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ABSTRACT: Proline residues, known to have special structural properties, induce particular conformations
which participate in some biological functions. Two prolines (Prd’ro®) located near the processing

sites (Arg'® and Arg2Lys™1) of human prosomatostatin were previously shown to be important for
cleavage of the precursor into somatostatin-28 (S-28) and somatostatin-14 (S-14) [Gomez et al. (1989)
EMBO J 8, 2911-2916]. In this study, the importance of the pentapeptide P-A-M-A-P sequence (P-
(X)s-P pattern), located in the S-28(12) segment connecting the mono- and dibasic cleavage sites, was
investigated by using site-directed mutagenesis. Analysis of prosomatostatin-derived peptides produced
by expression of mutated cDNA species in Neuro2A cells indicated that (i) deletion of PAMAP decreased
S-14 production, (ii) deletion of the two Pro residues almost abolished the cleavage at the dibasic site,
and (iii) Pro displacement generating the AMAPP motif resulted in a decrease of S-28 production. Moreover,
both theoretical and spectroscopic studies of synthetic peptides reproducing the-8-286kquence
bearing critical mutations showed that this sequence can organize ashafhical structure. These
observations demonstrate that NPAMAP constitutes an accoratdix nucleation motif allowing for

the generation of equal amounts of S-28 and S-14 from their common precursor in Neuro2A cells. Moreover,
they emphasize the importance of the S-28(2) segment joining Argl® and Arg2Lys™! cleavage sites

whose conformational organization is essential for controlling their accessibility to the appropriate processing
proteases.

Proteolytic cleavage at monobasic (arginine residue) and structure motifs such as reverse turngdurns were shown
dibasic (lysine and arginine arranged in various doublets) to play an essential role to discriminate between functional
sites is the most common processing mechanism to releasealibasic residues and those which are not cleaved, generally
mature peptide sequences from their larger biosyntheticinserted in organized structures such @sheets and
precursor {, 2). Only about half of the potential dibasic a-helices 8, 14—16).
cleavage sites in prohormones are indeed recognized by their prqsomatostatin is a relatively sma#100 amino acid
corresponding convertase8)( Yeast Kex2 was the first  regiques) biosynthetic precursor for both somatostatins S-28

endoprotease une_quivocally shown to be involved in pro- gnqs.14 1t undergoes both monobasic (Afyand dibasic
hormone processing. Its functional role was subsequently(Argszysfl) cleavages to release the two biofunctional

proven by genetic complementatiof).(A search of sequence  mones (Figure 1A). Production of S-28 and S-14 is both

databases led to the discovery of the fur gene encoding aqyanitatively and qualitatively variable from tissue to tissue
protein called furin and similar to Kex25). Several and sometimes from a cell type to anothd7)( This

colnvertgs_es werde_ th_ebn (_j|scoverédr9), glr.‘dhth del_r pos|S|bIe differential tissue-specific processing might be controlled by
role and tissue distribution were established in relation 1o gty proteases possibly localized in different subcellular

Thelgg?:pressmn '”lf.‘e“??" gdern:_,f_aréd endocrme.(t:ﬁltlﬁ))(. . compartments, although they have not been so far unequivo-
h addition, Several In Vitro 1dentilied enzymes with dibasic cally identified. In mammalian prosomatostatin both mono-

cleavage site specificity have emerged like prohormone thiol and dibasic cleavage motifs occupy the COOH-terminal

protease .IO)’ N-argini_ne dibasic convertasell), and region of the precursor molecule and are separated by a
proocytocin/neurophysin convertas&2( 13). Secondary dodecapeptide segment S-28(%2), i.e., the NH-terminal

sequence of S-28. Although no hormonal properties could

T This work was supported in part by funds from Universtierre

et Marie Curie and the CNRS to UMR 7631 be conferred to this dodecapeptide, secondary structure
* To whom correspondence should be addressed. Tel: 33 1 53 63 Predictions underlined the key role that this motif might play
40157. Fax: 33 1 42 22 _13 98. E-mall:rholam@ccr.ju35|eu.fr. in prohormone processingdl?, 18). Two ﬁ-turns can bhe
. E‘\ﬁ;% ﬁ‘éﬂg‘g;;?;gg%ﬁegﬁﬁ“\"’/‘gﬁé%itsh's work. positioned respectively upstream and downstream of the
I UniversitePierre et Marie Curie, UMR 7631 CNRS. P_QAMAP_5 pentapeptide motif. Therefore, it can be hy-
U Département de Biochimie, Universitie Montreal. pothesized that the 3D organization of this precursor domain
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A I S-28 | vectors was confirmed by sequencing the mutated regions
si ) by the dideoxynucleotide chain-termination method for
ite 1l Site | .
T 1| double-stranded templates using T7 DNA polymera2&. (
| ‘ RE R ‘ K Infection and Culture Condition$reparation of recom-
binant retroviruses, infections, and a culture of infected
Neuro2A cells were performed essentially as described by
Nod et al. (21). Briefly, viruses were isolated from the
5 o 5 P culture media of transfected Psi-2 packaging cells and used
RSANSNPAMAPRERK to infect monolayers of Neuro2A cells for 2.5 h at 32.
The viral suspension was then replaced by 5 mL (for 100
B PROSOMATOSTATIN

Arg-Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys

mm diameter Petri dishes) of Dulbecco’s modified Eagle’s
medium (DMEM) containing 100 units of penicillin and 200

MUTANT [A”] ug/mL streptomycin sulfate supplemented with 10% fetal
Arg-Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Ala-Arg-Glu-Arg-Lys bovine serum. Cells were incubated for 48 h before addition
MUTANT [A”] of antibiotic G418 at a final concentration of 4@@/mL.

Arg-Ser-Ala-Asn-Ser-Asn-Ala-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys
MUTANT [A® A%
Arg-Ser-Ala-Asn-Ser-Asn-Ala-Ala-Met-Ala-Ala-Arg-Glu-Arg-Lys
MUTANT [P*P]
Arg-Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Pro-Ala-Arg-Glu-Arg-Lys
MUTANT [P7 P¥]
Arg-Ser-Ala-Asn-Ser-Asn-Ala-Met-Pro-Ala-Pro-Arg-Glu-Arg-Lys
MUTANT [P%P?]
Arg-Ser-Ala-Asn-Ser-Asn-Ala-Met-Ala-Pro- Pro-Arg-Glu-Arg-Lys
MUTANT A[P,P]
Arg-Ser-Ala-Asn-Ser-Asn-Xxx-Ala-Met-Ala-Xxx-Arg-Glu-Arg-Lys
MUTANT A[AMA]
Arg-Ser-Ala-Asn-Ser-Asn-Pro-Xxx-Xxx-Xxx-Pro-Arg-Glu-Arg-Lys
MUTANT A[ PAMAP]
Arg-Ser-Ala-Asn-Ser-Asn-Xxx-Xxx-Xxx-Xxx-Xxx-Arg-Glu-Arg-Lys

Analysis of Somatostatin-Related Peptidg@sbconfluent
infected Neuro2A 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
suspension2). The cell suspension was then sonicated four
times for 30 s each. The cell debris was pelleted, and the
supernatant was passed through a Sep-Pagk GDS
cartridge (Waters) equilibrated with 0.1% trifluoroacetic acid.
The adsorbed peptides were eluted with 40% acetonitrile in
0.1% trifluoroacetic acid. Trifluoroacetic acid and acetonitrile
were removed by lyophilization, and the peptides were
suspended in 5% acetic acid. The recovery, as determined
by control experiments using S-14 and S-28 as standards,
was greater than 80%.

Quantification of precursor, S-28, and S-14 molecules in

FIGURE 1: Amino acid sequence of the human prosomatostatin the cell extracts was determined by analyzing cell extracts
region bgtween the monobasic and dibasic cleavagg sites. (A)us'ngaqf8 reverse-phase HPLC 90|umn_(8ph%r'sorb 095_15*
Schematic representation of the human prosomatostatin precursor250 mmx 4.6 mm) eluted isocratically with 23% acetonitrile
Sites | and Il correspond to the dibasic (RK) and monobasic (R) and 0.05% trifluoroacetic acid for 40 min and with a gradient
cleavage loci for the production of S-14 and S-28, respectively. of acetonitrile (23-100%) for 25 min at a flow rate of 1
The S-28(112) sequence of S-28 is_expanded. (B) Mutated ) /min Fractions of 1 mL were collected in tubes containing
sequences of human prosomatostatin. The substituted residues ar8 05 mL of glacial acetic acid and were lyophilized. Fractions
underlined. : :

were assayed for the presence of immunoreactive somatosta-

is appropriate for convertase recognition of the basic amino tin Species using a specific radioimmunoassay as described
acid singlet and doublet. previously (L4). Control experiments established that for

In the present work we have used a combination of the these conditions, with antibodies against S-14 and S-28

AGADIR predictive methodX9), of site-directed mutagen- exhibi_ted equivalent !mmunoreactions whereas prosoma-
esis, and of both circular dichimm (CD) and Fourier tostatin was underes.tlmated by a factor of 2. Values were
transform infrared (FTIR) spectroscopies on synthetic pep- not cor_rected acco_rdmgl_y. . .
tides reproducing either of the wild-type or relevant mutated . _Pept|dt_e Synthesiepides were synthes_l_zed using Mer-
prosomatostatin regions to investigate the contribution of the "fi€ld solid-phase methodologyl) and purified by HPLC
NPAMAP segment to S-28(112) conformation. We dem- using a Q.B column arld a.GSO% Imear acetonitrile g_rad|ent
onstrate that this peptide sequence isamelix promoting n 0'1% trifluoroacetic acid. The pgpnde conc.entratllons were
motif whose expansion on either the Nisr COOH-terminal determined through mass estimation a_no] amino acid analysis.
side, under the control of Préand Pra5, governs mono- Secondary Structure PredlptlorBredlcnons of sec_ondary
and dibasic proteolytic cleavages. structures were performed using the AGADIR algorithr®)
This procedure allows calculation of the helicity per residue
and the total helicity of peptides, considering short-range
interactions in different conditions of solvent, temperature,

Reagents2,2,2-Trifluoroethyl alcohotl;,OH (99 atom %  and pH. The calculated values of those parameters describe
D) and deuterium oxide (99.97 atom % D) were purchased the behavior of peptides lacking tertiary interactions in
from Euriso-top (CEA, France). solution.

DNA Manipulations, Construction of Expression Vectors,  Circular Dichroism.Circular dichroic (CD) spectra were
and Cell Culture DNA modifications and subcloning, site- recorded on a Jobin-Yvon Mark IV linked to a PC micro-
directed mutagenesis, and construction of the pN2-Som processor. Optical cells were placed in a thermostable cell
retroviral expression vectors were performed as describedholder. Measurements in the far-UV (19250 nm) were
previously (L4). The presence of mutations in the expression performed either in KD or in H,O/trifluorethanol mixtures.

MATERIALS AND METHODS
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Spectra were the average of five consecutive scans reCOrdeGf'able 1. Effects of Various Mutations on Human Prosomatostatin

at a scan rate of 0.2 nm/s.

Spectra measured were corrected for the buffer baseline mutants
and were smoothed. Results are expressed as mean residug; 4 type

ellipticity [0]r (degcn?-dmol™), which is related to the
molar circular dichroismAe by the following relationship:
[0]r = (3298A¢)/N, where N is the number of residues.
Analysis for prediction of secondary structures from the CD
spectra recorded was performed as described elsew&®re (

Fourier Transform Infrared Spectroscoppfrared spectra

were recorded by means of a Bomem FTIR spectrometer [P_ejgz}

(MB series) linked to a PC microprocessor. The peptides
were placed at 28C into an infrared cell with Cafplates

Processing in Transfected Neuro2A Ctlls

prosomatostatin S-14 S-28 S-28/S14
254 (19) 541 (40) 556 (41) 1.0
[A79] 455 (66) 27 (4) 208 (30) 7.5
[A79] 206 (44) 238 (51) 20 (4) 0.15
[A~%,A79] 413 (71) 30 (5) 140 (24) 4.8
A[P,P] 443 (66) 20 (3) 209 (31) 10
AJAMA] 170 (18) 520 (55) 260 (27) 0.5
A[PAMAP] 110 (31) 45 (13) 197 (56) 4.4
[P°,P 276 (47) 114 (19) 204 (34) 1.8
7 2 (4) 228 (40) 313 (56) 1.4
477 (28) 826 (48) 402 (24) 0.5

2 The amounts of S-28, S-14, and the precursor were evaluated by
RIA using antibodies against somatostatin-14. The results are expressed

and a 5Qum path-length spacer. For each spectrum 50 scansin picograms of S-14 related peptides detected in B¥ cells of mean

were collected at resolution of 4 cthand added. During

values from three different experiments (SD+15%). Numbers in

data acquisition, the spectrometer was continuously purgedrarentheses represent the fraction of the respective forms as percent of

with dry N, to eliminate the spectral contribution of
atmospheric water. Prior to sample preparation, the trifluo-
roacetate counterions (TFAyere eliminated as described
elsewhere Z4) in order to eliminate its strong €O
stretching absorption band near 1673 énMeasurements
were performed in different mixtures of ,D/TFE-d, for
peptide concentrations of 10 mg/mL.

Prior to curve fitting, a straight baseline passing through
the ordinates at 1750 and 1500 ¢nwvas subtracted. Second-
derivative spectra accompanied by 5-data-point Savitsky
Golay smoothing were calculated to identify the positions
of the components’ bands in the spectr25)( These

total somatostatin immunoreactivity.

Processing of Prosomatostatin MutanfBable 1 sum-
marizes the processing efficiencies observed with either the
nonmutated precursor or the prosomatostatin mutants. As
shown in Table 1, replacement of Pfoor Pro® by Ala
almost abolished selectively the cleavage of the precursor
at the mono- and the dibasic sites. However, the proportions
of S-14 ([A"°] mutant) or S-28 ([A%] mutant) recovered
from cell extracts were not similar to that found in the case
of the wild type (Table 1) or of mutants in which the basic
cleavage sites were mutated selectivedp)( Moreover,
substitution of Ala for both prolines did not impair com-

wavenumbers were used as initial parameters for curve fitting pletely cleavage of mutant [&,A~9] at the monobasic site
with Gaussian component peaks. Position, bandwidths, and(see Table 1). Structural effects induced by substitution of

amplitudes of the peaks were varied until (i) the resulting
bands shifted by no more than 2 chfrom the initial

these Pro were investigated by the AGADIR methi)(
As indicated in Figure 2A, the helicity values per residue of

parameters, (i) all of the peaks had reasonable half-widths e Som[Arg20—Asn*s] sequence varied differently when
(<20-25 cnt), and (iii) a good agreement between the pyg-9 ang/jor Pros were (was) replaced by an alanine residue.
calculated sum of all components and the experimental |ngeed, the Prd mutation (PAMAA motif) induced a more

spectra was achieved?(> 0.99).

pronounced effect than Proreplacement by the same Ala

The obtained components (amide | band) were assignedresidue AAMAP motif). Furthermore, the helicity values

to particular structures on the basis of several rep@ds-(
28), and their relative contents were estimated by dividing
the areas of individual peaks by the whole area of the
resulting amide | band.

RESULTS

Due to their particular structural propertie29) and their
multiplicity in certain protein domains, proline residues play
a special role in protein structure and functid0+34).
Statistical studies have revealed that, among the R#X)
patterns 1§ < 5) analyzed in proteins, the P-(XP motif is
the most frequent34). This motif is observed in the peptide
S-28(1-12) in which the two proline residues, localized at
positions—9 and —5 (see Figure 1A), were shown to be

important for processing of the precursor into S-28 and S-14,

respectively 14, 35). On the basis of these observations,
different mutants of human prosomatostatin cDNA (Figure
1B) were designed in order to evaluate the functional role-
(s) of the P-(X}-P motif in the control of cleavage at both
the mono- and the dibasic sites.

1 Abbreviations: DO, deuterium oxide; TFA, trifluoroacetic acid;
TFE-d,, 2,2,2-trifluoroethyl alcohotl, OH.

calculated for the Som[Arg°—Asn'®] sequence bearing the
double mutationAAMA A motif) were higher than the sum
of values obtained for each Pro mutation (Figure 2A).
Therefore, selective suppression of cleavage observed in
these mutants cannot be related exclusively to local disruption
of B-turn structures around each cleavage si#% 15, 36)
but can be attributed also to global conformational changes.
According to these observations, the effects produced
either by deletion of the P-(%)P stretch or by modifying
its size (Figure 1B) were analyzed in order to evaluate the
specific role(s) of each element of this motif in prosoma-
tostatin processing. Results presented in Table 1 underline
large differences in the processing of mutants in which the
Pro-Ala-Met-Ala-Pro pattern was partial AJAMA] and A-
[PP] mutants) or totallyA[PAMAP] mutant) deleted. Indeed,
the ratio of S-28 to S-14 produced (S-28/S-14), which was
1 in cells expressing the nonmutated precursor, was reduced
to 0.5 for theAJAMA] mutant and raised to 4 and 10 for
mutants A[PAMAP] and A[PP], respectively. Moreover,
while increase in cleavage at either the monobaae (
[PAMAP] mutant) or the dibasicA[AMA] mutant) sites
resulted mainly in a decrease in cleavage at the other site,
deletion of proline residues induced also a decrease in the
processing efficiency of thA[PP] mutant (see Table 1). Data
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FIGURE 2: Secondary structure prediction of the huma

-
'

Residue number

n prosomatostatin sequence SoiAn—>). Helicity per residue calculated for

peptides in which (A) Pro® and/or Pro® were (was) mutated by Ala, (B) the Pfa(Xaa)k-Pro—> motif was partially or totally deleted, and

(C) the size of the Prd-(Xaak-Pro° motif varied.

in Figure 2B indicate that the differences observed in the the helicity values and the size of the helical sequence (from
processing of these mutants were also accompanied by larg& to 10 residues). Noticeably these effects were however
variations in the helical propensity of the corresponding more pronounced for Pro deletion (Figure 2B). On the basis
sequences. Indeed, deletion of the Ala-Met-Ala tripeptide of these results, comparison of the nonmutated precursor with

(PXXX P motif) decreased exclusively the helicity
residue of the dibasic site containing domain. |
deletion of either proline residueXAMA X motif)

Pro-Ala-Met-Ala-Pro pattern{XXXX motif) increased both

values per the AIPAMAP], AJAMA], and A[PP] mutants, respectively,

n contrast, allowed us to deduce the following: (i) the magnitude of
cleavage at the dibasic site is under the direct control of the
P-(X)s-P motif, (ii) the proline residues positioned upstream

or the
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Table 2: Amino Acid Sequences of Som(Atg—Lys™)-Related
Peptide Substratés

peptide sequence

Som(Arg 15—Lys 1)-PAMAP  Ac-RSANSN-PAMAP-RERK-CONH
Som(Arg 15—Lys™1)-PAMAA  Ac-RSANSN-PAMAA-RERK-CONH,
Som(Arg 15—Lys™1)-AAMAP  Ac-RSANSN-AAMAP-RERK-CONH;

aAmino acids corresponding to modifications of the original
sequence are underlined.

of this cleavage site are essential for the production of higher
proportions of the S-14 molecule, and (i) the Ala-Met-Ala
tripeptide appears to be involved in the correct folding of
the S-28(+12) domain.

These conclusions were supported by the results obtained

for the processing of prosomatostatin mutants in which the
size of the P-(X3-P motif varied (Figure 1B, Table 1).
Analysis of data in Table 1 indicates that the S-28/S-14 ratio
increases for the [P,P~%] and [P~7,P%] mutants whereas it
decreases for the [®,P~° mutant. Furthermore, the yield
of uncleaved precursor recovered from cell extracts for
mutants [P°,P¢ and [P7,P%] (47% and 4%, respectively)
was not similar to that found in the case of the wild type
(22%) or of the [P8,P~5 mutant (28%). As shown in Figure
2C, the shift of either Prd or Pro® induced essentially
variations in the helicity values of the [Met-Alatl]
fragment which contains the dibasic cleavage site. Indeed,
when compared to the native sequerie&NIA P motif), the
shift of Pro® to positions —7 (AMPAP motif) or —6
(AMA PP motif) reduced the helicity values per residue of
peptides whereas the shift of PPdo position—6 (PAM PA
motif) increased these values (Figure 2C). Interestingly, it
can be observed that either deletion of the Ala-Met-Ala
tripeptide A[AMA] mutant) or shift of the Pro® residue
([P~6,P~°] mutant) decreased the values of both the S-28/S-
14 ratio and the helicity per residues whereas deletion of
both proline residuesA[PP] mutant) or shift of the Pré
residue ([P°P 6 mutant) increased these values. This
emphasizes the structural role of the Préla-Met-Ala-
Pro® pattern which is constituted by the following: (i) the
helical-promoting tripeptide Ala-Met-Ala8, (ii) the Pro®
residue which amplified the helicity of this tripeptide, and
(iii) the Pro® residue which, in addition to its participation
to 5-turn structure 36), stopped the propagation of this small
helix-promoting signal on its N-terminal side.

Conformational Analysis of Modified Som(At§—Lys ™)
PeptidesTo provide structural support for these in vivo and

Brakch et al.
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Ficure 3: CD spectra of human prosomatostatin peptide analogues.
Far-UV CD spectra of peptides in,8 (A) and 50% TFE (B) are
shown as mean molar residue ellipticitye{N) versus wavelength
(nm). Measurements were performed at 25 for a 40 uM
concentration of peptides.
spectra of the latter peptides showed two minima at 222 nm
(helical n — p* transition) and between 202 and 208
(overlapping helical and random coil — p* transition at
208 and 200 nm, respectively) and a maximum around 190
nm.

The estimation of secondary structures of those Som-
(Arg=*—Lys ™) peptides from their CD spectra recorded in

predictive data, peptides corresponding to different sequences;0o, TFE/HO was performed by using different methods

were synthesized (Table 2) and then analyzed by CD and
FTIR spectroscopy at low TFE concentrations.

CD Analysis.The far-ultraviolet CD spectra of all Som-
(Arg~15—Lys™1) analogues recorded in agueous solution, pH
7.0, 25°C (Figure 3A), displayed a weak minimum at 222
nm (a-helices) and another one between 195 and 200 nm
(unordered structures) which was intense for peptide Som-
[Arg—29—Lys 1]-PAMAP. Addition of 50% TFE strongly
modified the profile of those CD spectra (Figure 3B): the

(23). The deduced intrinsic values varied from one evaluation
method to another. But, in all cases, this variation observed
between each peptide was always similar in trend and
direction. For example, the percentageoshelix obtained
by the Fasman metho®3) was 27%, 44%, and 37% for
peptides Som[Arg?°—Lys ]-PAMAP, Som[Arg 2°—Lys1]-
PAMAA, and Som[Arg2°—Lys 1]-AAMAP, respectively.
FTIR AnalysisFigure 4 shows the infrared spectra of Som-
(Arg~15—Lys™) peptides (50% TFEL/D,O) obtained in the

intensity of the band between 195 and 200 nm decreased1700-1500 cn1?! region (amide | and Il bands) and also

and its maximum was red shifted in particular for Som-
[Arg=2—Lys 1]-PAMAA and Som[Arg 2°—Lys 1]-AAMAP

the component spectral bands that are used to fit the spectrum
of each peptide. For the analysis of the privileged secondary

peptides. Such observation reflects the stabilization of orderedstructures adopted by these peptides, only the more informa-

structures over the random coil structurg8)( Indeed, both

tive amide | band was analyzed5).
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FIGURE 4: Amide | and amide Il bands of the FTIR spectra of human prosomatostatin peptide analogues. The medsamdct(rve-fitting -O—) spectra of
peptides Som(Arg'>—Lys1)-PAMAP (A), Som(Arg15—Lys 1)-PAMAA (B), and Som(Arg'5—Lys 1)-AAMAP (C) in a 50% D:O/TFE-d, mixture are shown
with the component bands resulting from the analysis (see Materials and Methods). MeasuremetEsvegi2Z5performed for 10 mg/mL concentration of peptides.
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Table 3: Frequency and Quantitative Contribution of Each Spectral A -15 -9 5 2

Band Component to the Total Amide | Contour of Each h
Somatostatin Analogée uman RLELQ R [SANSN|/[PAMAP|RE RKAGCKN

frequencies (cmt) Anglerfishl HADLE R |AASGG [PLLAP|RE RKAGCKN

1626 1636 1647 1656 1669 1683 Anglerfish Il RMNLE R [SVDST||NNLPP|RE RKAGCKN

Som(Arg 15-Lys 1)-PAMAP 195 14.9 127 267 232 2.8
Som(Arg5-Lys)-PAMAA 18.1 83 150 367 19.0 27
Som(Arg 5-Lys )-AAMAP 22.9 14.3 120 303 176 27 351 ~—tuman:  RH132

a2 The numbers represent the calculated percent of each component 2l —-Anglerfishi: Rh=3,91
obtained by FTIR spectra recorded in 50% TFEMsolution using —— Anglerfish II: Rh=0,10
curve-fitting procedures26—28).

due
N
-]

The broad amide | contour of each spectrum is composed
of six bands at 1683, 1669, 1656, 1647, 1636, and 1626.cm
On the basis of different studies of peptide chains in proteins
and peptides25—28), the assignment of these bands can be
summarized as follows. The 1626 and 1636 &mompo-
nents are generally attributed fesheet structure26, 37,

38), whereas the bands in the 1690670 cnt! region 051
contain contributions from both turns or bends ghsheet N
structures §9—41). However, on the basis of FTIR studies °g ® © ¥ N o ® ® ¥ & o
of model polypeptides as well as of proteins with very high o
bands around 1685 and 1667 chare indicatve of esdues  FGUr 5. The somatosatin sequenceZ0:+5] derived fom
; X different species. (A) Alignment of the human, anglerfish I, and

engaged in turns or bends as well ascdype helical anglerfish 1l sequences0,+5]. Proline residues are underlined.
structures with distorted hydrogen bondidd,(45, 46). The Open boxes indicate the motifs analyzed in each species. (B)
1656 cntt band as the amide | components observed in the Helicity per residue calculated for the Som(X&&Asn™) se-
region 1658-1650 cnt! arises generally froma-helices 26, guence derived from the human and anglerfish | and Il prosoma-

. . tostatin. The values calculated for the param&eare indicated
45). The amide | band, located at 1647 Tmis generally i the insert.
associated with nonordered conformations or conformations
in which the backbone folding shows no apparent periodiCity Taple 4: Functional Role of Each Motif of the
(25, 26). The remaining bands, situated outside the amide | Somatostatin-28(12) Segmerit

N
N

ity per res

1,5 1

Helic
a

+
<

Residue number

region, are due to specific vibrations of amino acid side ~ ,ogifications human anglerfish | anglerfish Il
Ch_l"’_"”; (4;_49)' es th bution of each band to the  P-0@P 1.30 3.90 0.80
able 3 summarizes the contribution of each band to the  (x2a)p.p 0.40 720 0.10
total amide | contour determined by curve-fitting procedures  A[P,P] 0.30 1.00 0.07
(25—28). These data bring evidence for the presence of an iﬁgég %'38 é-gg g-gg
helical structure in the wild-type and mutated S-28(R) SVDST 0.45 0.30 0.10

peptide sequences. Furthermore, when Ala was substituted — —

for Pro-® or Pro®, the percentage af-helix calculated for 2R, = (total hehcﬂy values of segment-20;—10])/(total helicity

the unmutated peptide Som[Af—Lys J-PAMAP (27%,  Yalues of segment{6+5)).

6%) was enhanced by 10% and 4% for peptides Som-

[Arg=2—Lys™1-PAMAA and Som[Arg 2—Lys 1]-AAMAP, was explored (Figure 5B). Analysis of data, obtained for all

respectively (Table 3). prosomatostatin species, revealed the following: (i) the main
These CD and FTIR results, in agreement with the data difference was observed in the helicity values per residues

obtained by the AGADIR method, underline the respective of fragment [-20;—10] which contains the monobasic site

role of each proline residue in both the stability and the and (ii) the value of the paramet&; (R, = total helicity

precise location of the helical structure adopted by the Ala- values of fragmentf20;-10]/total helicity values of fragment

Met-Ala tripeptide motif. [—6;+5]) was 1.3, 3.9, and 0.1 for the human, anglerfish I,
Functional Role(s) of the Somatostatin-28@12) Domain. and anglerfish 1l precursors, respectively. On the basis of
As shown in Figure 5A, the sequence of the S-28(2) the data obtained for the human prosomatostatin mutants

domain contains two proline residues arranged as a RRX) (Table 1 and Figure 2), these results argue in favor of the
motif in the human and anglerfish | precursors or as a PP existence of functional relationships between the helicity ratio
doublet in the anglerfish prosomatostatin 1. Although the (Rn) and the proportions of S-14 and S-28 generated from
human and anglerfish | precursors share a similar patterneach somatostatin precursor.

(P-(X)s-P), it was shown that in vivo anglerfish prosoma-  To test this hypothesis, we have investigated the secondary
tostatin | undergoes a single cleavage at the dibasicsite ( structure of Som[Xaz’—Asn™] peptides in which certain
52). Similarly, the S-28 hormone was exclusively released domains were either mutated or deleted. Results of these
from the anglerfish precursor Il which as the human mutant modifications (Table 4) allowed to deduce the following:
[P~6,P9] (Figure 1B) contains the PP motif. We attempted (i) proline residues arranged as®RX)s-P > or PF-P°~

to define the structural basis responsible for these differencesmotifs did not play any special role in the proportions of
The secondary structure of the Som[X&a-Asn'®] sequence  S-28 and S-14 molecules generated from anglerfish | and Il
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precursors and (ii) transfer of the-14;,—10] sequence from  age sites. This conclusion is supported by different observa-
one species to another allows for each prosomatostatintions. Indeed, substitution of Ala (which is the beshelix-

species to mimic the other. Accordingly, these observations promoting amino acid residue) for Pfoor Pro® almost

indicated that the proportions of S-28 and S-14 molecules abolished processing of the precursor into S-14 and S-28,
generated from the anglerfish | and Il prosomatostatins wererespectively (Table 1). These results, which suggest that a
not exclusively correlated with structure induced by the helical structure is involved in this phenomenon, are in good
[—9;—5] sequence but were also related to the conformational agreement with spectroscopic and predictive data obtained

organization of the S-28(112) molecule. for synthetic peptides corresponding to the S-28(2)
sequence bearing these mutations. Moreover, analysis of
DISCUSSION helicity profiles obtained by the AGADIR method indicated

. . . . __that these mutations favored the extension ofoahelix
Earlier analysis of amino acid sequences around proteolytic;qvard the dibasic site (from As# to GIy? for the Alas

cleavage sites of several biosynthetic precursors by SecondarYnutation) and the monobasic one (from Ao Pro s for
structure predictive method8) indicated that the dibasic o aj5-¢ mutation), respectively. Altogether, these results
residues constituting these cleavage sites are located in Olyemonstrate that the A-M-A sequence can be considered as
immediately adjacent to regions with higiturn formation  {he helical nucleation core of the P-A-M-A-P pattern. All
propensity g, 31, 53). Site-directed mutagenesis of prohor- - ants, and particularly those in which the A-M-A sequence
mone cDNA coupled with spectroscopic and enzymatic o he proline residues were deletet[AMA] and A[PP]
studies of substrates reproducing the cleavage I00|_of variousm tants, respectively), supported this conclusion since an
prohormones have shown that thgseirn structures situated  j,crease of helicity propensity was in general correlated with

in the vicinity of dibasic cleavage sites§ 54—58) constitute  he gecrease of the cleavage at either the dibasic or the
an essential feature for the processing of precurdats3g, monobasic site.

54, 57). Although mutation of proline residues almost abolished
Moreover, a series of observations deduced from different the cleavage at both basic sites, the absence of a proline
studies had also underlined the importance of certain reSidUGS’esidue at position—s h|gh|y affected the processing of
other than the basic ones in specifying correct processing athuman prosomatostatin. Indeed, for the mutants in which
the cleavage siteslq, 35-36, 59-62). Indeed, it was  Prg5 or Pro® and Pro® were either mutated ([%] and
observed that the presence or absence of proline residue§A-¢ A-5] mutants), deleted A[PP] mutant), or shifted
in the vicinity of the dibasic cleavage site of the proOT/Np- ([P~°,P¢] mutant), their processing efficiencies and the
(1-20) processing domain, induces the formation of different proportions of both the S-14 and S-28 molecules were low
types of f-turn and also influences the basic side-chain (Table 1). Similar effects have been already observed for
orientation £6). Recently, these conformational features were other prosomatostatin mutants in which Gly was substituted
shown to be important in dibasic cleavage by the prohormonefor Pro> or Pro® or the original f-turn sequence was
convertase PC1/3@). In the case of the prosomatostatin replaced by others lacking proline residue36)( This
processing, the two proline residues present in the S-28(1 emphasizes the importance of Praince either its mutation
12) sequence (see Figure 1A) were identified to be important or deletion favored the following: (i) the propagation of the
in the production of equivalent amounts of the S-14 and S-28 helicity of the Ala-Met-Ala sequence toward the dibasic
molecules 14, 35, 36). When the sequence of the S-28(1  cleavage site and (i) the amplification of this helical structure
12) domain adopting A-turn was replaced by nonhomolo- by the presence of residues Asn and Pro which were shown
gous peptide stretches capable of adopting an equivalento have high specific preferences for the N-cap and N-cap
secondary structure, the proportions of S-14 and S-28 + 1 of helices 83, 64), respectively (i.e., Asn? for the
produced by the prosomatostatin mutants were diffe@St ( [A -9 A5 and A[PP] mutants; Asn'®and Pro® for the [A~5]
36, 54). Similar results were also obtained when the two mutant). Accordingly, this explains both the differences
prolines were replaced by glycine, which like proline observed in the percentages of helicity obtained for Som-
increases the propensity fg-turns. Moreover, whereas [Arg=20—Lys -PAMAA (37%, 6%) and Som[Arg2—
replacement of Pré or Pro® by alanine almost abolished Lys~-AAMAP (31%, 6%) peptides and the high values of
selectively prosomatostatin processing at mono- and dibasichelicity predicted for the preceding mutants by the AGADIR
sites, respectively, the double mutation did not abolish method. Therefore, since mutation or shift of Prdid not
cleavage at the monobasic orie}(35, 36). In the present  decrease the processing efficiency of the corresponding
study the possible role of the P-A-M-A-P motif in particular, mutants (see Table 1), these observations indicate that,Pro
and the S-28(+12) segment in general, was investigated through the pattern P-A-M-A-P, plays an important role in
by a combination of conformational analysis using AGADIR ' the correct folding of the prosomatostatin processing domain.
predictions and FTIR spectroscopy in relation with an |t is noteworthy that this particular amino acid residue is
evaluation of the processing efficiency of various prosoma- highly conserved in the primary sequence of prosomatostatin
tostatin mutants in Neuro2A cells. The major conclusion of precursors from various speciess).
this report is that the P-A-M-A-P motif in particular and the  Although the present data underline the contribution of
S-28(1-12) sequence in general play a key role in proso- the P-A-M-A-P pattern to human prosomatostatin processing
matostatin basic cleavage site exposure to processing eng question arises in the case of anglerfish islets where the
Zymes. mature S-14 and S-28 peptides are derived from two distinct
The major emerging concept is that the Préla-Met- precursors, anglerfish prosomatostatins | and Il, respectively
Ala-Pro® sequence is a helical motif whose integrity is (50—52). Analysis of the Som[Xa&’—Asn*%] sequence by
essential for prosomatostatin processing at both basic cleavthe AGADIR method indicates that the source of this
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difference resides in the peptide fragmenfp;—10] which
contains the monobasic site (Figure 4A). This implies that
other domain(s) participate also in the processing of those
prohormone molecules. Such an interpretation is consistent
with the following observations. First, deletion of the entire
PAMAP motif did not abolish the cleavage of human
prosomatostatin but rather increased the value of the S-28/ 14.
S-14 ratio (see Table 1). Second, whereas modifications of
the PAMAP pattern modulate the processing of human
prosomatostatin, the data obtained for the anglerfish precur-
sors indicated that the proline residues arranged as £RX)

or (X)s-P-P motif could never modify their processing (i.e.,
the S-14 and S-28 hormones are exclusively released in vivo 17.
from anglerfish precursors | and Il, respectively). Finally,
exchange of the peptide fragment]4;—10] between these 18.
precursors allowed each species to mimic in general the
other. In light of these results, it could be concluded that
the structural features involved in the processing specificity (.
of prosomatostatin precursors reside necessarily in the S-28-
(1—12) segment and its particular folding.

In conclusion, given the fact that the amino-terminal
domain of prosomatostatin was suggested as a molecular 22-
signal for targetting the precursor in the intracellular secretory 23
pathway(66—69), the present report now documented for ’
the first time the conformational contribution of the S-28-
(1—12) connecting peptide in proteolytic processing of these 24.
prohormones. This function is most evident in the case of
human prosomatostatin which appeared as a complex system.25.
It shows the role of S-28¢112) in directing cleavage at both
basic sites via the P-A-M-A-P motif which contributes in
maintaining an adequate conformation recognized by the
specific prohormone convertase(s) to generate the normal
S-28/S-14 ratio.
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