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(Abstract): Somatostatin-14 (S-14) and somatostatin-28 (S-28) are generated by differential
processing of a single precursor at a dibasic (R-K) or monobasic (R) proteolytic cleavage site,
respectively. To study the pathways of processing of prosomatostatin, we have expressed in
AtT20 cells cDNA encoding human prosomatostatin and prosomatostatin mutated in one or the
other processing site. Analysis of the peptides present in cell extracts or culture media before
and after stimulation of the cells with 8-BrcAMP indicated that prosomatostatin can enter three
distinct secretory pathways where it is differently processed: 1) prosomatostatin was secreted
through the constitutive pathway; 2) the regulated secretory pathway generated S-14 which was
released upon stimulation of the cells with 8-BrcAMP; 3) an alternative pathway, insensitive to
8-BrcAMP produced S-28 and S-14. Moreover, our results suggest that the R-K processing site
used to produce S-14 is an important structural feature for targeting the precursor to the regulated
secretory pathway. ¢ 1994 acadenmic Press, Inc.

Peptide hormones and neuropeptides are usually synthsized as part of large inactive
precursors called polyproteins (1, 2). The bioactive peptides are then released post-translationally
from the precursor by limited proteolysis occuring mostly at pairs of basic amino acid residues
but also at single arginyl residues (for reviews see (1, 3)). This proteolysis is accomplished by
specific endoproteases called prohormone convertases and is initiated in the trans-golgi network
(TGN) (4, 5, 6, 7, 8). There is now ample evidence that the presence of basic amino acid
residue(s) although necessary is not sufficient to direct recognition by endoproteases (9, 10, 11,

12, 13, 14). Fitting of the prohormone sequence to the active site of the convertase requires a
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certain specific conformation (15, 16, 17). Thus structural features of the precursor are involved

in directing processing.

Similarly, targeting of the precursor to the regulated secretory pathway where
limited proteolysis occurs, is thought to involve the recognition by cell-specific machinery of
sequences or structure specific determinants encoded in the precursor. This was best shown by
comparing in cultured neuroendocrine cells the sorting of polyproteins to that of other types of
proteins such as immunoglobulins (18) or membrane proteins (19, 20): the polyproteins were
targeted to the regulated secretory pathway and accumulated in vesicles at the tips of cellular
extentions, while other proteins were constitutively transported and secreted by the same cells.
The exact nature of the polyprotein sorting signal is yet poorly defined, but it has been proposed
that they are contained in the proregion of the polyproteins (21, 22, 23). However, since cells
such as fibroblasts cannot store and efficiently process precursors (24, 25, 26), cell-specific

factors or structures must also be important.

Somatostatin-14 (S-14) is a 14 amino acid peptide hormone synthesized in islets
of Langerhans, several regions of the brain and the gastrointestinal tract. In addition to S-14, a
second form of somatostatin, somatostatin-28 (S-28), which is a 14 amino acid residues NH,-
terminal extended form of S-14, is found in small intestine. In teleostean fish two separate
precursors, somatostatin I and II encoded by different genes are processed in different cells to
S-14 and S-28, respectively, whereas in mammals a single gene encodes prosomatostatin
(ProSOM) which undergoes tissue specific processing to yield S-14 and/or S-28. This specific
processing can be explained by the presence of different processing enzymes in the cells or by
the specific targeting of the precursor to different secretory pathways. In order to shed light on
this question, we have expressed in AtT20 celis cDNAs encoding non-mutated and mutated
ProSOM (Fig. 1) and analyzed the processing products before and after stimulation of the cells
with 8-BrcAMP. Our results suggest that S-14 is the only peptide generated in the regulated
secretory pathway while S-28 and S-14 are produced in an alternative pathway.
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Fig. 1. Schematic representation of human prosomatostatin and mutated prosomatostatins.

MATERIAL AND METHODS

DNA manipuiations and plasmid constructions

DNA manipulations were performed according to standard protocols (27).
Mutation of the human prosomatostatin cDNA and construction of the expression vectors were
described previously (28).

Culture and transfection of AtT20 cells

Culture conditions for AtT20 cells have been described in detail elsewhere (29).
Calcium phosphate-mediated DNA transfection of AtT20 cells was basically performed as
described previously by others (29). Briefly, the day before transfection cells were seeded at a
density of 1 x 10° cells per 100 mm dish. On the day of transfection, CaPO,/DNA precipitate (1
ml) containing 10 pg of the pN2-Som DNA was added to the cells and incubated for 4 hrs at
37°C. Cells were next rinsed twice with PBS (137 mM NaCl, 2.7 mM KCl, 7.3 mM Na,HPO,,
and 1.8 mM KH,PO,, pH 7.4) and cultured for 2 days in 10 ml/dish of DMEM-10% fetal bovine
serum/horse serum (FBS/HS). After two days, the cells were trypsinized, collected by
centrifugation and transferred to new 100 mm cell-culture dishes in 10 ml/dish of the DMEM-
10% FBS/HS medium supplemented with 400 pg/m! of G418 (a neomycin analog). The medium
was changed every two days. After two weeks of selection, transfected cell pools were
maintained in the DMEM-10% FBS/HS medium containing 100 pg/ml of G418.

HPLC and radioimmunoassay of prosomatostatin and its derivatives

Subconfluent transfected AtT20 cells were harvested in phosphate buffered saline
(PBS) (5 ml per Petri dish) with a rubber policeman. A 0.5 volume of glacial acetic acid was
added to the cell suspension. The cell suspension was then sonicated four times for 30 sec each
time and cell debris were pelleted by centrifugation. The supernatant was passed through an
ODS-silica cartridge (Sep-pak C18, Waters Inc.) equilibrated with 0.1 % trifluroacetic acid
(TFA). The absorbed peptides were eluted with 80% acetonitrile in 0.1 % TFA. Peptide from the
culture media were collected by adding 0.5 volume of glacial acetic acid to the medium prior to
loading on Sep-Pak cartridges. TFA and acetonitrile were removed by lyophilization and the dry
peptides resuspended in 5% acetic acid. Peptides from both the cell extracts and the culture media
were fractionated by gel filtration high performance liquid chromatograpy (HPLC) using two
columns (two Protein-Pak 60 in tamdem, Waters Inc.). The columns were equilibrated in 40%
acetonitrile containing 0.1% TFA prior to loading samples. Fractions of 0.5 ml were collected
and then analyzed using a specific RIA for somatostatin-14 (8, 14). The position of elution of

223



S-14 (pg)

Vol. 205, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ProSOM was determined theoretically after calibration of the columns with bovine serum
albumine, ovalbumine, S-28 and S-14. The positions of elution of S-28 and S-14 were
determined using synthetic peptides.
Stimulation of transfected AtT20 cells with 8-BrcAMP

ALT20 cells ( 3-4 x 10° cells per dish) were plated in 100 mm tissue culture
dishes, and incubated at 37 °C for 48 h in DMEM-10%FBS/HS. For stimulation of secretion,
cells were rinsed twice with PBS and incubated in 3 ml of the serum-free synthetic media with

or without 5 mM 8-BrcAMP for one hour. At the end of the incubation period, cells were
collected for counting by incubation in PBS supplemented with 20 mM EDTA and centrifugation.

RESULTS AND DISCUSSION
To study processing of ProSOM in AtT20 cells, expression vector pN2-Som (15)

was used to introduced in these cells a human ProSOM cDNA. Stable transfectants were
obtained by selection in G418 and the peptides present in extracts and culture media of
expressing cells were fractionated by gel permeation high performance liquid chromatography.
In the cell extract and culture medium of AtT20 cells expressing ProSOM, somatostatin
immunoreactive material was detected in the column fractions corresponding to the elution

position of human ProSOM and also at elution positions of S-28 and S-14 (Fig.2A and 2B,

PS S S14
A S S28 B PS S28 S14 C PS S28 St14

1500f - - - -

1000f - - - -

500| - - - - - - - -

O C
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Fig. 2. HPLC analysis of ProSOM processing in transfected AtT20 cells. Peptides in cell extracts
(A), and culture media in the absence (B) or the presence (C) of 5 mM 8-BrcAMP were
separated by HPLC and detected by RIA (see Materials and Methods). The arrows indicate the

elution positions of the standard peptides. PS: prosomatostatin, S-28: somatostatin-28, S-14:
somatostatin-14.
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respectively). The amounts of processed peptides were evaluated at 90% and 50% of total
somatostatin immunoreactive material recovered in the cell extract and culture medium,
respectively. It is interesting that the cell extract contained mostly processed peptides while the
culture medium showed the presence of a large peak of ProSOM. This result suggests that
ProSOM is released through the constitutive secretory pathway. In order to determine the
pathway of secretion of S-28 and S-14, we fractionated the products released in the culture
medium with or without stimulation of the cells for 1 h with 8-BrcAMP. In the presence of the

secretagogue, the amount of S-14 in the medium increased S fold (Fig. 2C). No ProSOM or S-28

was released upon stimulation of the cells with 8-BrcAMP. These results suggest that only S-14
is generated in the regulated secretory pathway. However, our experiments do not rule out the
possibility that some ProSOM is processed into S-28 which is then rapidly transformed into S-14.

To study independently the processing of S-14 and S-28, mutations affecting
selectively either the Arg™ or the Arg>-Lys™ processing sile were created in the human ProSOM
cDNA (Fig.1). Mutant ProSOM(N ™) allows us to study the processing of S-14 independently
of $-28. In the extract of AtT20 cells expressing ProSOM(N*) we found almost exclusively S-
14 (Fig.3A). This result was expected from the mutation introduced and indicated that S-14 can
be generated directly from the precursor without prior processing of S-28. This result is in
agreement with our previous observations in Neuro2A cells (30). The culture medium of the
same cells contained only the precursor (Fig. 3B) while the addition of 8-BrcAMP to the culture
medium stimulated the release of S-14 (Fig. 3C). The lack of S-14 along the expected absence
of S-28 in the culture medium of unstimulated cells is surprising. This observation suggests that
S-14 found in the culture medium of cells expressing ProSOM, in the absence of stimulation of
the cells with a secretagogue, is generated from S-28 in a pathway different from the regulated
secretory pathway. It is surprising to note that ProSOM(N'®) which cannot lead to the production
of S-28 did not accumulate in cells. The reason for this observation is not clear but one
explanation is that cleavage of the precursor may be a prerequisite for entry into this pathway.

Alternatively, the uncleaved precursor may be rapidly recycled to the constitutive pathway.

225



Vol. 205, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

PS S28 PS S28 S14
A PS s28 S14 B 28 S14 C
1000} - L
800
— 800[ -
g
3
]
400
2000 - - -
. A " %
21 28 31 36 41 46 51 21 26 31 36 41 46 51 21 26 31 36 41 46 5

FRACTION NUMBER FRACTION NUMBER FRACTION NUMBER

Fig. 3. HPLC analysis of ProSOM(N") processing in transfected AtT20 cells. Separation and
detection of peptides were as described in Legend to Fig. 2.

With mutant ProSOM (N2, N'') we studied the production of S-28 without any
further proteolytic processing into S-14. As observed for ProSOM, mostly peptides were
observed in the extract of cells expressing ProSOM (N?, N™') while the culture medium showed
approximately the same amounts of precursor and processed peptides (Fig. 4A and B,
respectively). As expected, no S-14 was detected. More importantly, no somatostatin-
immunoreactive material was released upon stimulation of the cells with 8-BrcAMP (Fig. 4C).
Two important conclusions can be drawn from this last observation. First, as suggested by the
analysis of mutant ProSOM(N"), S-28 can be generated in a pathway different from the
regulated secretory pathway. This pathway is also likely to be different from the constitutive
secretory pathway since in cells expressing ProSOM, S-28 accumulated to a certain extent into
the cells while the precursor was rapidly secreted (Fig. 2A and 2B). The exact nature of the
pathway where processing of S-28 occurs is unknown. However, the existence of alternative
secretory pathways in exocrine (31, 32, 33) and endocrine (34, 35, 36, 37) cells has recently been
postulated. Furthermore, it was shown in RinSF cells that a proregion mutant of ProSOM entered
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Fig. 4. HPLC analysis of ProSOM(N?N"') processing in transfected AtT20 cells. Separation and
detection of peptides were as described in Legend to Fig. 2.

a CAMP resistant secretory pathway (38).

The second conclusion concerns the targeting of

ProSOM 1o the regulated secretory pathway: it appears that the R*-K™ cleavage site is essential

for this process to occur.

Thus our results suggest that in AtT20 cells ProSOM can enter at least three

distinct pathways. First, the full length precursor can be rapidly secreted through the cellular

constitutive secretory pathway (Fig. 5, pathway I). No significant amount of precursor can be

secretory
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Fig. 5. Proposed pathways for the differential processing of prosomatostatin in AtT20 cells.
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detected in cell extracts while large amounts are found in the culture medium of unstimulated
cells. This is true for ProSOM and mutated ProSOM. Second, the precursor can enter an
alternative pathway (Fig. S, pathway IT) where S-28 is first generated and then partially processed
to S-14. The peptides accumulated to a certain extent in the cells but their release from the cells
was not stimulated by 8-BrcAMP. They appeared to be released constitutively but more slowly
than ProSOM. Finally, the precursor can be targeted to the regulated secretory pathway where
exclusively S-14 is stored (Fig. 5, pathway II). ProSOM and ProSOM(N'*) entered this pathway.
ProSOM(N2N") did not appear to enter the regulated pathway since no somatostatin
immunoreactive material was released upon stimulation of the cells with 8-BrcAMP. This last

provocative observation is presently under further investigation.

ACKNOWLEDGMENTS

This work was supported by a grant from the Medical Research Council of Canada
to G.B. G.B. is supported by a "Chercheur-boursier” award from Le Fonds de la Recherche en
Santé du Québec.

REFERENCES

1.Cohen, P. (1987) Biochimie 69, 87-89.

2.Douglas, J., Civelli, O., and Hebert, E. (1984) Annu. Rev. Biochem. 53, 665-715.

3.Darby, N.J.,and Smyth, D.G. (1990) Biosc. Rep. 10, 1-13.

4 Davidson, HW., Rhodes, C.J., and Hutton, J.C. (1988) Nature 333, 93-96.

5.Fisher, J., Sossin, N., Newcomb, R., and Scheller, R. (1988) Cell 54, 813-822.

6.Schnabel, E., Mains, R.E., and Farquhar, M.G. (1989) Mol. Endocrinol. 3, 1223-1235.
7.Bourdais, J.,Devilliers, G., Girard, R., Morel, A., Benedetti, L., and Cohen, P. (1990) Biochem.
Biophys. Res. Comm. 170, 1263-1272.

8. Lepage -Lezin, A., Joseph-Bravo, P., Devilliers, G., Benedetti, L., Launay , .M., Gomez, S.
and Cohen, P. (1991) J. Biol. Chem. 266, 1679-1688.

9. Creminon, Ch., Rholam, M., Boussetta, H., Marrakchi, N., and Cohen, P. (1988) J.
Chromatogr. 440, 439-448.

10.Docherty, K., Rhodes, J., Taylor,+w.A., Shennan, K.E.J., and Hutton, J. (1989) J. Biol. Chem.
262, 18335-18339.

11. Kuks, P., Creminon, C., Leseney, S.M., Bourdais, I., Morel, A., and Cohen, P. (1989) J. Biol.
Chem. 264, 14609-14612.

12. Beinfeld, M.C., Bourdais, J., Kuks, P.F.M., Morel, A., and Cohen, P. (1989} J. Biol. Chem.
264, 4460-4465.

13.Gomez, S., Boileau, G., Zolinger, L., Nault, Ch., Rholam, M., and Cohen, P. (1989) EMBO
J. 8, 2911-2916.

14.Brakch, N., Rholam, M., Boussetta, H., and Cohen, P. (1993) Biochemistry 432, 4925-4930,
15.Brakch, N., Rholam, M., Boussetta, H., and Cohen, P. (1989) J. Biol. Chem. 264, 15912-
15916.

16. Rholam, M., Cohen, P., Brakch, N., Scatturin, A., Paolillo, L., and Di Bello, C. (1990)
Biochem. Biophys. Res. Commun. 168, 1066-1073.

228



Vol. 205, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

17. Paolillo, L., Simonetti, M., Brakch, N., D‘Auria, G., Saviano, M., Dettin , M., Rholam, M.,
Scatturin , A., Di Bello, C., and Cohen, P. (1992) EMBO 1. 7, 2399-2405.

18. Matsuuchi, L., Buckley, K.M., Lowe, AW, and Kelly, R.B. (1988) J. Cell Biol. 106, 239-
251.

19.Rivas, R.J., and Moore, H.P. (1989) J. Cell Biol. 109, 51-60.

20. Chevrier, D., Fournier, H., Nault, C., Zollinger, M., Crine, P., and Boileau, G., (1991) Mol.
Cell. Endocrinol. 79, 109-118.

21.Sevarino, K.A., Stork, P., Ventimiglia, R., Mandel, G., and Goodman, R.H. (1989) Cell 57,
11-19.

22.Stoller, T.J., and Shields, D. (1989) J. Cell Biol. 108, 1647-1655.

23.Kizer, J., and Tropsha, A.(1991) Biochem. Biophys. Res. Commun. 174, 586-592.

24. No€l, G., Zollinger, L., Lariviere, N., Nault, C., Crine, P., and Boileau, G., (1987) 1. Biol.
Chem. 262, 1876-1881.

25.Sevarino, K. A., Felix, R., Banks, C. M., Low, M. J., Montminy, M. R., Mandel, G., and
Goodman R. H. (1987) J. Biol. Chem. 262, 4987-4993.

26.Zollinger, L., No€l, G., Parois, L.D. Sales, V., Crine, P., and Boileau, G. (1988) Mol. Cell.
Endocrinol. 58, 31-41.

27.Sambrook, J., Fritsh, E. F., and Maniatis, T. (1989). Molecular Cloning:a laboratory manual.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor.

28.Brakch, N., Boileau, G., Simonetti, M., Nault, Ch., Joseph-Bravo, P., Rholam, M., and Cohen,
P. (1993) Eur. J. Biochem. 216, 39-47.

29.Powel, S K., Orci, 1, Craik. C.S., and Moore, H.P.H. (1988) J. Cell Biol. 106, 1843-1851.
30.Brakch, N., Rholam, M., Nault, Ch,, Boileau, G., and Cohen. P. (1991) FEBS Lett. 282, 363-
367.

31.Von Zastro, M., and Castle, I.D. (1987) J. Cell Biol. 105, 2675-2684.

32.Arvan, P, and Castle, J. D. (1987) J. Cell Biol. 104, 243-252.

33.Arvan, P., and Chang, A. (1987) J. Biol. Chem. 262, 3886-389(.

34.Arvan, P, Kuliawat, R. Prabakhanran, D., Zavacki, A.M., Elahi, D., Wang, S., and Pilkey, D.
(1991) J. Biol. Chem. 266, 14171-14174.

35 Kuliawat, R., and Arvan, P. (1992) J. Cell Biol. 118, 521-529.

36.Grimes, M. and Kelly, R.B. (1992) J. Cell Biol. 117, 539-549.

37 Neerman-Arbez, M., and Halban, P.A. (1993) J. Biol. Chem. 268, 16248-16252.

38. Sevarino, K.A. and Stork, P. (1991) J. Biol. Chem. 266, 18507-18513.

229



