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Weuro 2A cells infected with i retroviral  ctorearrying human prosamitostatin ¢ONA expressed and processed correvidy the presursar e gomus
tostating- 14 and -28 {(1949) EMBO 1. B, 20112916}, In order 1a study the meehanisms by which the aetive harmen sequenees arise, site direated
mulugenesis wies performed an ecither the dibasie (Arglys) or monobisic (Arg) eleavage sites invalved in'the production of sommosmnm-m and
<24, réspectively. Radioimmunochemicdl unilysis of the somatostatin-relited products indicuted that replacement of cither Arg™-Lyx™ by Asn "%
Asn ™t or of Arg™'* by Asn " resulted in the exclusive produetion of cither somatastatin-28 or - 14, rcspmively. Moreaver only pmmmaluslmin{l='=
-T76) wikk deteeted and no somatesiatin-28{1-12] could be measured ineell extracts, Selective supprcssmn of eithér samatostatin: L4 ar somatostatin. 28
release by mutation did nat afféct the level of production af the other Rarmone but resulied in a corelative increasé orunproc.cssed prosomatostatin
[tis concluded that in this cell type {4) somatostatine14 i exclusively genemted hy dibasic elanvage at the Arg"*-Lys™V site of the intuct precursor..
. withconcomitant produgizan of prosomatostatin £-76}, and (i} fa direet internctions between the monobasic and dibusic processing domiains occur,

Endoprotease: Somatostatin mdiqimmu-nb:;ssay; Sitesdirected mutagenesis; Basle residue

1. ‘INTRODUCTION‘ : somatostatin-14 (S 14), In. the present study, site-

In mammals, prosomatostatin appears to be the pro- -
duct of expression of a single genie. Therefore, genera-
‘tion - of ‘somatostatin-14 (5-14): and somatostatin-28 -

~ (5-28) peptide sequences involves differential process-
" ing of a unique precursor by peptide bond hydrolysisat

either a dibasic (RK) or a monobasic (R) cleavage site

(Fig. 1), This system provides indeed a very useful

mode! to understand how differential maturation of 4

single prohormone meolecule can generate hormonal
~ diversity by means of multiple cleavage loci recognition
by the énzyme machinery (for a review see [1]). Gene

transfer techniques offer unique possibilities to study

the processing of neuropeptide precursors in cultured
cell lines. Using this technology, we have shown pre-
viously [2,3] that infection of Neuro2A cells with a
retrovirus carrying the human prosomatostatm cDNA
resulted in the processing of the precursor into approx-
imately equal amounts of somatostin- ~28 (8-28) and
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directed mutagendsis was petformed to analyse separa-

_ tely the two possible prosomatostatin processing path- o
‘ways. The data indicate that, in this cell type, either

S-14 or $-28 appear to be produced mdcpendcntly and
that Ffurther processing. of Pro-S[1-72} into Pro- -
S[1-64], or of 8-28 1nto S 28[1 12] and S- 14[4-6] does -

: ‘not occur.

2. ‘IMATERIAL‘S AND METHODS

2.4, DNA mampulanons, construction of emresston vecmrs and cell

culture ) .
DNA modxﬁcanona and subc!unmg, s1te directed mutagencbls and -
construction of the pN2Som retroviral: cxpressxon ‘vectors was per-

- formed exactly as described previously [2,3]. The: retroviral sequcnces

of pM2 are derived from the Moloney murine leukemia virus (7). 1t
contains both LTRs and the sequences required for production of in- -

-+ fectious viruses, In such constructs, the expression of prasomatos

statin is driven by the SV40 carly promoter while the bacterial gene &
conferring the resistance to the neemycin analog (418 is under-the

‘control of the retrovirus §'LTR. The transcription termination/

polya addition mg‘nals are provmed by the virus 3 LTR. The presence -

of the mitalions in the expression vectors was confirmed by sequenc- - -
“ing the mutated regions by the chain-termination methed for double-
stranded templates using T7 DNA polymerase [8]. Table l llsts the '

mutants LOﬂitrUClEd for the present studies.
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I*ﬂC‘JStJ\MTC)STANN‘ lAw""*Am |

‘ Arn‘“-ﬁer .‘\Ja Adn- Sm.r\m Pm -r\tu Mev-Als: l"rci“'-;\s‘g-biu-.\rs“* Lys "u\l-t {:Iy‘ Ly ;wl.g.w At

MUTANT 1 tAsn "y

' Asn’-Sar»Al‘n-Mﬂ-ficf-;\m-i’rﬂ-ﬁlﬂ-\lﬂQA!ani"n‘@;-mga(“nm-Arg-Lyi-.rﬁln-ﬁ?!pﬂyvh@ﬁsn

MUTANT 11: c‘-\sn“-mn“)
Ar;,, ‘mh.ﬂ\ln Am Ber-Ain Pra-Alas \“l‘f\l“ Pro Arg-C‘»luaf\m-f\snd\m-(;aly-cﬂ L)‘ Nﬁ

MUT?\NI“ Ik (Culy”vl

r‘\rg Ler Al ,\mgm A C‘Ix-Al:i 'vlcl Alite Pro-Aag- C:tu Arg Lyn-.«\l:t Cly Ciss L;s-mn

M UTANT 1V (m.n“*’)

‘ m-g Ser Al Mn %cr-p\sn-,-'\lvq Al*a-Mct-M:t Pro- AFge il Arg -Lys-Aln- Giy Cy: Lys-r\sn o :

MU'I"ANT V! (Mn"")

Arg-&er I\IJ-ASI‘I Ser- Asn Pm Aln Met- Aln Ala Arg Glu-Arg- L)*s Ala Gy C) s-Lyx- Asn o

MUTANT vx (Aln“‘". Ala™hy

Arg %cr AI*\-Asu bcr Asn- Aiil Ala Mets Ala Ala- Arg-Cilu-Ars- )S-Alu Gly-Cys-L)s Asn 2

MUTANT vu mh"" Asn"")

. Asn Ser—Al‘n AsN- Scr-Asn AI;; ﬁ.h Met Ah Pro-Arg C‘-lu Arg«Lys Ala Gly- Cys-L)s Asn '

MUTANT VIl (Ah‘“‘ Asn i Asn” )

' Arg-Sel -Ala-Asn- Scr AN Al'\ Ala Met- Ala-Pro- Ar.s;-Glu -ASN: mn-Ala Gly Cyﬁ Lvs Asn.

The substitued residues arc underlined,
Mutants [1I, IV, V-and VI were taken from [2,3].
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2. ?.. Ana/ym of somatostatin- relmed pepnder :

" Subconfiuent infected Neuro2A cells were harvestcd in Tris-
buffered saline (TBS) containing 4 mM EGTA (3 ml per Petri dish}.
An equal volume of 2 x extraction solution (1 x extraction solution:

1-M HCI, 5% formic acid, 1% trifiuoro-acetic acid (TFA), 0.2% :
" 2-mercaptoethanoland 1% NaCl) (9] is added and the cell suspension

sonicated twice for 30s. The cell debris were pelleted and the superna-
tani passed through an ODS-silica cartridge (Sep-pak C18, Waters)

equilibrated with 0.1% TFA. The adsorbed peptides were eluted with

40% acetonitrile in 0.1% TFA. Control experiments using S-14 and
5-28 [1-12} as standards allowed 1o determine a recovery yield for this

filtration 280%, TFA and -acetonitiile were eliminated by lyophi- ©

lization and the dry peptides resuspended in. 5% acetic acid. Thé

amounts of precurser, 5-28 and $-14.n the cell extracts were deter-

mined by running the sainples on a C18 reverse-phase HPLC column

_(nucleosil 34; 250 % 4 mm) eluted ispcratically with 23% acetonitrile -

and 0,05% TFA at a flow rateof 1'ml : min™"' dul‘mg 40 min, followed

by a gradient of acclommle (23% 10 100%0) in 25 min, -ml fractions .-

were collected and then assayed for the présetice of immunoreactive
species using a specific radioimmunoassay- as described in [2]. Iden-
tification of Pro-S[1-76] was performed after the HPLC separation
“on the same samples using a specific RIA for 8-28{1-12].[4,6]. lden-

“tification of Pro-8[1-92], §-28 and S-14 was performed similarly on .

the recovered'HPLC fractions using a specific R1A for 8-14]2,6].
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3, RESULTS AND DISCUSSION

. In mammals, processing of prosomatostatin results
in the production of two biologically active peptides,

- somatostatin-28 (5-28) and somatostatin-14 (8-14). The

biogenesis of S-14can be accomplished via two distinct

processing pathways of the commen precursor (path-

ways [ and [1, Fig. 1). In the first scheme, S-14 is pro-
duced directly by proteolysis of the precursor at a pair
of basic amino acids (Arg™-Lys™'). In the second
scheme, S-28 is first generated.by'p_boteolysis of the pre-

- ‘eursor.at a single arginyl residue (Argf“),’;followed-by
- proteolysis of the Arg~%Lys™! site resulting in the
release of 5-i4 and S-28[1-12].: C :

I order to separately analvse these two pathways,
mutations affecting selectively either the Arg™' or the

‘ Arg“ Lys“ sites (mutants 1 and 11, respectively; Table
1) were thus created in the human prosomatostatm
¢DNA and the extracts of infected Neuro2A cells

analyzed w1th sensitive S-14 and S 28[1 ~12] rad1mm~
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munoassays. The resules presented in Table Il indicate |
unequivocally thar isosteric replacement of the basic
" amino acids by Asn selectively abolished either S-28 or

S-14 production. In cells expressing mutant 1, neither

S-28 nor $-28{1-12] could be detected whereas in cells

‘expressing mutant I, abolishment of S-14 production

-was accompanied by the disappearance of detectable: .
amounts of Pro-§[1-76]. These résults are in agreement -
- with in vitro [10,11] and in viva {I2] studies indicating
that the maodification or the substitution of basic

residues abalished reccgnmon of the snc by the p:occss-
ing enzymes.

Moreover, selective Supprcssmn of cleavage at e:ther
the monobasic or the dibasic site did not result in a
‘'significant increase in cleavage at the other site but

“rather led to a correlative inerease in the ratio of un-
processed prosomatostatin (Pro-8{1-92]) detected in
“cell extracts (Table 1I). These observations could be ex-
plained by postulating the presence of two types of
maturation enzymes, cach one involved in the recogni-

‘tion of .a specific site (Arg™-Lys™!* or Arg™!¥site). Itis

“also possible that these enzymes might be located in dif-
~ ferent c¢ompartments of the secretory pathway [6].

Although very unlikely, our results do net rule out the o

- possibility that the mutations affect the folding of the
precursor, retarding its exit. from the rough endo-

plasmic reticulum and thusaccounting for the increased -

~intracellular content in the precursor. Results by others
* indeed suggest that the information necessary for the

correct addressing of prosomatostatin is probubly con-.

tained in the NHz-terminal [1-62] portion [i13], a do-
" main which was not affected dlrectly by the here
“reported mutations.

‘Since the yleld of S-28 was similar in the extracts of
‘cells infected with the unmutated precursor and with

‘mutant. I, one can conclude. that $-28, produced by
" monobasic cleavage at the Arg”‘s site, does not

g undetgo further. processing &t its Arg” L. Lys™ ! site, This
conclusion was supported by the observation that only

‘ Pro-S[1—76] and no 8- 28[1 12] could be dctectcd in the >

CMutams. . SR $-14

“extracts of cells infected with the unmutated ¢DNA.

These results indicaré that (i) in Neuro2A cells, $-14 is+
produced exclusively‘by‘ the processing of Pro-S{1-92]
at its dibasic Arg" -Lys"! site, and (ii) production of -
hormonal sequences occurs independently. '
In prcwcus work [2], it was demonstrated that Pro™*
and Pro~Y residues are essential in prosomaﬁostatm pro<.. .
cessing. In particular, replacement of Pro~? (mutant
[V) and Pro~* (mutant V) by Ala abolished selectively .
S-28 and S-14 release from the precursor, an cffect ten-

: tatively attributed to local d_isruplion-of an ordered - N

- Table 11

Effects of varlous mulations on prosommmtatm procrssmg in
transfected Neuro2A cells

Pro-S[1-92]  Pro-S[1-76). o
Unmutated 120 100 S/ .
: ‘ (44) {37y {19) o
T TN 151 . 66
S - : 2y . 48) : S
oo e 0 An N
‘ ‘ «e)y. . ‘ (34) ‘
o 265 49 4 62
Co : - (#), (65) . [CON L
v 0 68 - T 1
e R 1)) En ‘
v Loe0 010 0
: ‘ (an: L (59) : C
Vi 45 00 o ug 0
E - T s (73) B
Vil -0 ST S 113 -39
‘ o @ - G .
Vlll o0 0 : 165 Lo 0
I ‘ (100) = B

. The amoums of 8-28, 5-14, Pro- S[1-92] and Pro-8[1-76] were
. evaluated by RIA using antibodies against somatostatin-14 or =

somatostatin-28{1~12]. Results are eipressed in pg of S-14' ‘or
“8-28[1-12]" for the latter. Numbers in parentlheses represent the frac:
tion of vespective forms calculated as pr:rcentage of total somatostatin
immunoreactivity,. . For  direct - comparison, ‘the amount of

- somatostatin related peptldea detected per 10° cells is also presented.

In order 1o allow comparisons with other mutants results for mutants
III IV, V and VI were taken frorn 2 3]
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Fig. 2. HPLC analysls of prosomatostatin and of its prmcssmg i

fragmenis, Top. immunochemical evaluation of Pro.S [1-76) and
§-28 [1-12] after reverse-phase HPLC separation as deseribed in see-

tion 2. RIA were run using antl 8-28 [1-12] antibodices {3} Battom, fm-
munochemical detection of Pro-3 [1—921 §-28 and 8-14.after HPLC & -
separation.using a spcunc RIA with anti 8- |4 unnbodtca [2] (see see- - .

tion ")

secondary structure [2,3]. Moreover it could be showh
that the importance of the proline residue at position-9
was due to its contribution to a secondary structure
since replacement of Pro™¥ by Gly™? a strong #-turn
former ‘(mutant 11I) did not affect cleavage at the
Arg™*® site [3). Indeed the results obtained with the
“double mutant (Ala™%, Ala™;i.c. mutant V1) suggested

that these effects were not excluswely related to local .

secondary structuré effects but were possibly attributed
to more complex interactions occurring at the tertiary
level [2,3]. In order to analyse possible effects of
replacement of Pro~? by Ala™® on cach individual pro-
cessing site, mutants VIl and VII were constructed.

Resulis obtained with the double mutant Ala™%, Asn™'* |

(mutant VII) demonstrate that. Ala~? replacement for

Pro™, which was shown previously to interfere with

processmg at the Arg™*> site, did not affect cleavage at
the dibasic site. Indeed the proportmn of 8-14 re-

covered irom cell extract was very s1malar to-that found '
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in the case uf the mld chw, Sim;lnrly the obwrvutiﬁn
that iriple mutaton Ala™, Asn™%-Asn”! (mutant VI

resulted in abalishment af S-28 praduction, reinforces

the previous conclusions that the 1wo processing mmif‘s
invalved in 8-14 and $-28 production by selective pro-

Cteolysis pmmxma appvar to be funetionally Inde--

pendent..
Prosomanmmm r:leﬂrly uonstlmtes 8 remmhab&e
maodel since this | particular proharmone molecule

- possesses intrinsic properties which allow various cell

types to process this precursor according to seleetive
differential metabolie pathways. When comparved with
lower organisms (like teleostenn fishes (14) where two

- distinet and segregated precursor molecules pravide the

supply for different hormonal activities, the mam-
malian system appears a8 a more: sophisticated one
allowing for hormonal diversity by madulation of pro--
jeolytic cleavages., The question then grises as to the
source of these properties. The present data obtained
on a clonal cell line suggest, indeed, that differential
processing of a single prohormone is achieved by two
mechanisms. The first one deals with the structural
properties of the prohormone molecule and the second
one possibly involves subcellular segregation of the pro-
cessing - events and ot the correspond‘iﬁg enzyme
machinery, It can be ¢nvisioned that in situ co-localiza-
tion of the processing events occurring in the Golgl ap-

" paratus [6,15,16) and of tha en;yme(s) involved in such

reactions will prowde further msnght in these mportanr

‘ mechamsms

Ack nowfedser Tenis: This work was supportcd in part by funds from

 Université Pierre ¢t Marie Curie, the CNRS, the Ligue Nationale Con-

tre le Cancer, the Fonds de.la Reeherche et de ln Technologie (Pm-
gramme : Biotechnologies), the Association Frangaise contre les

- Myopathies -and by a NATO Cooperative Research Grant (CRG

890928). This work was supported in part by a grant from the Medical
Research Council of Canada to Guy Bolleau. G.B, isa *Chercheur-
boursier’ from the Fonds de'la Recherche en Santé du Québee, The
help of Dr R. Benoit (Montreal, Québec) who !\mdty supplied aml-
3-28 {1-12] anubudtes is greatly apprecmu:d

REFERENCES
1) Cohen, P., Kuks,'P.F.M., Gomez, S. nnd‘Morel, A, (1988) in:
Prohormones, Hormones and Their Fragments (Martinez, J.,
- ed.) Ellis Horwood {Health Sciences Serles) Vertag Chemte. pp.
83-103, ‘

[2] Gomez, S‘ Bonleau.(‘x Zollinger, L., Nault C. Rho!am M,
and Cohen, P, (1989) EMBO J. 8§, 2911 2916. ‘

: '[3] Bral\c.h N., Boileau; G., Nault, C..Joseph-ﬁravb P, Rholam.

M. and Cohen P..(1991), submitted.

[4] Benoit, R., Ling, N., Alford, B. and Gmllemm R. (1982) Bm-
chem. onphys Res, Commun, 107 244-950, ,

[5) Gluschankof, P,, Morel, A,, Benoit, R. and’ Cohen P ‘1935)
Biochem. Biophys. Res. Commun, 128, 1051-1057. :

‘ [6] Lepuge Lezin, A, Joseph-Brave, Py, Dﬂw!hers, G, Benedetti,

, Launay, I.M., Gomez, S, -and Cohen. P. (1991) I, Biol,

Cllem 266, 1679—-1688

{7 Almcntano, D, Yu, SF Kantoff P.W., von Ruden, "T-.,

‘ Anderson, W.F, and G_llboa E. (1987} I, Virel. 61, 1647-1650.



: -\éﬁlssh‘e 43, numtu:ra

IS] i'ntmr. ¥, sndd Rlchammﬂ (‘: C! nmx va. Nall. Mnd. Sei
. LSA B, 4742-477).
1‘3) Bennet, . HLFLL Brawne, CA uml Sutomun. :; ('an
‘Biodhemistry 20, 45304335,

 (10) Creminen, Ch.. Riwtam, M., Ramsvettn, H., Marrakehi, N.and

Colien, P, (199K} §, <f‘:im:mm<>gr 40, 430448,

- Uﬂ Cohen, P, Somes, ¥, Gluschankof, B, Clamagirand, €.,
o el AL,
Rhelam, M dnd C‘ﬂmicr. LT e!')!@) in: The Sewmnd Forom on -

Flewrakly, L. Brakeh, N., Créminen, ©., chﬁae,

Peprdey tA, Aubray, M. Maresid and B, Vitoux, eily) (faumnm
‘IN\;ERMJLibbw Eurem. val. 14, pp. 3-9 '

- Imﬁ LETTERS

Muy IWI

‘lt’! [i)wlmw. K ledm. Fa rnylm. M. A " Stmnnan. K.E.J. and

Flutton, J. (1949) 4, mol. Cheny, 282, 1811518319, ‘
113 Sevarine, KA. Swrk, Pl Vcnﬂmlnlim R., Mandai, ti ang
Guadman, [LH, (19893 Coll 57, Y1=19, o
114 Marel, A, Kuks P Bourdals, ). and C’ahv:u. P. HWEJ mn :
- cheny, Biophys. Res. Commun. 141, 347334,

' 18] Bourdais, 1., Devilliesi, ©., Girard, Fl..Mumh A, Benedit, L.

- and Cohen, P (1990) uiﬂehem Bioghyy, Rm Cammun. 1706,
1263-1372,

| {14) Soisin, W 3.. Fisher, J..\I mul Seholler, R l-l 11989) Neuran ”ﬂ

Mm-l-tﬂ'l

367



