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Abstract

The observation that virtually all of the somatostatin-like im-
munoreactivity in the stomach consists of somatostatin-14
(S14), to the exclusion of somatostatin-28 (S28), suggests a

unique pattern of prosomatostatin posttranslational process-

ing. In order to examine the mechanisms by which S14 is
produced from its precursor in the stomach, we investigated
the biosynthesis of somatostatin in isolated canine fundic D
cells. D cells pulse-labeled with p5Sjcysteine revealed a cyclo-
heximide inhibitable time-dependent incorporation of radioac-
tivity into S14. A small fraction of radioactivity was incorpo-
rated into S28 but not into larger precursors. However, when
the cells were incubated with monensin (1 ,M), incorporation
of radioactivity into a presumed somatostatin precursor was

noted. Upon transfer of [Sjcysteine prelabeled cells to radio-
activity-free medium, no conversion of S28 to S14 could be
detected and the decrease of labeled S14 in cells correlated
with a complimentary increase in the culture medium. Exoge-
nous somatostatin inhibited somatostatin biosynthesis in a

fashion that could be blocked by pertussis toxin pretreatment.
Stimulation of prelabeled D cells with tetradecanoyl phorbol
13-acetate (10-7 M) or forskolin (1o-4 M) for 2 h resulted in
release of 41 and 33% of the newly synthesized radioactive
S14, respectively, while only 9 and 6%of the total cell content
of radioimmunoassayable somatostatin was secreted. These
data suggest that: (a) somatostatin is synthesized in fundic D
cells primarily as S14, (b) S14 is produced by rapid processing
of a larger precursor but there is little, if any, conversion of S28
to S14, (c) somatostatin biosynthesis is autoregulated, and (d)
newly synthesized S14 is preferentially released from D cells
in response to stimulation.

Introduction

Somatostatin, a tetradecapeptide initially isolated from the hy-
pothalamus, is also found in D cells of the gastric antrum and
fundus where it is thought to exert an inhibitory action on

gastric acid secretion and gastrin release (1). Although various
molecular forms of somatostatin have been described in other
tissues, the tetradecapeptide (somatostatin- 14 [S 14])' predomi-
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nates in the stomach with minute amounts of octacosapeptide
(somatostatin-28 [S28]) being present as the only other detect-
able form (2-5). Since S14 comprises the carboxyl terminal 14
amino acids of S28, S28 is presumed to be the precursor of
S14. Identification in tissues of the amino-terminal fragment
that might result from endoproteolytic cleavage of S28 during
the formation of S14 (S281.12) supports such an hypothesis (6).
However, identification of peptides with carboxyl terminal
S28,112 immunoreactivity that are clearly much larger than
S28,1,2 suggest that S28 per se may not be the sole precursor of
S14 (7). Indeed in the central nervous system biosynthesis of
S14 and S28 from larger precursors has been demonstrated
without evidence for direct conversion of S28 to S14 (8-10).
Wehave undertaken the present studies to explore the mecha-
nisms of somatostatin posttranslational processing in the
stomach with special reference to the precursor-product rela-
tionship between S28 and S 14. The availability of isolated
fundic D cells for these studies (5, 11) provided a unique op-
portunity to examine S14 biosynthesis in a system virtually
devoid of S28.

Methods

Chemicals. Collagenase (type I), EDTA, dithiodipyridine, canavanine,
thialysine, bovine insulin, hydrocortisone, gentamicin sulfate, L-cys-
teine, cycloheximide, monensin, Trasylol, antipain, leupeptin, and
12-O-tetradecanoyl phorbol 13-acetate (TPA) were purchased from
Sigma Chemical Co. (St. Louis, MO). Forskolin, calcium ionophore
A23187, and Hepes were products of Calbiochem-Behring Corp. La
Jolla, CA). Earle's balanced salt solution (EBSS), Ham's F12-Dul-
becco's modified Eagle's (50:50 vol/vol) culture media, and cysteine-
deficient Ham's F12 Dulbecco's modified Eagle's culture media were
obtained from Irvine Scientific (Santa Ana, CA). Pertussis toxin was
supplied by List Biological Laboratories (Campbell, CA) and gelatin
was purchased from Difco Laboratories Inc. (Detroit, MI). Synthetic
S14, Tyr'-S14 and S28 were obtained from Peninsula Laboratories Inc.
(Belmont, CA). Biogel P-6 and Affi-gel 10 were products of Bio-Rad
Laboratories (Richmond, CA). Trifluoroacetic acid (TFA) was pur-
chased from Pierce Chemical Co. (Rockford, IL) and acetonitrile was
from Fisher Scientific Co., Allied Corp. (Fair Lawn, NJ). Goat anti-
rabbit gammaglobulin was obtained from Research Products Interna-
tional Corp. (Malvern, PA). [35S]Cysteine (970-1,020 Ci/mmol) was a
product of New England Nuclear (Boston, MA) and [3H]proline
(L-[2,3,4,5,-3Hjproline, 100-120 Ci/mmol) was from Amersham
Corp. (Arlington Heights, IL).

Cell isolation and culture. Cells were dispersed from freshly ob-
tained adult canine gastric mucosa as reported previously (5, 1 1).
Briefly, the stomachs were divided into fundic and antral segments,
and the fundic mucosa was bluntly separated from the submucosa.
Mucosal fragments were incubated sequentially in collagenase (0.35
mg/ml) and EDTA(I mM), and the dispersed cells were separated by
counterflow elutriation using a JE-6B elutriation system (Beckman
Instruments, Inc., Fullerton, CA). The somatostatin cell fractions were
collected and then layered at a density of 2.5-3.5 x 101 cells/well onto
a bed of collagen (rat tail) in a 24-mm multiwell tissue culture plate in I
ml of Ham's F12 Dulbecco's modified Eagle's (50:50) medium con-

taining 10% dialyzed dog serum, insulin (8 ,g/ml), hydrocortisone (I
,ug/ml), and gentamicin (100 ,ug/ml). Deletion of insulin or hydrocor-
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tisone from the medium did not alter the results of the biosynthetic
experiments.

Biosynthesis experiments. After an overnight stabilization of the
cultures at 37°C in the presence of 95% air/5% C02, the medium was
replaced with cysteine-deficient culture medium containing 200 KIU/
ml Trasylol and [35S]cysteine (50-100 MCi/well) in which the cells were
cultured for an additional 4 h. In some studies, the incubations were
performed in the presence of cycloheximide (0.3 mM); protease inhibi-
tors such as antipain, dithiodipyridine, and leupeptin; and free cysteine
(40 Ag/ml) or monensin (I uM). Experiments were also performed in
which arginine and lysine in the culture medium were substituted with
canavanine and thialysine. In separate pulse-chase experiments, the
medium with [35S]cysteine was discarded and the cells were incubated
in culture media containing nonradioactive cysteine, after washing
three times with the same buffer. Similar "pulse-chase" experiments
were also performed using [3H]proline (50-100 MCi/well) in the culture
media in place of [355]cysteine.

In a separate series of studies, the effect of exogenously adminis-
tered somatostatin on the biosynthesis of somatostatin was investi-
gated. For these experiments, fundic D cells were pulse labeled in the
presence or absence of somatostatin (10-' M) for 4 h. Somecells were
preincubated with 200 ng/ml of pertussis toxin for 4 h before these
experiments.

Characterization of biosynthetic products. After completion of
pulse-labeling or pulse-chase incubations, the media from the cultures
were discarded and the cells were washed three times with EBSS. Cells
from three wells were combined into one tube, and extracted by boiling
for 15 min in 3%acetic acid. The extracts were then applied to affinity
chromatography on Affi-gel beads linked to somatostatin antisera
7812 as described previously (8). This antibody was generated in rab-
bits against synthetic somatostatin tetradecapeptide and was directed
at the central portion (positions 4-13) of the somatostatin molecule. It
has 90% crossreactivity with S28 and has been demonstrated to recog-
nize larger forms of somatostatin. The binding capacity of the affinity
beads exceeded 1 nmol of synthetic somatostatin per ml. The columns
were washed repeatedly with distilled water followed by 0.1 Mammo-
nium acetate, pH 5.0, until no additional radioactivity was removed,
and then the remaining radioactivity was eluted with 3 ml of 2%TFA.
Aliquots of the affinity eluates were rotary evaporated, reconstituted
with 0.1 Mammonium acetate, pH 5, then applied to a Biogel P-6
column (I x 60 cm) and eluted with 0.1 Mammonium acetate, pH 5,
in the presence of 8 Murea. Radioactivity in the eluted fractions (0.6
ml) was counted in a liquid scintillation counter. The remainder of the
affinity eluates were diluted with 0.5% TFA and applied to IBondapak
C18 columns (0.8 X 10 cm; Waters Associates, Millipore Corp., Mil-
ford, MA) in a IOOA high pressure liquid chromatography (HPLC)
system (Beckman Instruments, Inc.). The columns were eluted isocra-
tically at a flow rate of 2 ml/min with 24% acetonitrile in 0.1% TFA.
The elution profile of radioactivity in the 0.5-ml fractions was com-
pared against the elution profile of somatostatin-like immunoreactiv-
ity (SLI) obtained when synthetic S14 and S28 were applied under
identical circumstances. Recovery of the applied radioactivity aver-
aged 94%. The specificity of the radioactive peaks that coeluted with
S14 and S28 on Biogel P-6 chromatography and HPLCwas validated
as follows:

(a) Aliquots of column eluates were incubated for 24 h at 4°C with
0.1 ml of somatostatin antibody RA-823 at a 1:100 dilution followed
by a second 24-h incubation with 0.1 ml of goat anti-rabbit gamma
globulin (25 U/ml) in a final volume of 1 ml of 0.035 Msodium
phosphate (pH 7.4) containing 0.1 MNaCl and 2% (vol/vol) plasma-
nate. Antibody RA-823 was raised against synthetic S14 in rabbits and
recognized S14 and S28 equally well (12). After centrifugation, less
than 10% of radioactivity was recovered in the supernatants of the
fractions corresponding to S14 and S28.

(b) Samples of peaks corresponding to S14 and S28 on Biogel P-6
chromatography were examined by HPLCand comparable fractions
following HPLCwere reexamined by chromatography on Biogel P-6.

In each case the radioactivity retained the elution characteristics of SI 4
or S28 on the two columns.

Release studies. The release of newly synthesized somatostatin was
compared with that of total cellular somatostatin stores. After a 4-h
incubation in medium containing [35S]cysteine, the cells were washed
three times with EBSS then incubated in EBSS supplemented with
0.1 %gelatin and 15 mMHepes with or without added TPA (I 0-' M)
or forskolin (10-4 M) for 2 h. Then the media were removed, cells were
extracted as described above, and SLI both in the media and the cells
was measured by radioimmunoassay utilizing antibody SL-7 as de-
scribed previously (13, 14). Aliquots from the same samples were used
for quantifying newly synthesized, radiolabeled somatostatin by affin-
ity chromatography followed by HPLC.

Statistical analysis. Statistical comparisons were performed using
Student's t test, with paired analysis when appropriate.

Results

As shown in Fig. 1, D cells incubated in the presence of
[35S]cysteine incorporated radioactivity into material adsorb-
able with a somatostatin affinity column. At 30 min of incu-
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Figure 1. Chromatographic elution pattern of affinity-adsorbable ra-
dioactivity in D cells pulse labeled with [35S]cysteine. The affinity
eluate was applied to a Biogel P-6 column (1 X 60 cm) and eluted
with 0.1 Mammonium acetate, pH 5.0. Radioactivity in aliquots of
eluted 0.6-ml fractions was quantified in a liquid scintillation
counter. The column was calibrated by denoting the elution fractions
for blue dextran (Vo), S14, S28, and free [5S]cysteine.
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bation, only a small radioactive peak corresponding to S14 on
gel filtration was observed. This peak was preceded by a
smaller peak which appeared to be nonspecifically adsorbed
free [35S]cysteine on the basis of its elution profile. Later, how-
ever, a third peak corresponding to S28 was also detected. The
peaks corresponding to S28 and S14 could be immunoprecipi-
tated completely with a second antisomatostatin antibody
while the peak coeluting with [35S]cysteine could not. To con-
firm the biochemical characteristics of the newly synthesized
SLI, aliquots of the affinity eluates were also applied to HPLC
and, again, two primary peaks coeluting with S14 and S28
were obtained, both of which could also be immunoprecipi-
tated with a second antisomatostatin antibody (Fig. 2). Con-
taminating free ["Sjcysteine was eluted in the void volume in
this system. Radioactivity associated with both S14 and S28
gradually increased over time, although the peak for S14 was
much larger than that for S28 at any point. The actual percent-
ages of radiolabeled S28 in the total radiolabeled pool of so-
matostatin in a typical experiment were 0, 7.1, 5.7, and 6.1%
as determined by gel filtration and 5.7, 6.0, 5.2, and 5.2% by
HPLCat the 0.5, 1, 2, and 4 h time point, respectively. When
the radioactivities corresponding to S14 and S28 by HPLC
were combined, synthesis of somatostatin increased in vir-
tually linear fashion for up to 6 h (Fig. 3). In contrast, when the
protein synthesis inhibitor cycloheximide was added to the
incubation media the synthesis of somatostatin was almost
completely blocked. The incorporation of [35S]cysteine into
SLI was also inhibited by addition of nonradioactive cysteine
to the incubation media.

Despite the ability of our antibody to recognize larger mo-
lecular forms of somatostatin in tissues, we observed no evi-
dence of such possible precursors in our continuous pulse-la-
beling studies. Moreover, none of the protease inhibitors such
as leupeptin, antipain, and dithiodipyridine altered the results
of our experiments. On the other hand, substitution of argi-
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Figure 3. Time course of [35S]cysteine incorporation into SLI in fun-
dic D cells in the presence or absence (control) of cycloheximide (0.3
mM)or nonradioactive cysteine (40 Ag/ml). Results are expressed as
mean±SE (n = 3) of total radioactivity (cpm/well) contained within
the two peaks corresponding to S28 and S14 on HPLC(see Fig. 2).

nine and lysine by their respective analogues, canavanine and
thialysine, resulted in the complete inhibition of radiolabel
incorporation into products corresponding to S28 and S14.
Whenmonensin, a substance known to block the intracellular
transport of protein precursors at the level of the Golgi, was
administered at a dose of 1 ,uM during a 4-h labeling experi-
ment, the incorporation of [35S]cysteine into S28 and S14 was
completely abolished, but a different affinity-adsorbable radio-
active peak that eluted in the column void was obtained (Fig.
4). Although the total affinity adsorbable radioactivity was re-
duced to 6.0% of that without monensin, 78% of this radioac-
tivity was immunoprecipitated with a second antisomatostatin
antiserum RA823.

To explore the possible precursor-product relationship be-
tween S28 and S14, D cells that had been pulse labeled with
[35S]cysteine for 4 h were incubated in radioactivity-free chase
medium. Under these circumstances a gradual loss of radioac-
tivity in the peak corresponding to S14 was observed, and this
loss was mirrored by a rise in S 14-associated radioactivity in
the medium (Figs. 5 and 6). After 6 h of chase-incubation,
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Figure 4. Chromatographic elution profile of affinity-adsorbable ra-

dioactivity in D cells labeled with [35S]cysteine for 4 h in the pres-
ence of monensin (1 WM). The affinity eluates were applied to a Bio-
gel P-6 column as described in Fig. 1 and each fraction was immuno-
precipitated with a second somatostatin antibody as described in the
methods. The values shown represent immunoprecipitated radioac-
tivity (cpm/tube).
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Figure 5. Chromatographic
elution of affinity-adsorb-
able radioactivity in cell ex-
tracts and in medium from
cultures pulse labeled for 4
h with [35S]cysteine, then
transferred to radioactivity-
free medium for the indi-
cated periods. Affinity
eluates were chromato-
graphed using the HPLC
system described in Fig. 2.

5.2% of labeled S14 in the cells was secreted. In contrast, the
amount of label incorporated into S28 did not change during
the entire 6-h chase-incubation period. Whena similar experi-
ment was performed using [3H]proline in place of [35S]cys-
teine, only a single radioactive peak corresponding to S28 was
obtained on HPLC(Fig. 7). These results are consistent with
the fact that S14 has no proline residues, whereas S28 has one.
During 6 h incubation in nonradioactive medium, the amount
of radioactivity associated with S28 remained constant and no
evidence of release into the medium was noted (Fig. 6).

In evaluating the effect of somatostatin on its own synthe-
sis in D cells, we observed that at a concentration of l-7 M
S14 significantly inhibited the incorporation of [35S]cysteine
into both S28 and S14 to 73.2±7.2% of control values
(mean±SE, n = 3, P < 0.001). However, when the cells were
pretreated with pertussis toxin (200 ng/ml), the inhibitory ef-
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Figure 7. Chromatographic elu-
tion profile of affinity-adsorbable
radioactivity in D cells pulse la-
beled for 4 h with [3H]proline
then transferred to radioactivity-
free medium for the indicated pe-
riods. The affinity eluates were
chromatographed in the HPLC
system described in Fig. 2. No af-
finity-adsorbable radioactivity
could be detected in the media at
any time point (data not shown).

fect of exogenous S 14 on the incorporation of [35S]cysteine
into immunoreactive somatostatin was completely blocked
(Fig. 8).

Wefurther evaluated the proportion of newly synthesized
somatostatin that was released in relation to the total cellular
pool of the peptides. After a 4-h incubation in [35S]cysteine, D
cells were stimulated with forskolin or TPA in radioactivity-
free media for 2 h. As shown in Fig. 9, both stimulants pro-
moted a small but significant release of SLI from the cell stor-
age pool as measured by radioimmunoassay. In contrast,
much larger fractions of the total pool of newly synthesized
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Figure 6. Release of newly synthesized somatostatin by D cells into
culture media. Data from a representative experiment depicting
changes in "S-radioactivity corresponding to S28 and S14 in cells
and in media after chase-incubation in radioactivity-free medium are

shown. Each point represents the sum of the radioactivities (cpm/
well) corresponding to S28 and S14 by HPLCas described in Fig. 2.

Figure 8. Autoregulation of somatostatin biosynthesis in fundic D
cells. D cells with or without 4 h pretreatment with pertussis toxin
(200 ng/ml) were labeled with [35S]cysteine in the presence or the ab-
sence of somatostatin (10-7 M) for 4 h. The values represent
mean±SE (n = 3) of total radioactivity corresponding to S28 and
S14 by HPLCas described in Fig. 2 (cpm/well).
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Figure 9. Effects of forskolin and TPA on the release of SLI and
newly synthesized "S-labeled somatostatin. After 4 h pulse-incuba-
tion in [35S]cysteine the cells were stimulated with forskolin (I 0-4 M)
or TPA (10-' M) in radioactivity-free media for 2 h. Somatostatin
both in the cells and in the media was measured by radioimmunoas-
say and newly synthesized 3"S-labeled immunoreactivity (35S-SLI)
was calculated by summing the radioactivity corresponding to S28
and S 14 on HPLCas described on Fig. 2. The release of somato-
statin is expressed as percentage of total cell content of SLI or 35S-
SLI (mean±SE, n = 3).

[35S]radiolabeled somatostatin in the cells were released under
the same conditions in the same cell preparations.

Discussion

Our present studies demonstrate the biosynthesis of somato-
statin by canine fundic D cells. The specificity of [35S]cysteine
incorporation into immunoaffinity-adsorbable S14 and S28
was confirmed by two different methods of chromatography as
well as by immunoprecipitation with a second antisomatosta-
tin antibody. The ability of cycloheximide to inhibit the incor-
poration of label into affinity-adsorbable material suggests that
our D cells synthesized somatostatin via a standard ribosome-
dependent process.

Of particular interest in these studies was our initial inabil-
ity to detect the synthesis of a larger precursor for S28 and S 14.
It is not likely that such a precursor was present but unrecog-
nized in view of the ability of our antisera to recognize larger
somatostatins in tissue extracts, as well as in biosynthesis stud-
ies in other systems (8). Furthermore, no increases in labeling
of the S28 or S 14 fractions were noted in our experiments after
removing the D-cell cultures from radioactive medium, sug-
gesting the absence of a sizeable labeled precursor pool. Since
the structure of preprosomatostatin (15-17) clearly dictates
that the immediate posttranslational product of somatostatin
gene expression is larger than S28, our data suggested a rapid
conversion of the precursor peptides to smaller molecular
forms. Because the prosomatostatin-converting enzymes have
been reported to have the characteristics of a thiol protease
(18), we administered dithiopyridine, antipain, and leupeptin
to our cultures with the hope of inhibiting this rapid conver-
sion (19), but we were unsuccessful in demonstrating the larger
biosynthetic precursor. In contrast, substitution of arginine
and lysine with analogues effectively inhibited the generation
of radiolabeled S14 and S28, presumably by inhibiting cleav-
age at the dibasic residues (20). However, substitution of the
lysine residues with thiolysine also appeared to abolish the

ability of our antisera to recognize somatostatin, since no
larger precursors were visible under these circumstances either.
Another possibility is that analogue substitution for the basic
amino acids makes the newly synthesized peptides susceptible
to rapid degradation (21). Wewere finally able to demonstrate
the existence of an apparent somatostatin precursor by incu-
bation of our cultures in the presence of monensin, a substance
known to inhibit the transit of nascent polypeptides at the level
of the Golgi apparatus (22). Others have applied a similar
technique to inhibit the cellular conversion of proinsulin to
insulin (23). Wedid not characterize the newly synthesized,
putative somatostatin precursor further, thus we cannot con-
firm whether this compound represented the immediate
translational product of the somatostatin mRNAor a process-
ing intermediate.

Although the structure of S28 contains S14 at the carboxyl
terminus, there is little direct evidence for the conversion of
S28 into S14 in cells (8-10, 24). The identification of multiple
molecular forms of carboxyl-terminal immunoreactivity for
S281 12 in tissues suggests, at the very least, that S28 is not the
only precursor for S14 (7). Our experiments demonstrated the
apparent biosynthesis of both S28 and S14. Nevertheless, no
data to support the derivation of S 14 from S28 were obtained.
Since only one somatostatin gene has been reported in mam-
mals (15-17), our results suggest the presence of two different
posttranslational processing pathways in fundic D cells respon-
sible for the separate production of S28 and S14. The observa-
tion that the somatostatin precursor is a better substrate than
S28 for tryptic cleavage into S14 (25, 26) may partially explain
the selective synthesis of S14, but the mechanisms for S28
synthesis under these circumstances are unclear. It is possible
that the enzymes necessary for the synthesis of S28 from its
precursors, as well as those responsible for converting S28 into
S14, are segregated into separate secretory granules and/or sep-
arate individual cells.

In preliminary studies we have observed that fundic D cells
contain cell surface receptors that mediate an autoinhibitory
effect of somatostatin via a pertussis toxin-sensitive inhibitory
guanine nucleotide binding protein that regulates adenylate
cyclase activity (27). Our present studies have extended this
potential effect to the regulation of somatostatin synthesis.
Montminy et al. (28) have identified cyclic adenosine mono-
phosphate responsive elements in the 5'-upstream region of the
somatostatin gene, thus the inhibition of somatostatin synthe-
sis by somatostatin through regulation of adenylate cyclase
activity is not surprising. Wehave not yet discerned whether
the autoinhibitory effect also occurs independently at the level
of peptide secretion.

A novel observation made in our studies is that the fraction
of radiolabeled somatostatin that was released in response to
stimulation exceeded the released fraction of radioimmunoas-
sayable somatostatin. These data suggest that the newly syn-
thesized somatostatin represents a more readily releasable pool
of peptide than does the peptide previously stored within the
cell. The implication of the apparent compartmentalization of
different pools of somatostatin within D cells requires further
investigation.
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