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Structure, Expression, and Genomic Mapping of
the Mouse Natriuretic Peptide Type-B Gene

Mark E. Steinhelper

The structure of the mouse natriuretic peptide type-B (BNP) gene was determined by isolating and
sequencing genomic clones. The mouse BNP gene was structurally similar to other natriuretic peptide
genes and comprised three exons and two introns. Expression of the mouse BNP gene was found only in
cardiac tissue as determined by ribonuclease protection analyses. Initiation of transcription was 31 bp
downstream from a consensus TATA box as determined by primer extension analysis of cardiac RNA.
Comparative DNA sequence analysis identified several DNA elements with potential transcriptional
regulatory function. Comparative amino acid sequence analysis showed that the N-terminal portion of the
mouse and rat BNP precursors was more conserved than the C-terminal 45-amino-acid sequence that
constitute the bioactive BNP-45 peptide. The proteolytic processing site (RXXR-S) generating bioactive
BNPs was highly conserved among all BNP precursors and was identical to the consensus site of furin, a

calcium-dependent serine endoprotease. Finally, the BNP gene was mapped using recombinant inbred
DNA and a polymerase chain reaction-based restriction fragment-length polymorphism assay to mouse
chromosome 4 near the atrial natriuretic factor (Anf) locus. No recombination event between Bnp andAnf
was evident in the 39 recombinant inbred and inbred strains examined. This physical linkage between the
two natriuretic peptide genes expressed in cardiac tissue may be important for their transcriptional
regulation. (Circulation Research 1993;72:984-992)
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T he natriuretic peptide (NP) gene family presently
consists of at least three genes (type A [ANF],
type B [BNP], and type C [CNP]) that encode

peptides with natriuretic, diuretic, and vasoactive prop-
erties. These peptides vary in size from 22 to 45 amino
acids in length and contain a 17-member intramolecular
ring structure essential for receptor interactions and
biological activity.12 The majority of NP bioactivity in
various target tissues results from hormone binding to
cell-surface receptors (A and B) with intrinsic ligand-
activated guanylate cyclase activities.34 Another class of
receptors (C) has a truncated intracellular domain and
has been suggested to function in clearing these hor-
mones from the bloodstream.5
The NP genes have restricted spatial and temporal

patterns of expression in several species.' The heart is
the major site ofANF expression6-8; however, low levels
ofANF mRNA have been detected in other tissues such
as aorta,9 lung,'0 and hypothalamus1l and specific re-
gions of the central nervous system." Although BNP
was initially isolated from pig brain,'2 the peptide was
expressed to a greater extent in human and pig atria.'3'14
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Similarly, BNP mRNA is most abundant in cardiac
tissue of the rat.15'6 The third member of the NP family,
CNP, is expressed predominantly in the central nervous
system of the human and pig.'7-'9

Tissue-specific gene expression results from complex
interactions between nuclear trans factors and DNA cis-
regulatory elements.20 Several studies indicate that cis-
regulatory elements are located immediately proximal to
the protein-encoding domain of the human and rat ANF
genes. For example, cis elements (-500 bp in the human
gene and -2.4 kb in the rat gene) were sufficient to direct
correct tissue-specific expression of heterologous reporter
genes in transfected neonatal rat cardiomyocytes21,22 and
in transgenic mice.23,24 Additional in vitro studies of ANF
cis-regulatory elements have identified sequences that
bind to known transcription factors such as c-fos and
c-jun,25.26 as well as to unknown proteins present in
cardiomyocyte nuclear extracts.2227 Expression of c-fos
increases during cardiac hypertrophy,28 and it is thought
that these proto-oncogenes may regulate pathological
increases in ANF transcription. However, the role of
proto-oncogenes in tissue-specific ANF expression is less
clear. Those cardiomyocyte nuclear proteins that bind to
the proximal regions of the human ANF gene have been
identified in other cell types and are probably ubiquitously
expressed.26

In contrast with ANF, little is known about the
mechanisms that regulate BNP and CNP gene expres-
sion. In the present study, mouse BNP cDNA and
genomic clones were isolated and characterized by
sequence analysis. These clones provided molecular
reagents for analyzing BNP gene expression in adult
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mice and also provided the basis for mapping the mouse
BNP gene using a polymerase chain reaction (PCR)-
based restriction fragment-length polymorphism
(RFLP) assay and recombinant inbred strains.29

Materials and Methods
Materials

Plasmids, restriction endonucleases, and other en-
zymes were obtained from New England Biolabs, Bev-
erly, Mass.; Bethesda Research Laboratories, Gaithers-
burg, Md.; Promega Corp., Madison, Wis.; Boehringer
Mannheim Corp., Indianapolis, Ind.; Stratagene Inc.,
LaJolla, Calif.; and The Perkin-Elmer Corp., Norwalk,
Conn. Reverse transcriptase was purchased from Seik-
agaku America Inc., Rockville, Md. Radioisotopes were
obtained from Dupont-NEN, Wilmington, Del.

Oligonucleotide Synthesis
Oligonucleotide primers were synthesized on a DNA

synthesizer (Applied Biosystems, Inc., Foster City, Cal-
if.). After deblocking, the oligonucleotides were dried in
vacuo and resuspended in distilled water and cleared by
centrifugation (14,000g for 5 minutes). For primer ex-
tension analysis, the oligonucleotides were gel-purified
after radiolabeling as described below. Oligonucleotides
were used without further purification for PCR and
sequence analysis.

Cell Culture
AT-1 cardiomyocytes were isolated from subcutane-

ous tumor transplants and maintained in culture as
previously described.30 As described below, RNA was
prepared from confluent and spontaneously contracting
AT-1 cells maintained in culture for 5 days.

Animals
Mice (n=30, both sexes from strains C57BL6/J,

C3HeB/FeJ, and BALBc/J, Jackson Laboratory, Bar
Harbor, Me.) and rats (two female Sprague-Dawley)
were killed by cervical dislocation, and various tissues
were removed and frozen in a CO2-ethanol bath. Before
death, the animals were housed and cared for in accor-
dance with National Institutes of Health guidelines in
the Laboratory Animal Resource Center of the Indiana
University School of Medicine.

RNA and Probe Preparation
Tissues were homogenized in guanidinium thiocy-

anate, and total RNA was isolated after centrifugation
through CsCl as described.31 AT-1 cells were chilled on
ice, washed three times with ice-cold phosphate-buff-
ered saline, lysed with guanidinium thiocyanate, homog-
enized, and total RNA-purified by centrifugation
through CsCl as described.31 RNA was quantitated by
spectrophotometry. A BNP cDNA probe was prepared
by PCR amplification of a segment of rat BNP cDNA
using BNP-specific primers.32 The BNP specific primers
were 5'-CACTTCTGCAGCATGGATCTCCA-
GAAG-3', from -12 to + 15 relative to the initiation
codon, and 5'-GTGGTCCCAGAGCTGGGGAAA-
GAAGAG-3', complementary to base pairs +412 to
+438 relative to the initiation codon.33,34 Rat heart
cDNA was prepared by reverse transcription of rat
ventricular RNA using oligo dT as a primer.31 The

cDNA- and BNP-specific primers were used under PCR
conditions previously described,35 and the single 450-bp
amplification product was gel-purified and radiolabeled
by nick translation to a specific activity of 5 x 108
cpm/gg.36

Isolation ofMurine BNP cDNA Clones
Mouse (strain BALB/c) BNP cDNA clones were

isolated by screening a mouse heart cDNA library in
Agtll (Clontech Laboratories, Palo Alto, Calif.) with
the rat BNP cDNA probe.31 Hybridizations using nick-
translated 32P-labeled probes (>5 x 108 cpm/,g) were
performed for 16 hours in 4x standard saline citrate,
2x Denhardt's solution, 0.1% sodium dodecyl sulfate,
and 0.1 gg/ml denatured salmon sperm DNA at 50°C.
Final washing conditions were 2x standard saline cit-
rate and 0.1% sodium dodecyl sulfate at 56°C. Prelim-
inary Northern blot analysis showed that the rat probe
hybridized to a transcript (0.9 kb) present in mouse
cardiac tissue under these conditions (author's unpub-
lished observations). Of the approximately 5x 106 re-
combinants screened initially, three positive plaques
were isolated and purified to homogeneity by sequential
hybridization with the rat probe. Each clone was char-
acterized structurally using a combination of restriction
mapping and Southern blotting.37 The cDNAs were
subcloned into plasmid vectors (pBS) for further restric-
tion and sequence analysis.

Isolation of Murine Genomic BNP Clones
Approximately 5 x 106 recombinant phages from a

mouse BALB/c genomic library in EMBL3SP6T7
(Clontech Laboratories) were screened with the rat
BNP cDNA probe radiolabeled as described.31 Eight
positively hybridizing clones were isolated and purified
to homogeneity by sequential hybridizations with the rat
probe. None of the clones hybridized with a rat ANF
cDNA probe (0.6-kb Pst I fragment from clone pN1-II)8
under high-stringency conditions. Each clone was char-
acterized structurally by restriction mapping and South-
ern blot analysis using oligonucleotide probes specific
for the 5' (BEX-1-S1, 5'-CTGTTTCTGCTTT-
TCCTTTATCTGTCACCGC-3') and 3' (BEX-3 -AS1,
5'-CTGCAGCCAAGAGGTCTTCCTACAA-
CAACTTCAG-3') ends of the cDNA. This analysis
showed that an approximately 4.5-kb Xba I fragment
carried the entire BNP encoding region. This fragment
was subcloned into plasmid vectors for further restric-
tion and sequence analysis.

DNA Sequencing
DNA sequences were determined by the dideoxy

chain termination method using alkali-denatured dou-
ble-stranded templates, synthetic 30-mer oligonucleo-
tide primers, deoxyadenosine-5'-(a-thio[35S1)triphos-
phate, and Sequenase 2.0 (USB, Cleveland, Ohio) or
Taq-track (Promega Corp., Madison, Wis.) reagents
and enzymes.38'39

Primer Extension Analysis
Primer extension analysis was performed by standard

methods.31'40 An oligonucleotide (5'-GCACCTTCAG-
GAGATCCATGCCGCAGAAGC-3') complementary
to base pairs +66 to +95 of the mouse BNP cDNA was
end-labeled with adenosine 5'-[y-Q'P]triphosphate and
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T4 polynucleotide kinase.3' The primer was purified on
a 12% sequencing gel and eluted into buffer (10 mM
Tris-HCl, pH 8, 1 mM EDTA), and 5 x104 counts of
labeled oligonucleotide were hybridized overnight with
up to 55 ,ug total RNA at room temperature in 80%
formamide, 40 mM PIPES (pH 6.5), 0.4 M NaCl, and 1
mM EDTA. After ethanol precipitation and resuspen-
sion, avian myeloblastosis virus (AMV) reverse tran-
scriptase and deoxynucleotides were added, and the
mixture was incubated for 2 hours at 42°C to extend the
primer: RNA hybrids. After incubating for 30 minutes
with DNase-free RNase, the reaction mixtures were
extracted with phenol/chloroform and ethanol-precipi-
tated. The precipitate was washed with 70% ethanol,
dried in vacuo, and resuspended in buffered formamide.
Products were separated on acrylamide/urea sequenc-

ing gels. A BNP genomic sequence ladder, produced
with the same primer and a BNP genomic template, was
run in parallel to serve as a size marker. The gels were
fixed, dried, and exposed to Kodak X-AR film at - 70C.

Ribonuclease Protection Analysis
A radiolabeled riboprobe was prepared by in vitro

transcription of a portion of the mouse BNP gene with
T3 RNA polymerase in the presence of cytidine-5'-[a-
32P]triphosphate.41 This portion of the mouse BNP gene
(133 bp of the 5' proximal sequence, the 202-bp exon I,
and 52 bp of intron I) was carried on a plasmid (pRZ;
see Figure 3B) linearized at the unique EcoRI site
before in vitro transcription. The polyacrylamide gel-
purified riboprobe (0.5-l.Ox 10 cpm) and tissue RNA
(10-100 ,ug) were denatured at 85°C for 10 minutes and

1 kbI
I I1

X H
1, 1

R R Z BP P
I II

bp 202 223 245

R X
I

-133 gaattctcaggtcctgagctcagccggcaggaatgcagctgataaatcagagataaccccacccctactccgtgaaaagg

- 53 tctggccggacactcagccccagtataaaaggcagaggcaccgttgttgaagacACCAGTGCACAAGCTGCTTGGGGAGGCGA
31 GACAAGGGAGAACACGGCATCATTGCCTGGCCCATCGCTTCTGCGGC ATG GAT CTC CTG AAG GTG CTG TCC CAG

M D L L K V L S Q

105 ATG ATT CTG TTT CTG CTT TTC CTT TAT CTG TCA CCG CTG GGA GGT CAC TCC CAT CCT CTG GGA
M I L F L L F L Y L S P L G G H S H P L E

168 AGT CCT AGC CAG TCT CCA GAG CAA TTC AAG ATG CAGgtgagcactgagggtctgcctgaagggtttgggaag
S P S Q S P E Q F L M Q

240 cggcaatgaaaagacctcgagtcctttgggaattagccatgtgagagtcagcaaagtgaaagattgggcagcatatctcttaa
323 ctgatgagcactatggaaggatgggggattcaggtgtgtgtgtttctgacgtctgggctccccaatccatcacag AAG CTG

K L

404 CTG GAG CTG ATA AGA GAA AAG TCA GAG GAA ATG GCC CAG AGA CAG CTC TTG AAG GAC CAA GGC
L E L I R E K S E E M A Q R Q L L K D Q G

467 CTC ACA AAA GAA CAC CTA AAA AGA GTC CTT CGG TCT CAA GGC AGC ACC CTC CGG GTC CAG CAG
L T K E H L K R V L R S Q G S T L R V Q Q

530 AGA CCT CAA AAT TCC AAG GTG ACA CAT ATC TCA AGC TGC TTT GGG CAC AAG ATA GAC CGG ATC
R P Q N S K V T H I S S C F G H K I D R I

593 GGA TCC GTC AGT CGT TTG GGC TGT AAC G gtgagcacctaccttgccacttccctgcaaagctgcaccacccat
G S V S R L G C N

666
749
832
915
998

cccatccccgtgcatgctacccttagaggcccctaggtttgctatctggcatactcctgcagcctgtcaggaaatatcacatg
acrttctgcattacattctcacaggtcagcacctaccttccatcagagggtcacacgctctgaggagcagactgctgatgtcta
tcaccccttcacaaggcagaaagagtctgagcattcccctcaggcaaagggcatgcccaacccactttacaggagaaacagag
gccctctgagatagctttttccagagccttaaacttcgacatcatctggggactgaagatgggggtgtggtggtggtggggga
ctcggcacctgcttcagtttcacttcgagtgtgacattgcctgtctctcctccacag CA CTG AAG TTG TTG TAG GA

A L K L L *

1074 AGACCTCCTTGGCTGCAGGAGAGCTCCAGTTTCTGACTCTGCCGGGTCTCTTTCCCTAGCTCTGGACCACCTCTGAAGTGATC
1157 CTATTTATTTATTTATTTATATTTATTATTTATTTTTATTTTTATTTTTTAATTTAATTTTGTTGTTTTTCACAGCTGTTGTT
1240 ACTTGGAGCACAAACTGCCACAACATAATAAACATACGTTATTTCCTGCTTTTGAAAAGG

FIGURE 1. Structure of the gene and cDNA encoding the mouse type-B natriuretic peptide (BNP) precursor. Top panel: A
schematic representation and partial restriction endonuclease map of the mouse BNP gene. BamHI (B), HindIII (H), Pst I (P),
EcoRI (R), Xba I (X), and Xho I (Z) restriction enzyme sites are shown. Exons (EJ-E3) are shown as boxes with exon size in
base pairs listed below the map. The 5' and 3' untranslated regions are shaded, and coding regions appear as open boxes. Bottom
panel: The nucleotide sequence of the mouse BNP gene. Exons (uppercase letters) and introns (lowercase letters), as well as 133
bp of the 5' flanking sequence (lowercase letters) are shown. The amino acid sequence of the BNPprecursor is shown in one-letter
code below the nucleotide sequence. The termination codon is indicated by an asterisk, and the TATA box and polyadenylation
signals are underlined twice. The transcriptional initiation sites as determined by primer extension analysis (see Figure 2) are
shown by arrowheads, and the AT-rich sequence in the 3' untranslated region is underlined.
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annealed overnight at 50°C in 80% formamide, 40 mM
PIPES, 0.4 M NaCI, and 1 mM EDTA. Ribonuclease
digestion buffer (200 gl; 10 mM Tris-HCl, pH 7.5, 5 mM
EDTA, and 300 mM NaCI) containing 2 gg/ml RNase
Ti and 40 ,ug/ml RNase A was added and incubated for
30 minutes at 30°C. The solution was made 0.2 mg/ml in
proteinase K and 0.7% in sodium dodecyl sulfate and
was incubated for 30 minutes at 37°C. After phenol-
chloroform extraction, 10 gg tRNA was added, and the
RNA was precipitated with 2 vol ethanol. The precipi-
tate was washed with ethanol, dried, and resuspended in
buffered formamide. Samples were denatured (95°C for
2 minutes) and displayed on an 8% polyacrylamide
sequencing gel. DNA size markers (Biomarker LOW,
BioVentures, Murfreesboro, Tenn.) were end-labeled
with adenosine 5'-[y-32PJtriphosphate by T4 polynucle-
otide kinase.31 The gels were dried and exposed to
Kodak X-AR film.

PCR-RFLP Mapping of the Mouse BNP Gene
PCR-RFLP mapping of the murine BNP gene was

performed as described previously.29 DNA samples
from the various inbred and recombinant inbred strains
were obtained from the Mouse DNA Resource at
Jackson Laboratory. Amplification was performed over
35 cycles with 1 minute of denaturation at 940C, 2
minutes of annealing at 63°C, and 3 minutes of exten-
sion at 72°C. The BNP primers used for this analysis
(BEXi-Sl, BEX3-AS1) amplified a 978-bp BNP gene
fragment from C57BL/6J and DBA/2J genomic DNA.
To facilitate identification of RFLP within this BNP
fragment, deoxycytosine-[a-32P]triphosphate was added
to the PCR reaction mix at a final concentration of
10-20 ,uCi/ml. A portion of the radiolabeled amplifica-
tion product from C57BL/6J and DBA/2J DNA was
incubated with various restriction enzymes under con-
ditions recommended by the manufacturers, and an
aliquot was separated on 8% polyacrylamide gels. The
gels were dried and exposed overnight to Kodak X-AR
film. A restriction enzyme that produced polymorphic
fragments between the BNP gene segment amplified
from B6 and D2 strains was used to analyze the BNP
alleles amplified from the BXD recombinant inbred
series. In addition, the distribution of BNP alleles in a
series of inbred strains was analyzed and compared with
the distribution of the mouse ANF alleles. A 658-bp
segment of the mouse ANF gene (from -394 to +264)
was amplified using specific oligonucleotide primers
(5'-GCAGGGTGAGCTGGGTGCAGGCCAGC-

FIGURE 2. Localization of the transcriptional initia-
tion sites ofthe mouse type-B natriureticpeptide (BNP)
gene by primer extension analysis. The extended prod-
ucts produced by reverse transcription of a 5' end-
labeled antisense BNP-specific oligonucleotide an-
nealed with RNA from atrial (At, 15 gg), ventricular
(V, 38 gg), and AT-i (AT-i, 50 gg) cardiomyocytes
and from liver (L, 55 pg) were separated on an 8%
polyacrylamide/urea sequencing gel that was dried and
exposed to Kodak X-AR film. Lanes labeled T, C, G,
and A show the results of dideoxy-sequencing reactions
using a mouse genomic BNP clone as template and the
same antisense oligonucleotide as a primer.

CGTC-3 ', 5'-GGACCCAGTACCAAAGAGAC-
CCTGGTCCCA-3') and then digested with Pvu II.

Results
Isolation and Structural Characterization of the
Mouse BALB/c BNP Gene

Four independent mouse BNP genomic clones were
obtained by screening a mouse BALB/c genomic library
with the rat BNP cDNA probe. A partial restriction
map of the 4.5-kb Xba I fragment harboring the BNP
gene is shown in Figure 1, top panel.' The organization
of the mouse BNP gene is similar to that of other NP
genes. The gene spans 1.3 kb of genomic DNA and
consists of three exons (202, 223, and 245 bp) separated
by two introns (194 and 434 bp). The nucleotide se-
quence of the BNP gene, from the EcoRI site at -133 to
the 3' end of exon 3, is shown in Figure 1, bottom panel.
Each of the splice junctions conforms to the consensus
splice donor-acceptor consensus sequence.42 Nucleic
acid sequence identity between corresponding segments
of the mouse and rat BNP genes (exon 1, 92%; intron 1,
88%; exon 2, 88%; intron 2, 80%; and exon 3, 85%) was
extensive.33

Several DNA elements involved in transcription by
RNA polymerase II were found in the 5' flanking
sequence of the mouse BNP gene. A consensus TATA
box element was present starting at -31 bp. In addition,
two upstream GATA elements were present at -8 and
-19 bp upstream from a CACCC box located 44 bp
from the 5' of the TATA box. An M-CAT (CATTCCT)
element in reverse orientation was located at -100 bp
in the 5' flanking sequence of the mouse gene.

Isogenic CDNA clones from a BALB/c library were
consistent with the genomic sequence. However, 10
nucleotides of the 5' untranslated region deduced from
primer extension analysis (Figure 2) were not present in
any of the cDNA clones, presumably because of incom-
plete reverse transcription during construction of the
library. The mouse BNP cDNA encodes a polypeptide
of 121 amino acids with a predicted M, of 13,746. The
consensus BNP eDNA comprised 77 bp of 5' untrans-
lated region, a 363-bp open reading frame, and a 231-bp
3' untranslated region. A consensus polyadenylation
signal (AATAAA) was found 34 bp upstream from the
poly(A) tail. In addition, an AT-rich domain spanned 69
bp of the 3' untranslated region. The deduced amino
acid sequence of the mouse BNP precursor predicted
from the cDNA was similar to BNP precursors of other
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FIGURE 3. The in vivo tissue distribution of type-B natriuretic peptide (BNP) gene expression in adult mice. Left panel:
Ribonuclease protection analysis of total RNA (10 jg) isolatedfrom adult mouse tissues indicated in the figure using a riboprobe
specific for mouse BNP exon 1. Hind brain samples were pooled from cerebellum and brainstem. Size markers visible in the figure
are 100, 200, 300, 400, 500, and 700 bp in length. Right panel: Schematic representation of the assay. R, EcoRI; Z, Xho I. The
striped, open, and shaded bars represent the 5 flank, exon 1, and intron 1 sequences contained within a 388-bp EcoRI-Xho I
fragment of mouse BNP genomic DNA, respectively. The thin line represents the plasmid sequence. Below the plasmid map, the
riboprobe and the expected protected fragments are shown as thick lines.

species, most closely resembling the rat precursor with
an amino acid identity of 79%.33,34,43

Localization of Transcriptional Initiation Site of the
Mouse BNP Gene

Primer extension analysis was used to identify the
transcriptional start site of the mouse BNP gene. As
shown in Figure 2, the predominant extension product
was 96 bp in length when cardiac RNA and an antisense
oligonucleotide corresponding to base pairs +67 to +96
of the BNP cDNA were used for this analysis. Initiation
of BNP transcription at this predominant site also
occurs in the cultured AT-1 cardiomyocytes derived
from a transplantable atrial tumor lineage.30 Ventricu-
lar tissue has an additional initiation site located two
nucleotides upstream from the atrial start site. As
expected, no extension products were detected when
liver RNA was used for this analysis. These results
suggest that transcription of the BNP gene starts 77-79
bp upstream from the initiation codon.

Tissue-Specific Expression of the Mouse BNP Gene
Previous studies in other species demonstrated that

BNP was expressed predominantly in the atria and
ventricles. However, BNP was originally isolated from
porcine brain. Thus, BNP expression in the adult mouse
was determined by ribonuclease protection analysis
using an exon 1-specific probe. As shown in Figure 3,
BNP transcripts were detected only in cardiac tissue and
confirmed the primer extension results. Additional ri-
bonuclease protection analysis using up to 100 gg total
brain RNA failed to demonstrate a BNP exon 1-specific
protected fragment (data not shown). Other tissues
such as salivary gland (60 gg), ovary (20 gg), uterus (20
gg), and aorta (1.4 gg) failed to express BNP mRNA
above the detection limits of this assay (data not
shown).

Chromosomal Location of the Mouse BNP Gene
The chromosomal location of the mouse BNP gene

was determined using a rapid PCR-RLFP mapping

technique described previously.29 A portion of the BNP
gene was amplified by PCR using DNA from C57BL/6J
and DBA/2J mice and used to detect an allele-specific
RFLP. A Pst I site located within the second intron of
the BALB/c and C57BL/6J BNP alleles was not present
in the DBA/2J allele. This permitted the strain distri-
bution pattern of this RFLP to be determined using the
BXD series of recombinant inbred mice.
As shown in Table 1, the strain distribution pattern of

the Bnp Pst I RFLP was identical with that of Anf and
Friend virus susceptibility-1 (Fv-1),4445 indicating that
the two NP family genes expressed in cardiac muscle are
tightly linked on mouse chromosome 4 near the Fr-1
locus. Recombinants between Bnp and glucose phos-
phate dehydrogenase-i (Gpd-1) and alkaline phospha-
tase-2 (Akp-2) loci45,46 suggest a gene order of Akp-2,
(Fv-1i Anfi Bnp), Gpd-1. These observations were ex-
tended further by analyzing additional inbred strains as
shown in Figure 4. No recombination event was ob-
served between mouse Bnp and Anf in the 39 strains
that were analyzed. However, as shown in Table 2, one
recombination event was found in the BDP/J strain
between the NP genes and the closely linked Fv-1.45 In
addition, two recombinations were found in the LP/J
and C57L/J strains between the two NP genes and
strain-specific modifier-1 (Ssm-1 ).47

Discussion
The present study describes the initial characteriza-

tion of the structure and expression of the mouse BNP
gene. The structural organization of the mouse gene was
similar to other NP genes. Several DNA sequences with
potential cis-regulatory function identified by previous
studies of the human, rat, and dog BNP genes were
present in the murine gene.33,48 A tetranucleotide motif
(ATTT) was repeated 10 times within a 69-bp AT-rich
sequence located 87 bp downstream from the BNP
termination codon. Similar motifs have been found
70-100 bp downstream from the termination codon in
all BNP genes isolated and were present in transcripts
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TABLE 1. Segregation of Alleles for Type-B Natriuretic Peptide and Other Chromosome 4 Loci Among BXD Recombinant Inbred Strains

BXD recombinant inbred strain

Locus 1 2 5 6 8 9 11 12 13 14 15 16 18 19 20 21 22 23 24 25 27 28 29 30 31 32

Akp-2 D B B B D B B D D D D D D B B D B D B B B D B D B D
X

B D B D B B
B D B D B B
B D B D B B

D
D
D

D D
D D
D D

X
B
B
B

D D B B
D D B B
D D B B

D B
D B
D B

X
B B B
B B B
B B B

X
D
D
D

D
D
D

B
B
B

D
D
D

B
B

D
D

X
Gpd-l D B D B D B B D D D B D D B B D B B B B B D B D B D

Alleles for the type-B natriuretic peptide gene (Bnp) were determined as described in "Materials and Methods." Distributions for alkaline
phosphatase-1 (Akp-1 ), Friend virus susceptibility-1 (Fv-1), atrial natriuretic factor (Anf), and glucose phosphate dehydrogenase-1 (Gpd-1 )
have been determinred previously.44-46 B and D are generic symbols for alleles inherited from C57BL/6J and DBA/2J, respectively. A
crossover between two loci is indicated by an X, and an undetermined allele is shown by a dash.

that have relatively short half-lives, such as c-fos49 and
GM-CSF.50 Accordingly, this element may function as a
signal for BNP mRNA degradation.51

In addition, the mouse BNP gene contained several
potential cis-regulatory elements present in the 5' flank-
ing sequence. For example, a consensus TATA box was
located at an appropriate distance from a consensus
start site for transcription initiation in the mouse gene.
In addition, two GATA elements were present within
100 bp of the transcriptional start site. The proximity of
the two GATA elements to a CACCC box is similar to
the arrangement in the distal locus control regions
(LCRs) of the a- and f-globin genes. Together, these
elements are important for erythroid-specific transcrip-
tion of these genes.52 54A5 M-CAT element in reverse
orientation is present 70 bp upstream from the mouse
BNP TATA box. The M-CAT element was originally
identified in the promoter of the chicken cardiac tropo-
nin T gene.55 This element is important for muscle-
specific expression and has been found in several other
contractile protein genes.
The present study indicates that expression of the

BNP gene is restricted to cardiac tissue in adult mice.
The initiation site for transcription of mouse BNP was
determined by primer extension analysis. The sequence
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and location of the mouse BNP initiation sites relative
to the TATA box were consistent with the consensus for
eukaryotic transcription initiation.42 The precise loca-
tion of the start site for transcription of the dog and
human BNP genes has not been determined. In this
regard, the 5'-flanking region of these genes contains a
sequence very similar to the mouse initiation site.48
However, this site is located at a larger distance from
the nonconsensus TATA box in dog (37-bp) and human
(39-bp) BNP genes.48
Although the heart is the major site of BNP expres-

sion in most species,13-16 BNP is expressed at significant
levels in porcine brain.12 Similarly, the ANF gene is
expressed by several extracardiac tissues.9-11 Therefore,
BNP gene expression in murine extracardiac tissues was
investigated by ribonuclease protection analysis. Al-
though this analysis does not rule out low levels of
highly localized BNP expression in the murine central
nervous system or other sites, the lack of extracardiac
BNP expression is consistent with studies in the
rat.'15,656 Further exploration of noncardiac BNP gene
expression in the mouse will require assays with greater
spatial resolution, such as in situ hybridizations57 or
generation of transgenic mice expressing BNP promot-
er-J3-galactosidase fusion genes.
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FIGURE 4. Comparison of the type-B natriuretic
peptide (BNP) and type-A natriuretic factor (ANF)
alleles of inbred mouse strains. Alleles for the mouse
BNP (top panel) and ANF (bottom panel) genes
were determined by analysis ofDNA amplifiedfrom
inbred strains identified in the figure using specific
primers and restriction enzymes as described in
"Materials and Methods. "
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TABLE 2. Segregation of Chromosome 4 Loci in Inbred Strains

Chromosome 4 loci

Strain Fv-1 Anf Bnp Ssm-I
C57BL/6J B B B B
DBA/2J N D D D
A/J B B B
AKR/J N D D
BALB/cJ B B B B
BDP/J B X D D
BUB/BnJ N D D
C3H/HeJ N D D D
C57BL/1OJ B B B
C57L/J N D D X B
C58/J N D D
CBA/J N D D D
LP/J N D D X B
SM/J N D D D
SJL/J D D

Fv-l, Friend virus susceptibility-i locus; Anf, atrial natriuretic
factor gene; Bnp, type-B natriuretic peptide gene; Ssm-1, strain-
specific modifier-1 locus. ForAnf and Bnp, B and D refer to alleles
found in C57BL/6J and DBA/2J mice, respectively, as described in
the text and shown in Figure 4. For Fv-1, B and N refer to alleles
described previously.45 For Ssm-1, B and D refer to alleles found
in C57BL/6J and DBA/2J mice as previously described.47 A
crossover between two loci is indicated by an X.

As shown in Figure 5, the amino acid sequence of the
predicted mouse BNP prohormone was similar to BNP
prohormones of other species, most closely resembling
the rat sequence with an overall identity of 77%. The
N-terminal 26-amino-acid sequence had characteristic
features of a signal peptide and was 85% identical to the
corresponding rat sequence. The mouse C-terminal
45-amino-acid sequence (BNP-45) contained all amino
acid residues thought essential for NP bioactivity, al-
though sequence identity with other BNP hormones
(rat, 64%; dog, 53%; pig, 50%; and human, 44%) was
clearly less than the identity among ANF hormones.6-8

Sequence identity between rat and mouse BNP pro-
hormones was more conserved in the N-terminal por-
tion of the prohormone than in the C-terminal BNP-45
(88% versus 64%). This is somewhat surprising given
that the corresponding region of the human, pig, and
dog BNP prohormones is the least conserved.33:34,48 The
intriguing question of whether the sequence fidelity of
the rodent N-terminal BNP prohormones is indicative
of a functional role in these species will require further
study. Production of multiple hormones from common
precursor polypeptides is well known for other endo-
crine systems,58 and N-terminal fragments of the human
ANF prohormone have biological activity.59,60

Comparative amino acid sequence analysis of the
mouse BNP precursor revealed no consensus sites for
N-terminal glycosylation; however, one potential pro-
tein kinase C phosphorylation site was present in the
putative mature mouse BNP-45 hormone at threonine
81. However, this amino acid was not conserved in the
rat sequence, and the in vivo phosphorylation states of
BNP-45 and the BNP precursor remain to be deter-
mined. Interestingly, phosphorylation of ANF has been
demonstrated both in vitro and in vivo.61-64 Phosphory-
lation of the N-terminal ANF precursor has been sug-
gested to prevent ANF secretion.61
The amino acid sequence surrounding the proteolytic

processing site for BNP-32 in human, pig, and dog BNP
was compared with the corresponding site for BNP-45
in the rat and mouse sequence. All of the secreted BNP
hormones have an N-terminal serine preceded by an
arginine in the prohormone sequence, and the mouse
and rat sequences are highly conserved at the putative
scissile bond (LKRVLR-SQ). Further comparative se-
quence analysis indicated that an arginine was present
at position -4 relative to the scissile (R-S) bond in all
mammalian BNP precursors. Thus, processing of BNP
prohormones to both BNP-45 in rodents and BNP-32 in
higher mammals appears to require a protease with a
conserved recognition sequence (RXXR-S). Interest-
ingly, this conserved sequence in the BNP prohormones
matches the consensus cleavage site established for

Precursor:

Mouse: HPLESPSQSPEQFLMQ--KLLELIREKSEEMAQR-QLLKDQGLTKEHLKRVLR

Rat: HPLGSPSQSPEQSTMQ--KLLELIREKSEEMAQR-QLSKDQGPTKELLKRVLR
1111 11 1 11 11

Dog: HPLGGRSPASGASEAS--ELLGRLKDAVSEL-QAEQLALEPLHRSHSPAEAPEA-GGTPRGVLA
11111 11 111 11 1111 I11 1111 11 11 111

Pig: HPLGGAGLASELPGIQ--ELLDRLRDRVSEL-QAERTDLEPLRQDRGLTEAWEAREAAPTGVLG
1111 11 1111 1111 1 11 1

Human: HPLGSPGSASDLETSGLQEQRDHLQGKLSEL-QVEQTSLEPLQESPRPTGVWKSREVATEGIRG

Carboxy Termini:

BNP-45

Mouse: SQGSTLRVQQRPQNSKVTHISSCFGHKIDRIGSVSRLGCNALKLL
I11 1 1I111ilI 11111 111111 111111 1I1

Rat: SQDSAFRIQERLRNSKMAHSSSCFGQKIDRIGAVSRLGCDGLRLF

Dog: PHDSVLQALRRLRSPKMMHKSGCFGRRLDRIGSLSGLGCNVLRKY
l l 111I 11111 1111111111

Pig: PRSSIFQVLRGIRSPKTMRDSGCFGRRLDRIGSLSGLGCNVLRRY
11 1111 111111 11111111

Human: HRKMVLYTLRAPRSPKMVQGSGCFGRKMDRISSSSGLGCKVLRRH

- BNP-3 2

FIGURE 5. Deduced amino
acid sequence of the mouse
type-B natriuretic peptide (BNP)
prohormone compared with the
amino acid sequence of oth-
er mammalian BNP prohor-
mones.3348 Amino acids with
N-terminal location to the scis-
sile bond generating BNP- 45
(mouse and rat) and BNP-32
(dog, pig, and human) are un-
derlined. Identical amino acids
and the intramolecular disul-
fide bond are also indicated.
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human furin,65 a calcium-dependent serine endopro-
tease. Given that furin is expressed in mouse heart,66 it
is possible that furin65,66 or a related enzyme67 is respon-
sible for processing the BNP precursors.
The present mapping study indicates that Bnp and

Anf are very closely linked, within 6.4 centimorgans
(99% confidence), on mouse chromosome 4.68 No re-
combination between these two genes was evident when
39 inbred and recombinant inbred strains were ana-
lyzed. Given the conservation of syntenic linkage groups
across species, these results predict that the human
BNP gene is linked to the human ANF gene located on
chromosome ip36. Although the location of the CNP
gene remains to be established, the observation that the
two NP genes expressed in cardiac tissue are closely
linked raises the possibility that these genes are orga-
nized in a multigene locus in the mouse. Similar struc-
tural arrangements have been found for other genes
expressed in heart, including a- and /B-myosin heavy
chain genes and sarcomeric a-actin genes. Such obser-
vations are consistent with the concept of gene diversity
arising from gene duplication.69
The physical linkage of the two NP genes that are

expressed in cardiac tissue may be an important feature
for their transcriptional regulation. Presently, transfec-
tion studies using neonatal rat cardiomyocytes have
demonstrated that correct tissue-specific control ele-
ments are located within approximately 2.4 and 0.5 kb of
the rat and human ANF transcription units.21,22 Similar
conclusions have been reached in studies of transgenic
mice; however, transgene expression in the currently
available models appears to be independent of trans-
gene copy number.23'24 As such, the available evidence
does not rule out the presence and participation of a
globin LCR-like element in NP gene regulation. Indeed,
the observation that the NP locus contains cis-regula-
tory elements (GATA and CACCC) important for
globin LCR function is consistent with this concept.
The hypothesis that distal regulatory elements within

the mouse NP gene locus (an NP-LCR) cooperate with
proximal elements of the ANF and BNP genes to
activate expression during cardiogenesis is open to
experimental study. Based on the globin model, putative
NP-LCR may be identified by their proximity to DNase
hypersensitivity sites. Any hypothetical NP-LCR would
be expected to convey high-level, copy number-depen-
dent expression of linked reporter genes in transgenic
animals. Obviously, the molecular reagents isolated in
the present study will be useful for identifying such
regulatory elements. In a broader context, these studies
on the mouse NP gene locus may be relevant for
understanding the transcriptional regulation of other
genes expressed in the mammalian heart.
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