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in-28(1-12) and preprosomatostatin(25- 
100). Even though these two peptides have 
been established as secretory products and 
are widely distributed in brain-and digestive 
system, no biological role has been ascribed 
to them (5). 

  he presence of somatostatin-28 and so- 
matostatin-28(1- 12) in tissue extracts indi- 
cates that classic cleavage at a pair of basic 
amino acids is not the sole type of peptide 
hydrolysis during processing of prosomato- 
statin (6, 7). Cleavage at the monobasic site 
Argg8-Serg9 also occurs (Fig. 1). Recently, 
efforts have been directed toward the identi- 
fication of putative peptides derived from 
the amino terminus of prosomatostatin (4, 
5, 8, 9). Using an antibody directed toward 
the preprosomatostatin(25-33) segment, we 
have screened tissues of adult rats for the A New Prosomatostati..-Derived Peptide Reveals a presence o f p r e p r o s o m a t o s ~ a ~ n ( ~ ~ - ~ ~ ) - ~ ~ e  

Pattern for Prohormone Cleavage at Monobasic Sites material (10) with a radioimmunoassa~ 
(RIA). The hypothalamus and the stomach 
contained the highest concentration of im- 

ROBERT BENOIT,* NICHOLAS LING, FREDERICK ESCH munoreactive material (9.1 -+ 1.4 and 

6.2 2 0.5 ng per 100 mg of wet weight, 
Cleavage of the peptide bonds of preprosomatostatin at basic residues near the respectively; mean -+ SEM; n = 10 rats). 
carboxyl terminus yields somatostatin-14, somatostatin-28, and somatostatin-28(1- When this material was subjected to gel 
12). However, little is known about the molecular forms derived from the amino permeation chromatography, the stomach 
terminal portion of the precursor, even though this part of the prohormone is highly was found to contain an immunoreactive 
conserved through evolution. By using an antibody against the amino terminus of 1.2- to 1.4-M> species that was virtually 
prosomatostatin, a decapeptide with the structure Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg- absent in brain, pancreas, and duodenum. 
Gln-Phe, corresponding to preprosomatostatin(25-34), was isolated from the endo- Thus differential processing occurred at the 
crine portion of the rat stomach, the gastric antrum. The antral decapeptide may amino terminus of prosomatostatin. Here 
represent a bioactive product generated from prosomatostatin af3er a monobasic we describe the isolation and charaaeriza- 
cleavage similar to that involved in the formation of somatostatin-28. In fact, a tion of the 1.4-kD peptide. In addition, we 
monobasic cleavage requires two basic residues and a domain containing nonpolar propose a new processing scheme to accourlt 
amino acids such as alanine or leucine, or both. for the derivation of the peptide from proso- 

matostatin. 

P EPTIDES DESTINED FOR SECRETION basic amino acids (preceding somatostatin- Stomachs from three Sprague-Dawley 
from cells are derived from precursor 14) and no repetitive sequences. The region rats were collected and the corpus, antrum, 
proteins by post-translational modifi- of the prohormone endowed with the pan- and cutaneous region dissected (11) and 

cations. Most important among these modi- inhibitory activity corresponds to the cyclic extracted in 2M acetic acid containing pepti- 
fications are the enzymatic cleavages that structure formed by its last 12 amino acids dase inhibitors. RIA measurements were 
usually occur at some dibasic residues and (2). Since the identification of the somato- performed on the extract or on the fractions 
occasionally at monobasic sites. The primary statin precursor, we have been searching for eluted from Sephadex G-75 gel permeation 
structure of neurohormone precursors can additional bioactive domains contained in chromatography columns (Fig. 2). 
be elucidated rapidly by recombinant DNA the 80-amino acid sequence preceding the Immunoreactivity in the cutaneous zone 
technology. It then becomes important to carboxyl terminal dodecapeptide. Using was low (total content per stomach, 2 ng). 
predict how these precursors are processed antibody probes directed toward the carbox- The corpus of the stomach contained 18.5 
in order to identify the new peptide prod- yl terminus of the precursor, we have identi- ng of preprosomatostatin(25-33)-like im- 
ucts derived from the prohormones. fied two peptides derived from prosomato- munoreactive material of which 14.3 ng 

The somatostatin precursor is a usehl statin (3 ,4 )  that do not contain the original eluted from the gel permeation column as 
model for studying neuropeptide processing tetradecapeptide somatostatin: somatostat- large molecular forms and 4.2 ng as a molec- 
in mammals, largely because of its simplic- 
ity. A single gene codes for the 92-amino 
acid prohormone (I).  The precursor is not Fig. 1. Schematic representation of 
glycosylated, and contains only one pair of 116-amino acid mammalian preproso- 

[; I g g  5 2  matostatin, which includes the tetrade- 
tn a o c  o r  

2 I  2 5 '  capeptide somatostatin-14 (SS14), so- 
5 I 

24 (J 
matostatin-28 (SS28), somatostatin- 

R. Benoit, Montreal General Hospital Research Insti- () ( )  28(1-12) [SS28(1-12)], the amino ter- 
tute, Department of Medicine, McGill Umversity, Mon- Lead se% I 

/ ' I \ /\ / mind peptide antrin, and the 24- 
treal, Quebec H3G 1A4, Canada. 
N. Llng and F. Esch, Laboratones for Neuroendocrino- amino acid leader sequence. The three 
logy, Salk Institute, La Jolla, CA 92138. Antrin SS28(1-12) 5514 main cleavage points of the prohor- 

1-1 mone at positions 101-102, 88-89, 
*To whom correspondence should be addressed. SS28 and, conceivably, 37-38 are shown. 
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ular form of about 1.4 kD (Fig. 2). In 
contrast, the rat antrum contained only 4.2 
ng of immunoreactive material eluting as 
large molecular forms and 18.5 ng in the 
1.4-kD peptide zone. The product ratio of 
the small versus large forms was thus 15 
times higher in antrum than in corpus. 
Modifications of the acid concentration or 
peptidase inhibitors during extraction or 
omission of the heating step yielded essen- 
tially the same chromatography profile. To 
hrther ascertain that the 1 . 4 - 0  molecular 
form was not generated during extraction, a 
total of 415 ng of immunoreactive material 
was obtained by pooling fractions from gel 
filtration of a gastric corpus extract that 
corresponded to peptides between 6 and 10 
kD. This pool was added to antral tissue 
before extraction and gel filtration. No addi- 
tional 1.4-kD peptide was generated by this 

procedure. Thus this new molecular form 
represents an authentic endogenous prod- 
uct. Because its concentration was 88 ng per 
gram of wet weight in the gastric an-, 
isolation of the 1.4-kD peptide was carried 
out from antral tissue. 

The antrums of 378 Sprague-Dawley rats 
were frozen in liquid nitrogen immediately 
after dissection and lyophilized. The tissue 
was extracted with acid and peptidase inhib- 
itors (Fig. 2). The extract (3.4 g dry weight) 
was first purified by gel permeation on 
Sephadex G-75 and eluted with 5.2M acetic 
acid. The immunoreactive material detected 
in the 1.4-kD zone from several columns 
was pooled to yield a total of 52 mg of dry 
material containing 6.7 pg of preprosoma- 
tostatin(25-33)-like peptide. The second 
purification step was ion-exchange chroma- 
tography on carboxymethyl cellulose 

Fig. 2. Sephadex G- o I - 
* n: 75 gel permeation 9 0" 0 

chromatography per- 5 z 

formed on extracts of 
two gastric regions. 

I I I I 
-12- 

Three male Sprague- J 

Dawley rats (310 g) I f 
that had been allowed i - 8 2  
free access to food i 0.6 - C! 
were killed by decapi- 5 o , ~  - tation; the antrum and a - 4 %  a I 
the corpus ofthe stom- 0.2 .- S * 
ach were dissected, 
washed in 150 mM r? "- 

acetic acid containing 0.4 
pepstatin (20 mg/ a 0.2 
liter), phenylmethyl- a 
sulfonyl fluoride (20 
mg/liter), and bacitra- 18 34 50 66 82 

cin (50 mglliter)]. The Fraction 
three antrums and the I I I I I I 
three corpora were ho- 0.0 0.2 0.4 0.6 0.8 1.0 
mogenized separately K AV 

in 8 ml of extraction 
buffer per gram of tissue with a polytron (Brinkmann). The homogenate was centrihged at 40,0008 at 
2°C for 20 minutes and the supernatant lyophilized. The corpus extract (130 mg dry weight) and the 
antral extract (42 mg dry weight) were dissolved in 5 ml of 5 . M  acetic acid in water and loaded 
separately onto a column (2.5 by 100 cm) packed with Sephadex G-75 (Pharmacia). Elution was done 
at 4°C with 5 . M  acetic acid at a flow rate of 23 &hour. Fraction size was 7 ml and preprosomatosta- 
tin(25-33)-like immunoreactivity [ppSS(25-33)-LI] was measured in each fraction. The column had 
been calibrated with bovine serum albumin (Vo), 67 kD; cytochrome c(Cp c), 12.4 kD; and 
lutehizing hormone-releasing hormone (LHRH), 1182 daltons. The immunoreactive profile obtained 
after fractionation of the antral extract is shown in the upper panel. The lower panel shows the 
immunoreactive profile obtained after fractionation of the corpus extract. Azso, absorbance at 280 nrn. 

Fig. 3. Final purification by RPLC of 
the preprosomatostatin(25-33)-like 
immunoreactivity [ppSS(25-33)-LI] 
from rat antrum. Loading was done in 
1 rnl of 0.1% TFA in water; 352 pmol 
of peptide were eluted isocratically af- 3 
ter 12 minutes at 20% acetonitrile in 
0.1% TFA. Fraction size was 1.2 rnl, 
flow rate was 0.6 ml/min, and the 
spectrophotometer sensitivity was 
0.04. 

0 20 40 60 60 

t Time (min) 

(CMC). Effective separation was performed 
by using a constant pH of 4.6 and a shallow 
gradient of ammonium acetate, so that 6.5 
pg of the 1.4-kD peptide was recovered 
(12). Further purification was carried out by 
analytical reversed-phase high-performance 
liquid chromatography (RPLC), with octa- 
decylsilyl-silica (ODs) as the solid phase 
(13). The mobile phase consisted of hepta- 
fluorobutyric acid-acetonitrile or, as was the 
case for the final RPLC purification (Fig. 
3), trifluoroacetic acid (TFA)-acetonitrile 
(14). With this approach, 352 pmol of 
homogeneous 1.4-kD immunoreactive pep- 
tide were isolated. We sequenced 220 pmol 
of the peptide with an Applied Biosystem 
model 470A gas-phase sequenator (15). The 
initial yield was 97.4%, and the average 
repetitive yield was 92.5%. The primary 
structure determined was Ala-Pro-Ser-Asp- 
Pro-Arg-Leu-Arg-Gln-Phe. Duplicate ami- 
no acid analyses (16) performed on 8 pmol 
of material revealed the following composi- 
tion: Asx, 1.13 2 0.04; Ser, 0.98 2 0.00; 
Glx, 1.05 2 0.03; Ala, 0.93 2 0.01; Leu, 
0.93 2 0.03; Phe, 0.96 2 0.03; Arg, 1.85 
2 0.01; Pro, 2.16 2 0.04; Cys, Lys, Trp, 
His, Tyr, Ile, Met, Val, Gly, and Thr, 0 
(mean k SD, n = 2). This composition 
confirmed that the antral peptide is a deca- 
peptide of 1186 daltons. 

The antral peptide, or antrin, is preproso- 
matostatin(25-34). Previous work suggest- 
ed that a larger peptide of 32 amino acids 
would be derived from the amino terminal 
portion of rat preprosomatostatin (4). This 
peptide, obtained after cleavage at the se- 
quence ~ e u ~ ~ - ~ e u ' ~  of the precursor has 
been identified by Schmidt et al. (9) in 
extracts of porcine intestine. However, 
cleavage of this Leu-Leu bond leads to only 
minute quantities of this product (5). Thus, 
antrin may represent the most interesting 
peptide derived from the amino terminus of 
prosomatostatin in the murine digestive sys- 
tem. A biological role for rat antrin is sug- 
gested by its preferential distribution in one 
digestive organ, particularly in the endo- 
crine portion of this organ, the gastric an- 
mum. In addition, the preprosomatosta- 
tin(25-34) sequence that corresponds to an- 
trin is highly conserved from catfish to man 
(17.. 

The generation of the antral decapeptide 
provides some insight on the processing of 
prosomatostatin and other prohormones. 
The amino acid sequence of antrin is fol- 
lowed by the sequence Leu-Gln-basic resi- 
due-Ser, which is the same sequence as that 
involved in the formation of somatostatin- 
28 and somatostatin-28(1-12). We propose 
that the peptide bond ~ ~ s ~ ~ - ~ e r ~ ~  is cleaved 
similarly to the other monobasic site Args8- 
serS9 (Fig. 4). Formation of the mature ten- 
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amino acid product antrin could then in- 
volve the action of a carboxypeptidase. In 
spite of this structural similarity, the condi- 
tions required for cleavage at the two mono- 
basic sites are different, because large 
amounts of somatostatin-28 are present in 
duodenum (18), whereas only very low 
quantities of the decapeptide antrin occur in 
that region. 

Until recently, the only prohormone 
known to be processed at a monobasic site 
was pro-arginine vasopressin (19). Now it 
has been established that the rat arginine 
vasopressin precursor, as well as the pro-egg 
laying hormone ofAplysia (20), the human 
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Fig. 4. Partial sequences of preprohormones 
known to be cleaved at monobasic sites: rat pre- 
pro-arginine vasopressin (AVP) (19), Aplysia 
pre-pr~gg-laying hormone (ELH) (20), hu- 
man pre-prepeptide histidyl methionine 
(PHM) (29), human prepregrowth hormone- 
releasing factors (GRF)-40 and -44 (21), rat pre- 
pro-growth hormone-releasing factor-43 (30), 
rat preprocholecystokinin (CCK)-58 (22), por- 
cine preproenkephalin B or dynorphin-8 (27), 
mouse pre-pro-epidermal growth factor (EGF) 
(24), mammalian preprosomatostatin (SS)-28 
( I ) ,  rat preproantrin, human pre-prepancreatic 
icosapeptide (31), rat preprocholecystokinins-8 
and -39 (22), and pre-preatrial natriuretic pep- 
tide (ANF) (28). The basic amino acids being 
cleaved at their carboxyl end are boxed. The arrow 
indicates the preceding arginine (histidine) three, 
five, or seven amino acids toward the amino 
terminus. The hydrophobic amino acids alanine 
and leucine (isoleucine) are underlined. 

pro-growth hormone releasing factor-40 
(21), and procholecystokinin-58 (22), are all 
cleaved at an Arg-Ala bond (Fig. 4). Two 
characteristics of this cleavage are that (i) the 
basic amino acid involved is located usually 
in a region rich in alanine or leucine, or 
both, and (ii) an arginine usually precedes 
the basic amino acid involved in this cleav- 
age (Fig. 4, arrows). Surprisingly, this argi- 
nine usually occurs three or five residues 
before the basic amino acid involved in the 
cleavage, suggesting that some unknown 
but precise configuration is a prerequisite 
for cleavage. Although prosomatostatin 
contains ten single basic amino acids, only 
those sharing these two important charac- 
teristics are cleaved, that is, residues 37 and 
88. 

This processing model may explain the 
existence in human tissue of both growth 
hormone-releasing factor-40 (GRF-40) and 
GRF-44 amide (23). Both gastric inhibitory 
peptide (GIP) and epidermal growth factor 
(EGF) are generated from their respective 
precursor after cleavage at monobasic sites 
immediately preceding and following the 
mature post-translational product (24). This 
situation is unexpected in the case of 
proEGF, because this precursor also con- 
tains 12 basic pairs susceptible to cleavage. 

Schwartz recently concluded that there is 
no consensus sequence of amino acids sur- 
rounding the single basic residue--often an 
arginine-at which a cleavage occurs (25). 
However, he proposed that a proline-direct- 
ed arginyl cleavage is involved in about one- 
third of the cleavages. We think that if a 
proline-directed arginyl cleavage exists at all, 
it is an exception rather than the rule. In- 
stead we propose that three principles gov- 
ern monobasic cleavages occurring in hor- 
mone and neuropeptide precursors: (i) The 
monobasic cleavage occurs virtually always 
at the carboxyl terminal end of an arginine; 
preproantrin and preproFMRF-amide (26) 
are rare exceptions where cleavage would 
occur at a lysine. (ii) A leucine (isoleucine) 
or several alanines are virtually always pres- 
ent in the two amino acids immediately 
preceding and the two amino acids follow- 
ing the monobasic cleavage. If a glycine is 
present, often along with a valine, as is the 
case for GRF-44, FMRF-amide, and adren- 
orphin (27), then amidation should occur. 
(iii) Three or five or seven amino acids 
before the arginine, a second arginine is 
present; rarely, this second arginine will be 
replaced by a histidine. Thus a so-called 
monobasic cleavage requires two basic resi- 
dues that may be as much as seven residues 
apart separated by a nonpolar sequence such 
as Ala-Leu-Leu-Ala, as is the case in prepro- 
cholecystokinin-39 and pre-pro-atrial natri- 
uretic peptide (22, 28). Such nonpolar se- 

quences appear to play an important role in 
the processing at monobasic sites. The mam- 
malian preprosomatostatin(39-42) sequence 
Leu-Ala-Ala-Ala (Fig. 4) probably repre- 
sents such a nonpolar marker. We think that 
these three principles, as well as the existence 
of nonpolar markers, may help predict the 
sites of monobasic cleavages in precursors. 
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Synthesis of a Sequence-Specific DNA-Cleaving 
Peptide 

A synthetic 52-residue peptide based on the sequence-specific DNA-binding domain of 
Hin recombinase (139-190) has been equipped with ethylenediaminetetraacetic acid 
(EDTA) at the amino terminus. In the presence of Fe(II), this synthetic EDTA-peptide 
cleaves DNA at Hin recombination sites. The cleavage data reveal that the amino 
terminus of Hin(139-190) is bound in the minor groove of DNA near the symmetry 
axis of Hin recombination sites. This work demonstrates the construction of a hybrid 
peptide combining two functional domains: sequence-specific DNA binding and DNA 
cleavage. 

M ANY DNA-BINDING PROTEINS 

consist of two structural domains 
each with distinct functions. One 

domain recognizes and binds a specific 
DNA sequence, while the other catalyzes a 
chemical reaction on DNA. A synthetic 52- 
residue peptide identical to the COOH- 
terminal domain of Hin recombinase (190 
amino acids) has been shown to bind to Hin 
recombination sites (26 bp) and to inhibit 
Hin activity (1). We now describe the con- 
version of this sequence-specific DNA-bind- 
ing peptide into a sequence-specific DNA- 
cleaving peptide by covalent attachment of 
an iron chelator, ethylenediaminetetraacetic 
acid (EDTA), to the NHz-terminus of the 
peptide. Ln the presence of Fe(II), molecular 
oxygen, and a reducing agent, the synthetic 
EDTA-peptide oxidatively cleaves DNA at 

J.  P. Sluka and P. B. Deruan, Division of Chemistry and 
Chemical Engineering, California Institute of Technolo- 
gy, Pasadena, CA 91125. 
S. J .  Howath, M. F. Bruist, M. I. Simon, Division of 
Biology, California Institute of Technology, Pasadena, 
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Hin binding sites, revealing the base posi- 
tion and groove location of the NH2-termi- 
nus of the peptide when bound to DNA. 

X-ray crystal structures of a number of 
sequence specific DNA-binding proteins (or 
fragments) have become available (2-7). 
Comparison of the three-dimensional struc- 
tures of A-cro, A-repressor, and catabolite 
gene activator protein (CAP) led to the 
postulate that a conserved a helix-turn-a 
helix motif is involved in sequence specific 
DNA recognition (8, 9). The crystal struc- 
ture of a complex formed between the 
DNA-binding domain of phage 434 repres- 
sor (1-69) and a synthetic 434 operator 
DNA (14 bp) reveals that the peptide, 
which includes a helix-turn-helix domain, 
recognizes in DNA both a particular confor- 
mation and an array of base-pair contacts 
(7) .  ~elix-turn-hel& binding h the major 
groove of B-DNA may be a common struc- 
tural feature for sequence-specific DNA af- 
finity (9, 10). 

Hin recombinase inverts a segment of 

DNA to change the expression of the flagel- 
lin genes of Salmonella typhzmurium (1 1 ) . 
Recombination occurs between two cross- 
over sites, designated hzjcL and hixR in 
inverted repeat c&figuration, when they are 
on a supercoiled substrate (12). Each hix site 
is 26 bp long and has near twofold symme- 
try. Hin protein binds to a hix site as a dimer 
and protects bases - 17 through + 16 inclu- 
sive. Using solid-phase peptide synthesis, 
Bruist et al. (1) prepared a 52-amino acid 
peptide, identical to the COOH-terminus of 
Hin(139-190), that constitutes the putative 
sequence specific DNA-binding domain of 
Hin. The ability of Hin(139-190) to bind 
the hkL  site was demonstrated by deoxyri- 
bonuclease (DNase) I and dimethyl sulfate 
protection experiments (footprinting) (1 ) . 
The synthetic Hin(139-190) protected the 
same DNA sequence as Hin, except for the 
central three bases from -2 to +1. For 
purified Hin(139-190), an apparent d~sso- 
ciation constant of 0.2 to hixL was 
determined by DNA mobility retardation 
assays (13). 

Attachment of EDTA . Fe(I1) to a DNA- 
binding molecule creates an efficient DNA- 
cleaving molecule (25"C, pH 7.0) (14). At- 
tachment of EDTA converts a sequence- 
specific DNA-binding molecule to a bifunc- 
tional molecuie capable of binding and 
cleaving DNA at the recognition site by 
oxidation of the DNA backbone (15, 16). 
Cleavage is initiated by the addition of a 
reducing agent such as dithiothreitol ( D m )  
or sodium ascorbate. Analysis of the cleav- 
age patterns visualized by gel electrophoresis 
allows both the binding site location and the 
orientation of the synthetic DNA-binding 
molecules on double helical DNA to be 
identified (15, 16). Moreover, since the oxi- 
dative deoxyribose degradation is mediated 
by a diffusible species (most likely hydroxyl 

Minor Groove Major Groove 

Fig. 1.  Cleavage patterns produced by a diffusible 
oxidant generated by EDTA Fe localized in the 
minor and major grooves of right-handed DNA. 
The edges of the bases are shown as open and 
crosshatched bars for the minor and major 
grooves, respectively. 
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