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ABSTRACT The somatostatins are peptides of 14 and 28
anmno acids that are produced in a variety of endocrine and
noneudecrine tissues. These peptides inhibit the secretion of
many different pituitary, pancreatic, and gastrointestinal hor-
mones. Previously, we have reported the isolation and nucleo-
tide sequence of a cDNA derived from a rat medullary thyroid
carcinoma that encoded preprosomatostatin, a 116-amino-acid
precursor of somatostatin. We now report the structural char-
acterization of the rat somatostatin gene isolated from recom-
binant bacteriophage libraries prepared from rat liver DNA.
The gene spans 1.2 kilobases and is interrupted within the cod-
ing sequence of prosomatostatin by a single intron of 630
bases. A sequence characteristic of a Goldberg-Hogness pro-
moter i("TATA" box), T-T-T-A-A-A-A, is located 31 bases up-
stream from the transcriptional initiation site. A repetitive
DNA sequence, highly reiterated in the rat genome, is located
in the 5' flanking region of the gene within 900 bases of the
initiation site.

The somatostatins are peptides of 14 and 28 amino acids that
are produced in a variety of endocrine and nonendocrine tis-
sues, including the hypothalamus, cerebral cortex, pancreas,
stomach, and duodenum (1, 2). Both somatostatin-28 and -14
are biologically active, but tissues vary in their ability to gen-
erate one or the other peptide (3, 4). The major actions of
somatostatin-28 and -14 are the inhibition of secretion of a
variety of peptide hormones, including growth hormone,
thyrotropin, glucagon, and insulin (5). The rat somatostatin
gene encodes preprosomatostatin, a precursor of 116 amino
acids that is processed cotranslationally within the endoplas-
mic reticulum to yield prosomatostatin, a peptide of 92 ami-
no acids (6). Prosomatostatin is subsequently cleaved post-
translationally to produce somatostatin-28 and somatostatin-
14, peptides that correspond to the carboxyl-terminal 28 and
14 amino acids of prosomatostatin. Other peptides generated
from prosomatostatin include a peptide corresponding to the
amino-terminal 12 amino acids of somatostatin-28 and pep-
tides containing sequences within the amino-terminal exten-
sion of prosomatostatin (7, 8). The biological function of
these peptides is unknown, but the high degree of conserva-
tion of their amino acid sequences within different species
(6, 9, 10) and their transport to and localization within nerve
endings (7) suggest that they may also serve some biological
function.
To facilitate the identification of factors that regulate so-

matostatin gene expression and post-translational process-
ing, it is useful to elucidate the structure of the somatostatin
gene. Towards this end, we have isolated and structurally
characterized cloned genomic sequences that contain the rat
somatostatin gene.

METHODS AND MATERIALS
Screening Genomic Libraries. Somatostatin cDNA was ex-

cised from the plasmid 1-6-13 (6) by digestion with Pst I. The
excised cDNA insert fragments were labeled with [32P]dCTP
by nick-translation (11) to a specific activity of 1-3 x 108
cpm/,ug of DNA. Partial EcoRI and partial Hae III Charon
4A bacteriophage libraries obtained from T. Sargent, R.
Wallace, and J. Bonner (California Institute of Technology)
(12) were screened by the method of Benton and Davis (13).

Individual hybridizing plaques were purified, the bacteri-
ophage clones were grown, and phage DNA was isolated as
described by Blattner et al. (14).

Subcloning. DNA fragments to be subcloned were ligated
to pBR322 by using T4 DNA ligase (Boehringer). The ligated
products were used to transform Escherichia coli strain
C600. Recombinant colonies were grown on agar plates sup-
plemented with the appropriate antibiotics and screened
with 32P-labeled DNA fragments (15). Hybridizing colonies
were picked and grown as described (6).

Southern Blot Analysis. Genomic DNA prepared from a
single rat spleen (16) was digested with various restriction
endonucleases. The DNA digests were electrophoresed on
0.8% agarose gels at 30 V overnight, transferred to nitrocel-
lulose filters, and hybridized with 32P-labeled nick-translated
cDNA probes according to the method of Southern (17).
Mapping mRNA 5' Termini. RNA was isolated from rat

medullary thyroid carcinoma tissue as described by Chirg-
win et al. (18). RNA preparations were enriched for the poly-
adenylylated fraction by passage through an oligo(dT)-cellu-
lose column. S1 nuclease mapping (19) was performed with
the subclone RSTs-1 (Fig. 1). The plasmid was digested with
the restriction enzyme BssH2 and exchange-labeled by using
polynucleotide kinase. The labeled probe was denatured and
added to the RNA, and the mixture was allowed to hybridize
overnight in 80% formamide at 570C. Digestions were per-
formed with 55 units of S1 nuclease (Boehringer) for 40 min
at 30'C. The digestion products were analyzed on an 8% de-
naturing polyacrylamide gel along with a sequencing ladder
to determine the length of the S1 nuclease-protected frag-
ment.
Sequence Determination. Nucleotide sequence was deter-

mined according to the method of Maxam and Gilbert (20).
Restriction fragments were labeled at their 5' termini by us-
ing T4 polynucleotide kinase (Bethesda Research Labora-
tories) and at their 3' termini with the large fragment
(Klenow) of DNA polymerase I (Boehringer).
Mapping Repetitive DNA Sequences. Three methods were

used to identify middle repetitive sequences flanking the rat
somatostatin gene. Initially, total rat genomic DNA, sheared
by sonication to an average size of 1 kilobase, was nick-
translated and hybridized to Southern blots of the rat soma-
tostatin genomic clone cut with various restriction enzymes.
Somatostatin gene fragments, which were identified as con-
taining repetitive sequences by the above procedures, were
nick-translated and hybridized to Southern blots of total ge-
nomic DNA cut with various restriction enzymes. Finally,
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FIG. 1. Recombinant X phages containing the rat preprosomatostatin gene (RST g) and two subclones of the genomic insert (RSTs-1 and
RSTs-2) in plasmid pBR322. Recombinant bacteriophages were isolated by plaque-hybridization from cloned rat liver DNA libraries by using a

recombinant plasmid encoding rat preprosomatostatin as a hybridization probe. Nucleotide sequences of the DNA inserts were determined
entirely on both strands. Orientation of the rat preprosomatostatin gene is from left to right. Open boxes represent DNA of the cloning vehicles,
X phage Charon 4A and plasmid pBR322. Hatched boxes indicate the two exons of the gene. Lines represent the remaining rat DNA, including
the single intron. kb, Kilobases; bp, base pairs.

these nick-translated fragments were hybridized to recombi-
nant phage plaques containing rat genomic fragments (13). In
this way, a rough estimate of the frequency of this repetitive
element was obtained by determining the proportion of hy-
bridizing bacteriophage plaques.

RESULTS
Isolation and Sequence Determination of the Rat Somato-

statin Gene. The rat preprosomatostatin cDNA (6) was used
as a labeled hybridization probe to screen two genomic li-
braries cloned in Charon 4A bacteriophages. The first li-
brary, prepared from a partial EcoRI digest of rat liver geno-
mic DNA (12), contained a recombinant bacteriophage that
represented the 5' exon of the rat somatostatin gene and ex-

tended 15 kilobases in the 5' direction. A second recombi-
nant bacteriophage, isolated from the partial Hae III rat ge-

nomic library (12), contained preprosomatostatin gene se-

quences that overlapped with those in the first bacteriophage
and extended 10 kilobases in the 3' direction. The restriction
map of this 25-kilobase region indicated that the somato-
statin gene is encompassed by two EcoRI fragments of 4.6
kilobases and 9.7 kilobases, which represent the 5' and 3'
regions of the gene, respectively (Fig. 1). Analysis by South-
ern blotting of rat spleen genomic DNA revealed hybridizing
fragments identical to those obtained from digests of the two
recombinant bacteriophages (Fig. 2 and unpublished data).
This result indicates that the bacteriophage libraries used
contain an accurate representation of the somatostatin gene.
Genomic blots probed with the 5' and 3' fragments of the
somatostatin cDNA revealed two hybridizing bands, most
consistent with the existence of a single somatostatin gene in
the rat. Additional bands were seen on long exposures of the
blots, however, raising the possibility of multiple somato-
statin-related genomic sequences.
The two hybridizing EcoRI fragments isolated from the

bacteriophage clones were subcloned into the plasmid
pBR322 (Fig. 1). Restriction fragments were labeled either at
the 3' ends with the large fragment of DNA polymerase I or

at the 5' ends with polynucleotide kinase and were se-

quenced by the method ofMaxam and Gilbert (20). Compari-
son of the nucleotide sequences of the subclones with that of
the cDNA encoding rat preprosomatostatin revealed a single
intron of 630 bases. This intervening sequence interrupts the
coding region of preprosomatostatin within the amino-termi-
nal peptide extension of somatostatin-28 (Fig. 3). Character-
istic G-T/A-G donor-acceptor sites are present at the ends of
the intervening sequence. The sequence of the preprosoma-
tostatin coding region in the genomic subclones is identical
to that of the cDNAs that have been sequenced (6, 9). The
genomic clone and the cDNA were found to differ by two
bases within the 3' untranslated region.

Determination of the Transcriptional Initiation Site. The
point of initiation of transcription was localized by S1 nucle-
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FIG. 2. Autoradiogram of genomic (Southern) blot of restriction
enzyme digests of rat spleen DNA. Aliquots (10 gig) of rat spleen
DNA were digested with one of several restriction enzymes, sub-

jected to electrophoresis through an 0.8% agarose gel, and trans-

ferred onto nitrocellulose. The blot was hybridized to a 32P-labeled

cDNA fragment encoding rat preprosomatostatin. The sizes of the

hybridizing bands were estimated by a comparison with a marker

lane of HindIll-digested X phage DNA (D3/X). The respective sizes

of the X phage fragments in kilobase pairs (labeled 1-5) are 23, 9.4,
6.7, 2.3, and 2.0. An 0.6-kilobase Pvu II hybridizing band is not

shown. Exposure time was 48 hr.
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gaagtggaccagccgaatagctttoagcacccttgcacatecacacgaccgtteagcatgatggcaagtccagtaatc
tgagtocattgaceggtacccaactgtgtgtgctgatgtattgctggccaaggactgaaggatctcegtattaatcatg
cocctatgtggcggaaatatgggatatgcatgtcgacactgagtgaaggcaagattatttggtctgtgtggcgtggagaa
tttcatgtgcctgtgtgggtgcaggctttctttttcttcaaaaaaaaaaaaataaaccactttagatcgtgtcgcctccc
ctcacttctttgattgattttgcgaggctaatggtgcgtaaaagcactggtgagatctgggggcgcctccttggctgacg

(-31) (+I)
tcagagagagagtttaaaaaggggagaccgtggagagctcgatAGCGGCTGAAGGAGACGCTACTGGAGTCGTCTCTGC

-24
met leu ser cys

TGCCTGCGGACCTGCGTCTAGACTGACCCACCGCGCTCMGCTCGGCTGTCTGAGGCAGGGGAGATG CTG TCC TGC

erg leu gin cys ale leu ala ala leu cys lie val leu ala leu gly gly val thr gly
CGT CTC CAG TGC GCG CTG GCC GCG CTC TGC ATC GTC CTG GCT TTG GGC GGT GTC ACC GGG
+1 +10 +20
ala pro ser asp pro erg leu erg gin phe leu gin lys ser leu ala ala ala tyr gly
GCG CCC TCG GAC CCC AGA CTC CGT CAG TTT CTG CAG MG TCT CTG GCG GCT GCC ACC GGG

lys gin
AAA CAG gtaaggaaatggctgggactcgtccccttttgcgaattccccggccttccccttagtcttgctgtagcccctg
cgacaggtgttttagcgggcgcttctcagagtcgctcagcccctgagctcccagggaaacttttgaagtctagggtccgc
tcttactcgttccagaattgatcggcgctggtggtcaccttgcaggtaagttcccccttcgctttcaggaaaattccgaa
agcctgcaagagagcggggagagactgagctctatccctggtactggcacgagggttgctgacccaggtgctgaaaaaaa
atccggcaagaactcaggtccatggtccatttcgtgtctcataaaggaaaatggagctgctcaaactattggcatactat
atttacaaaacgacttcctatcatccatggtttctctgtgttttaaggcatagcactttctgaaagacttgggtttgagg
sagcttttttccctgtgcataatctagtgaatatagcagccatccatattactgtggaaacttggttttgaatgattaaa

glu leu ala
tcttattttcaaaccgcatttctccctttctcccattcccccttttgctctcctccctgccctatccagGM CTG GCC

+30 +40
lys tyr phe leu ala glu leu leu ser glu pro asn gin thr glu asn asp ala leu glu
MG TAC TTC TTG GCA GM CTG CTG TCT GAG CCC MC CAG ACA GAG MC GAT GCC CTG GAG

+50 +60
pro glu asp leu pro gin ala ale glu gin asp glu met erg leu glu leu gin argiser
CCT GAG GAT TTC CCC CAG GCA GCT GAG CAG GAC GAG ATG AGG CTG GAG CTG CAG AGG TCT

+70 ss-28 +80 SS-14
ala asn ser asn pro ala met cla pro erg glu erg lys ala gly cys lys asn phe phe
CCC MC TCC MC CCA GCC ATG GCA CCC CGG GM CGC AM GCT GGC TGC MG MC TTC TTC

+90
trp lys thr phe thr ser cys stop
TG6 MG ACA TTC ACA TCC TAG CTTTMTATTGTTGTCTCAGCCAGACCTCTGATCCCTCTCCTGCAM

TACMAAIAWTTATGGTGMATTATGM

FIG. 3. Nucleotide sequence of the rat preprosomatostatin gene. The nucleotide sequence was determined from the subcloned DNAs shown
in Fig. 1. Exons of the gene are shown in capital letters, and the intron and flanking DNA are shown in lower-case letters. The promoter
(Goldberg-Hogness) sequence and the A-A-T-A-A-A polyadenylylation signal are underlined. The amino acid sequences of somatostatin-28
(SS-28) and somatostatin-14 (SS-14) are overlined and boxed, respectively. The protein-coding sequence of the gene is keyed by numbers above
the assigned amino acids. Amino acid +1 (alanine) begins the sequence of prosomatostatin. Amino acid -24 (methionine) designates the
beginning of the signal (leader) peptide sequence, and -31 designates the position of the promoter relative to the position of the cap site (+ 1).

ase mapping (19). Polyadenylylated RNA from a rat medul-
lary thyroid carcinoma that produced somatostatin (21) was
hybridized to a fragment of the recombinant bacteriophage
representing the 5' region of the gene. Subsequently, the hy-
brids were digested with S1 nuclease (19). The length of the
nuclease-resistant fragment was determined by electropho-
resis of the digest on an 8% sequencing gel (Fig. 4). A single
band was observed that corresponded to a DNA fragment of
184 bases in length. This finding placed the site of the initia-
tion of transcription at 102 bases upstream from the initiator
methionine codon. Thirty-one bases upstream from this initi-
ation site lies an A+T-rich sequence, T-T-T-A-A-A-A-A,
surrounded by a G+C-rich sequence. This A+T-rich se-
quence is likely to represent the Goldberg-Hogness promot-
er ("TATA" box).

Repetitive DNA Sequences. DNA isolated from the bacteri-
ophage clones was digested with EcoRI, transferred to nitro-
cellulose, and probed with nick-translated rat genomic
DNA. These blots revealed a 4.7-kb hybridizing fragment
identical to that which hybridized to the 5' portion of the
somatostatin cDNA probe. A similar experiment carried out
with a HindIII-EcoRI fragment of one of the subclones lo-
calized the repetitive element to within 900 base pairs of the
transcriptional initiation point. Regions downstream from
the Sal I site (located at position -350) did not hybridize to
the nick-translated genomic DNA probe, indicating that the
repetitive sequence lies between -350 and -900. To esti-

mate the frequency of this repetitive element, the HindIII-
EcoRI fragment labeled with 32p was hybridized to nitrocel-
lulose filters containing phage DNA plaques that had been
transferred from the rat Hae III library. Approximately 10%
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FIG. 4. Localization of the transcriptional initiation site of the
rat preprosomatostatin gene by S1 nuclease mapping of a
DNA-RNA hybrid. mRNA prepared from a rat medullary thyroid
carcinoma was hybridized to a 5' end-labeled BssH2 fragment of
subclone RSTs-1. The hybrid was digested with S1 nuclease, and the
products were analyzed on an 8% polyacrylamide/urea gel (lane la-
beled S-1) along with cytosine (C), guanine (G), and thymidine (T)
sequencing of ladders prepared from a cDNA fragment encoding the
a subunit of rat lutropin.
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of the plaques hybridized strongly to the HindIII-EcoRI
fragment, placing a lower limit of 20,000 copies of the repeti-
tive element per genome. When restriction digests of geno-
mic DNA were analyzed by Southern blot hybridization with
the HindIII-EcoRI fragment as a probe, a continuous smear
of hybridization was observed. No repetitive elements were
detected within the intevening sequence of the rat somato-
statin gene.

DISCUSSION
Sequence determinations of bacteriophage Charon 4A
clones encoding rat somatostatin revealed a gene of approxi-
mately 1.2 kilobases. Only the 5' portion of the somatostatin
gene was represented in the partial EcoRI library (12). This
fragment encoded the 5' flanking region of the gene, the 5'
untranslated region, the amino-terminal portion of preproso-
matostatin, and a small portion of the intervening sequence
(Fig. 1). No sequences representing the 3' portion of the
gene were detected in this library, despite the 10 genome-
equivalents that were screened. The complete rat somato-
statin gene, however, was represented in the partial Hae III
library.

Characteristic features of the rat somatostatin gene includ-
ed a variant TATA box or Goldberg-Hogness promoter, T-
T-T-A-A-A-A-A, 31 bases upstream from the transcriptional
initiation site. The unique band seen in the S1 nuclease ex-
periment suggests that transcription of the gene occurs at a
single site. The 5' untranslated region of the mRNA includes
an open reading frame of 34 codons which are in phase with
the coding region of preprosomatostatin. No AUG codons
are present within the 5' untranslated region, however.
A single intervening sequence 630 bases in length was

identified, separating the Gln-Glu codons at amino acid posi-
tions 46-47. The biological function of this region of prepro-
somatostatin is not known. Therefore, it is not possible to
assess whether the intervening sequence actually separates
functional domains within the precursor or merely separates
the signal peptide from the somatostatin peptides. Prelimi-
nary studies with an antibody directed towards the middle of
the prosomatostatin molecule (7) suggest that prosomatosta-
tin may be cleaved at a site amino-terminal to the somato-
statin-28 cleavage site (22). Benoit et al., using an antiserum
to somatostatin-14, also have found evidence suggestive of
cleavage within the amino-terminal region of prosomatosta-
tin (23). The precise location of these additional cleavage
sites, and consequently their relationships to the intervening
sequence within preprosomatostatin, are unknown. The
known cleavage sites, the Gly-Ala sequence separating the
leader sequence from prosomatostatin (6), the Arg-Ser se-
quence separating the amino-terminal portion of prosoma-
tostatin from somatostatin-28, and the Arg-Lys sequence
separating somatostatin-14 from the amino-terminal portion
of somatostatin-28 clearly are not sites that correspond to
intervening sequences in the gene.

Southern blotting analysis was most consistent with the
existence of a single gene encoding somatostatin in the rat.
This observation is in contrast to the situation in lower spe-
cies, such as fish, where at least two distinct somatostatin
genes are present (24). Noe and Spiess have presented evi-
dence that the two anglerfish preprosomatostatins are proc-
essed differently to yield somatostatin-14 and a peptide simi-
lar in size to somatostatin-28 (25). If indeed there is only a
single somatostatin gene in the rat, then the ability of various
tissues to produce somatostatin-14 or -28 must depend on the
ability of particular cell types to process the single precursor
in different ways. Similar conclusions have been reached re-
garding the processing of proopiomelanocortin (26).

The significance of the repetitive sequence located near
the promoter region of the somatostatin gene is not known.
Southern blot hybridizations indicated that this repetitive se-
quence lies between bases -350 to -900. Therefore, it may
be too far upstream to influence somatostatin biosynthesis.
Nonetheless, determination of the influence of this region
may provide a first step in elucidating the factors that regu-
late somatostatin biosynthesis.

Note Added in Proof. Since this manuscript was submitted, we have
determined the nucleotide sequence of the repetitive DNA element.
The repetitive element contains a 42-base-pair region of alternating
G-T sequence characteristic of DNA with Z-forming potential.
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