of many other eukaryotic genes. The TATA motif
controls the accuracy of transcription through site-
specific initiation (McKnight and Kinsburg, 1982).
The lack of a TATA box does not affect the rate
of transcription, but causes promiscuous initiation by
RNA polymerase II, resulting in multiple initiation
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sites. TATA-less promoters have regions with GC-rich
sequences recognized by Spl which has been document-
ed to be commonly required for the transcription of
many TATA-less gene promoters (Blake et al., 1990;
Kadonaga et al., 1986).

From the serial deletion analysis of the rabbit nNOS
promoter, it was found that the -291 to -172 region is
essential for the basal promoter activity and the -1,105
to -729 region is necessary for full activity. The -291 to
-172 region contains two Spl sites. Cooperative actions
of transcription factors are well documented. Sp1-Spl
self interaction can activate transcription synergistically
(Courey et al., 1989). In addition, Spl cooperates with
other transcription factors. One potential regulatory
binding site for AP-1 is found in the -1,105 to -727
region. In myeloid cells, AP-1 acts synergistically with
Spl to facilitate gene expression (Noti et al., 1996). In
many promoter contexts, Spl cooperates with NF-Y
(Inoue et al., 1999; Jun et al., 1997; Roder et al., 1999).
So, NF-Y located in the -1,105 to -727 region (-744 bp)
may cooperate with Spl in the -291 to -172 region for
transcriptional activation of the nNOS gene. Although
not necessary for basal transcriptional activity, some
elements located in other regions may function in
response to some external signals. GATA-1, which
binds to the sequence SNNGATNNNN (-4,119, -3,101
and -2,795 bp), is implicated in the gene expression of
erythroid, megakaryocyte and mast cells, and synergizes
with Spl (Merika and Orkin, 1995). The GATA-2
element (NNNGATRNNN), which is found at nt
-4,129 in the promoter of the nNOS gene, can potentiate
the action of AP-1 (Kawana et al., 1995). Five binding
elements for NF-kB were also observed in the distal
region of the promoter. The NF-xkB family has been
shown to respond to a wide variety of signals and to
regulate the expression of a large number of genes. NF-
kB can interact cooperatively with Sp1 or C/EBP (Stein
et al., 1995). Cooperation with Spl is also known to be
required for sterol-regulated gene expression mediated
by SREBP, which is located at nt -1,523 in the nNOS
promoter (Sanchez et al., 1995). SREBP can also
stimulate transcription through functional interaction
with NF-Y (-744 bp) (Ericsson et al., 1996). Although
the possible cis-elements responsible for the basal
transcriptional activity of the rabbit nNOS promoter
were identified by deletion analysis, further functional
studies related to the signal-dependent regulation of the
nNOS promoter activity are needed to fully understand
the regulation of the nNOS gene.

Interspecies comparison of genes coding for nNOS The
organization of the rabbit nNOS gene was compared
with that of its human counterpart. So far, only the
structure of the human nINOS gene has been described
(Hall et al., 1994). The 1.6 kb-promoter region of the
human nNOS gene was sequenced, and various putative

cis-elements were described by Hall et a/. In humans, a
TATA box was evident 28 nt upstream from the single
defined transcriptional start site. But the rabbit pro-
moter is TATA-less and drives transcriptional initiation
from multiple sites. On comparing the nucleotide
composition, the rabbit sequences have a higher GC
content (63% in the proximal region from -1,634 to
-1 bp and 60% overall) than that of the human nNOS
promoter (53% for the -1,634 to -1 bp). Besides, the
unusually high GC content (78% composition), which
provides three potential binding sites for Sp1 (-246, -185
and -145 bp), exists within the proximal region (-399 to
-98 bp) from the transcriptional initiation site of the
rabbit nNOS, but not in the human promoter which
does not have any Spl sites. Comparing the farther
upstream region, several putative sites for AP-2, Ets,
NF-1, NRF-1 and TEF-1/MCBF are located in the
human promoter, while computer analysis of the rabbit
5’-flanking region did not detect any of those elements.
The NF-xB element, which was identified in the human
iNOS gene, was also observed between these species.
But, the locations and numbers of this consensus motif
are different. While two NF- B sites are present within
the region from nt -501 to -308 of the human sequences,
five are dispersed in the rabbit promoter ranging from
nt -5,041 to -2,246. Although the amino acid sequence
of the rabbit nNOS is highly homologous to that
of human, many dissimilarities exist in the promoter
region, and the nNOS genes may be subject to different
transcriptional regulation in different species.

The rabbit nNOS promoter has inducible characteristics
for its transcription Three distinct NOS isoforms re-
sponsible for NO biosynthesis are expressed in many
different cells and tissues. The two enzymes eNOS and
nNOS are often referred to as constitutive NOS (cNOS)
to distinguish them from inducible NOS (iNOS) which
is subject to transcriptional regulation by cytokines.
Several studies, however, have shown that transcription
of the nNOS gene can also be tightly regulated
(described in Introduction). Characterization of the
rabbit nNOS gene and analysis of the putative cis-
elements in the promoter are likely to provide important
information regarding its inducible expression. Intrigu-
ing is the presence within the 5-flanking region of
multiple regulatory elements which respond to certain
external signals or abnormal conditions such as treat-
ment of NGF or estrogen, hypoxia and nerve injury.
Hypoxia is an important pathophysiological condition
that occurs during injury, ischemia, reperfusion and
stroke, and induces gene expression. Exposure of cells to
hypoxia results in IkappaB degradation, increased NF-
xB DNA binding activity, and transactivation of certain
genes (Koong et al., 1994; Schmedtje et al., 1997). In rat
dorsal root ganglia, Schwann cells and PC12 cells, NF-
kB is selectively activated by NGF (Carter et al., 1996;
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Wood, 1995). CRE (a cAMP-response element) has
been shown to mediate the induction of VGF gene
expression by NGF (Hawley et al., 1992). Besides, in rat
brain and PCI12 cells, hypoxia and estrogen treatment
induces the phosphorylation of CREB, which is
required for CRE-mediated transcriptional activation
(Beitner-Johnson and Millhorn, 1998; Zhou et al.,
1996). AP-1 and C/EBP are also neuronal transcrip-
tional regulators activated by NGF in PCI12 cells
(Alheim et al., 1996; Sterneck and Johnson, 1998).

Taken together, the rabbit nNOS gene promoter
contains many inducible characteristics, which may be
responsible for its regulated transcription.
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