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ProSAAS, a recently discovered granin-like protein, potently

inhibits prohormone convertase (PC)1, and might also perform

additional functions. In the present study, the processing of

proSAAS was compared in two neuroendocrine cell lines over-

expressing this protein: the AtT-20 mouse pituitary cortico-

trophic line and the PC12 rat adrenal phaeochromocytoma line.

The processing of proSAAS was examined by pulse–chase

analysis using [$H]leucine, by MS, and by chromatography and

radioimmunoassay. Various smaller forms of proSAAS were

detected, including peptides designated as little SAAS, PEN and

big LEN. Because the PC-12 cells used in the present study do

not express either PC1 or PC2, the finding that these cells

efficiently cleave proSAAS indicates that these cleavages do not

require either enzyme. Two of the peptides identified in AtT-20

media represent novel C-terminally truncated forms of PEN. In

INTRODUCTION

Neuroendocrine peptides are typically produced from larger

precursors by selective cleavage. Often, these cleavage sites

contain basic amino acids that are recognized by one of the

prohormone convertases (PCs), such as PC1 or PC2 [1–3]. These

two enzymes are broadly distributed in the neuroendocrine

system, and are co-localized to secretory vesicles, along with

neuroendocrine peptides [4–6]. In addition, other PCs may also

contribute to peptide processing in theGolgi and}or late secretory

pathway. One of the PC5 isoforms has been found in the

regulated secretory pathway [7]. Other members of the PC family

have been detected primarily in the trans-Golgi network, and are

thought to play a larger role in the processing of proteins than of

neuroendocrine peptides. These trans-Golgi-enriched enzymes

include furin, paired basic amino acid converting enzyme 4

(PACE4) and PC7 [8–12].

Following the action of the endopeptidases, a carbo-

xypeptidase is generally required to remove C-terminal basic

residues from the processing intermediates. Like PC1 and PC2,

carboxypeptidase E (CPE) is broadly distributed in the neuro-

endocrine system, where it is present in the late secretory

pathway [13,14]. In contrast, carboxypeptidase D (CPD) is

primarily enriched in the trans-Golgi network along with furin

and related enzymes [15,16]. In some cases, further post-trans-

lational modifications are required (after the carboxypeptidase

step) before the peptide becomes biologically active; these

additional modifications include acetylation, sulphation, phos-

phorylation or C-terminal amidation [17].

The importance of CPE in peptide processing is evident from

the large effect on peptide processing in Cpefat}Cpefat mice that

have a point mutation (Ser#!#!Pro) within the coding region of
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both cell lines, the secretion of the small proSAAS-derived

peptides is stimulated by secretagogues. However, long-term

treatment of wild-type AtT-20 cells with two different secreta-

gogues (8-bromo-cAMP and a phorbol ester) does not affect

levels of proSAAS mRNA; this treatment significantly increases

PC1 mRNA by approx. 60–80%. The lack of co-regulation of

proSAAS and PC1 mRNA implies that enzyme activity can be

induced without an accompanying increase in the inhibitor. In

addition, the finding that the peptides are secreted via the

regulated pathway is consistent with the proposal that they may

function as neuropeptides.

Key words: granin, neuropeptide, peptide processing, pro-

hormone convertase, 7B2.

the CPE gene [18]. This mutation leads to a complete loss of CPE

activity [19]. As a result, the production of numerous peptide

hormones and neurotransmitters is affected in these mice

[18,20–24]. Using a novel procedure to purify peptides that

accumulate in the Cpe fat}Cpe fat mice, a number of peptides were

identified [24,25]. These peptides include known neuroendocrine

peptides, as well as several novel mouse peptides. Some of these

mouse peptides correspond to previously identified bovine pep-

tides of unknown function [26]. Isolation of the cDNA revealed

that five of these peptides arose from a single precursor protein

by cleavage at basic amino-acid-containing sites ; this precursor

was termed ‘proSAAS’ because one of the peptides (named

‘SAAS’) contained the sequence Ser-Ala-Ala-Ser within a larger

sequence.

Although there is no sequence similarity among proSAAS and

other proteins, there are some features in common between

proSAAS and 7B2, another member of the granin family [27].

Both proteins are approx. 26 kDa and contain a number of

cleavage sites for the PCs. In addition, both have broad neuro-

endocrine tissue distributions [24,27,28]. One of the functions of

7B2 is to inhibit PC2 [29,30]. Similar studies showed that

proSAAS is a potent and selective inhibitor of PC1 [24,31].

However, this inhibition is due only to a small region near the C-

terminus of proSAAS [31,32]. Thus the other regions of proSAAS

that have been conserved during evolution might serve other

functions. In support of this possibility is the observation that

proSAAS is present in neuroendocrine cells that lack PC1 [28].

Furthermore, proSAAS is processed extensively in the brain into

smaller peptides that are no longer able to inhibit PC1 [33].

Previously, the processing of proSAAS was examined in AtT-

20 cells using Western blotting, pulse–chase experiments and MS

analyses [24]. However, each of these techniques gave distinct
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results. The Western blot analysis showed only large-molecular-

mass forms, the pulse–chase experiments with [$H]leucine showed

mainly intermediate forms, and MS revealed primarily low-

molecular-mass forms [24]. Thus one of the aims of the present

study was to use a quantitative analysis to address the question

of the extent of proSAAS processing in AtT-20 cells. In addition,

similar studies were performed after expression of proSAAS in

the PC-12 cell line (a cell line that lacks PC1 and PC2 activity).

The finding that proSAAS is extensively processed in this cell line

indicates that neither PC1 nor PC2 is required for the processing

of proSAAS. The secretion of the proSAAS-derived peptides via

the regulated pathway, which is an important criterion for

peptide neurotransmitters and hormones, was also examined.

Finally, the question as to whether PC1 mRNA could be

regulated independently of proSAAS mRNA in the AtT-20 cell

line was addressed. The finding that these two mRNAs are not

co-regulated suggests that cells can alter the amount of active

PC1 without an accompanying increase in the inhibitor,

proSAAS.

MATERIALS AND METHODS

Cell culture and transfection

The AtT-20 mouse pituitary corticotrophic cell line was grown in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% (v}v) bovine calf serum and penicillin}streptomycin

(10 units}ml). AtT-20 cell lines stably overexpressing rat

proSAAS were generated as described previously [24]. The PC-

12 rat phaeochromocytoma cell line was maintained in DMEM

supplemented with 5% (v}v) horse serum, 10% (v}v) bovine calf

serum and penicillin}streptomycin (10 units}ml). To overexpress

rat proSAAS in PC-12 cells, full-length rat proSAAS cDNA was

subcloned into the EcoRI}NotI sites of the pcDNA3 vector

(Invitrogen). Approx. 10' PC-12 cells were transfected with 10 µg

of plasmid DNA combined with 25 µl of AMINE4
reagent (Life Technologies). Stable cell lines were selected using

1.0 mg}ml Geneticin (also known as G418). The overexpressed

proSAAS protein was identified by radioimmunoassay (RIA), as

described below. Two clones expressing high levels of proSAAS

were chosen for this study.

Biosynthetic studies

Cells grown in 60 mm dishes to E 80–90% confluence were

washed twice with PBS, incubated in leucine-free medium for

1 h, and then labelled with [$H]leucine (50 µCi}ml) for 10 min

(the ‘pulse ’), followed by incubation in DMEM medium con-

taining unlabelled leucine for 2 h (the ‘chase’). The cells and

media following pulse or chase were subjected to immuno-

precipitation using little-SAAS antiserum (g2768) and big-LEN

antiserum (g87), as described previously [24]. A protease in-

hibitory cocktail (Sigma) was added during the immuno-

precipitation mixture. The immunoprecipitates were analysed by

denaturing PAGE and autoradiography, as described previously

[24].

Secretion studies

AtT-20 or PC-12 cells were cultured in 60 mm six-well dishes to

E 80–90% confluency, washed twice with PBS, and then in-

cubated with Hepes-buffered Krebs–Ringer bicarbonate in the

presence or absence of either 10 µM forskolin or 56 mM KCl

(with a proportionately reduced NaCl concentration to maintain

the same ionic strength). After 30 min, the medium was collected

and analysed by RIA, as described below.

For analysis of secreted peptides by HPLC and matrix-assisted

laser-desorption ionization–time-of-flight (MALDI–TOF)-MS,

cells were washed twice with PBS, and then incubated for 3 h in

DMEM medium containing 56 mM KCl. The medium was

harvested and stored at ®80 °C before analysis.

RIA

The quantification of peptides by RIA was performed as de-

scribed previously [33] using antisera generated against little

SAAS (proSAAS 42–59), PEN (proSAAS 221–242) and big

LEN (proSAAS 245–260). Antibody dilutions that bound 30%

of the radioactivity were 1:3000 for anti-SAAS (antibody g2766)

and anti-LEN (antibody g85), and 1:4500 for anti-PEN (anti-

body g141). The concentrations of non-radioactive peptides

required to reduce tracer binding by 50% (i.e. IC
&!

values) were

400 fmol}tube for SAAS, 300 fmol}tube for PEN and

200 fmol}tube for LEN.

Peptide extraction

Cells were collected, and peptides were extracted by boiling for

10 min in water containing an inhibitory cocktail [1 mM

EDTA}1 mM 4-(2-aminoethyl)benzenesulphonyl fluoride}
40 µM bestatin}14 µM trans-epoxysuccinyl--leucylamido-(4-

guanidino)butane (‘E-64’)}22 µM leupeptin}15 µM pepstatin}
0.8 µM aprotinin], followed by centrifugation at 13000 g for

30 min. The spent medium was extracted by boiling in the

presence of the inhibitory cocktail for 10 min, dried under

vacuum, and stored at ®20 °C. Prior to RIA and}or size-

exclusion chromatography, samples were resuspended in sodium

phosphate buffer, pH 7.5, containing 0.2% (v}v) Triton X-100.

Size-exclusion chromatography

Size-exclusion chromatography was performed essentially as

described previously [33]. Briefly, the sample in a total volume of

50–100 µl was applied to the Superdex Peptide HR 10}30 column

(Pharmacia), and separated with 0.1% (v}v) trifluoroacetic acid

(TFA) containing 30% (v}v) acetonitrile (Fisher). Fractions at

1 min intervals were collected, with a flow rate of 0.5 ml}min.

Fractions were dried and resuspended in sodium phosphate

buffer, pH 7.5, containing 0.2% (w}v) Triton X-100, before

being subjected to RIA.

Reversed-phase (RP)-HPLC

For RP-HPLC, the material representing the peak of immuno-

reactive (ir)-peptides was pooled and loaded on to a C
")

column

(250 mm¬4.6 mm, internal diameter 5 µm; Column Engineer-

ing, Inc., Ontario, CA, U.S.A.) maintained in 0.1% (v}v) TFA

solution. The peptides were eluted with a linear gradient of

acetonitrile (5–75%) in 0.1% TFA over 70 min with a flow rate

of 0.5 ml}min; fractions were collected at 1 min intervals. The

synthetic peptides (big SAAS, little SAAS, PEN, little LEN and

big LEN) were analysed in a separate run to determine their

retention times.

MS

Media or cell extracts were acidified by adding 0.1% (v}v) TFA

and then applied to C
)

Sep-Pak (Waters) cartridges. The cart-

ridges were washed with 10 vol. of 0.1% TFA, the bound

peptides were eluted first with 50% (v}v) acetonitrile in 0.1%

TFA, and then with 70% acetonitrile in 0.1% TFA. The two

eluates were combined and dried under vacuum. The peptides
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were reconstituted in 40 µl of water, and a 1 µl aliquot was

analysed by MALDI–TOF-MS.

MALDI–TOF spectra were obtained in positive linear mode

on a Perceptive Biosystems Voyager-DE STR mass spectrometer

(Framingham, MA, U.S.A.). Approx. 100 laser shots were

summed per spectrum. α-Cyano-4-hydroxycinnamate saturated

in 30% (v}v) acetonitrile and 0.1% (v}v) TFA in water was used

as a matrix. External calibration was performed with des-Arg"-

bradykinin ([M®H]+ 904.4681) and neurotensin ([M®H]+

1672.9170).

Nano-electrospray ionization MS was performed on a Q-TOF

instrument (Micromass, Manchester, U.K.) equipped with a Z-

spray nano-electrospray ion source. Samples in 50% (v}v)

acetonitrile}1% (v}v) acetic acid were sprayed from gold-coated,

medium-length borosilicate capillaries (Protana, Odense, Den-

mark). The appropriate ion was selected by the quadrapole mass

filter, and then induced to fragmentation by collision with argon.

The collision energy was varied from 15 to 45 V to optimize

fragmentation. The spectra were analysed using Mass Lynx

MaxEnt 3 software (Micromass).

RNA isolation and Northern blot analysis

To examine the regulation of proSAAS mRNA, AtT-20 cells

were cultured in 60 mm plates to E 80–90% confluence, washed

twice with PBS, and then incubated with 1 mM 8-bromo-cAMP,

10 nM PMA or control medium for 6 h. Total cellular RNA

was extracted as described previously [34]. TheRNA integrity was

confirmed by gel electrophoresis followed by ethidium bromide

staining, and then quantified bymeasuring absorbance at 260 nm.

Of the total RNA, 10 µg was separated on a formaldehyde–

agarose gel and transferred on to a nitrocellulose membrane. The

amount of 18 S rRNA in each lane of the Northern blot was

quantified by ethidium bromide staining followed by den-

sitization, using the Java Image analysis program (Jandel

Scientific). PC1 or proSAAS mRNA was detected using $#P-

radiolabelled proSAAS or PC1 riboprobes, generated as de-

scribed previously [24,35]. After hybridization for 16 h at 65 °C,

membranes were washed with 0.1¬SSC (where 1¬SSC is

0.15 M NaCl}0.015 M sodium citrate), 0.1% (w}v) SDS

and 5 mM EDTA at 68 °C for 1–4 h. Filters were dried and

exposed to Kodak XAR-5 film. The images were quantified by

the Java Image analysis program (Jandel Scientific).

RNA from PC12 cells was also obtained as described in [34],

and analysed on Northern blots that were probed with PC1 and

PC2 cDNA probes, as described previously [24,35]. RNA from

AtT-20 cells and rat brain were included on these blots as

positive controls.

RESULTS

Biosynthesis of proSAAS in PC-12 cells

Previously, proSAAShas been found to be processed and secreted

in AtT-20 cells and in Cpe fat}Cpe fat mice [24], although this study

did not provide quantitative information on the levels of the

various peptides. A summary of the previously detected

proSAAS-derived peptides is shown in the top panel of Figure 1;

except for KEP and little LEN, all of these peptides were

detected in media from AtT-20 cells overexpressing proSAAS.

In the present study, the biosynthetic fate of proSAAS in PC-

12 cells was compared with that in AtT-20 cells by pulse–chase

analysis using a labelling time of 10 min, instead of the 20 min

used in a previous study of AtT-20 cells [24]. After labelling with

[$H]leucine, cells were either analysed immediately or subjected

to a 2 h chase before analysis. ProSAAS-derived peptides in cells

and medium were analysed by immunoprecipitation using anti-

serum raised against little SAAS or big LEN, representing the N-

terminal and C-terminal regions of proSAAS respectively (Figure

2). A 26 kDa protein that represents proSAAS is detected in both

PC-12 and AtT-20 cells following the 10 min pulse (Figure 2).

The intensity of this band is higher in the proSAAS-over-

expressing PC-12 cells compared with the wild-type PC-12 cells,

which presumably express proSAAS as gauged from the presence

of the mRNA in this cell line [24]. The proSAAS is no longer

detected with either of the antisera following a 2 h chase (Figure

2, upper and lower panels). A truncated form of approx. 22 kDa

is detected in the AtT-20 cells and in the media from both cell

lines using the antiserum raised against the N-terminus (Figure

2). In addition, a shorter approx. 3.4 kDa form is detected with

this antiserum in the medium from AtT-20 cells (Figure 2). The

complete absence of proSAAS following the 2 h chase indicates

that proSAAS can be processed efficiently in both AtT-20 and

PC-12 cells. To confirm that the PC-12 cells used in the study did

not express either PC1 or PC2, RNA from wild-type PC-12 cells

and the PC-12 cell lines overexpressing proSAAS was examined

by Northern blot analysis. No signal for either PC1 or PC2

mRNA could be detected (results not shown), consistent with a

previous report that this cell line does not express either enzyme

[36].

To examine the lower-molecular-mass forms of proSAAS

secreted from PC-12 cells, MS analysis of conditioned medium

was performed (Figure 3). Several peptides corresponding to the

predicted mass of proSAAS-derived peptides are detected in

medium from PC-12 cells overexpressing proSAAS (Figure 3,

lower panel). These peptides include big LEN, little SAAS, PEN,

big SAAS, PEN–LEN, proSAAS 246–260, proSAAS 40–59 and

proSAAS 186–218. Some of these peptides have been detected

previously in proSAAS-overexpressing AtT-20 cells [24] and}or

in the mouse brain [33]. Peptides with masses close to proSAAS

40–59 (2038.95) and PEN (2302.75) are detected in wild-type PC-

12 cells (Figure 3, upper panel) ; these ions might represent

endogenous proSAAS-derived peptides in this cell line.

Processing of proSAAS in AtT-20 cells and medium, and in PC-12
cells

In order to examine the extent of proSAAS processing in AtT-20

and PC-12 cells stably expressing high levels of proSAAS, peptide

extracts were subjected to gel-filtration chromatography, fol-

lowed by RIA with antisera raised against three different domains

of proSAAS. ir-SAAS is eluted as a single peak of approx. 2 kDa

with AtT-20 cell extracts and medium, and as two overlapping

peaks of approx. 3 and approx. 2 kDa with PC-12 cell extracts

(Figure 4). This suggests that, whereas SAAS is largely processed

to a single form in AtT-20 cells, two forms of SAAS are present

in PC-12 cells (Figure 4). ir-PEN is eluted as a peak of approx.

2–3 kDa both with AtT-20 cell extracts and medium and with

PC-12 cell extracts. ir-LEN is eluted as a small peak of approx.

10 kDa and a larger peak of approx. 2 kDa with AtT-20 cell

extracts, and as two distinct peaks of approx. 4 kDa and approx.

2 kDa with AtT-20 medium and PC-12 cell extracts (Figure 4).

Taken together, these results indicate that proSAAS is efficiently

processed in both cell lines, albeit to different extents.

RP-HPLC analyses of ir-proSAAS-derived peptides in AtT-20 and
PC-12 cells

To characterize the peptides further, gel-filtration fractions

representing the 1.5–3 kDa material were pooled and subjected

to fractionation on an RP-HPLC column. The majority of ir-
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Figure 1 Schematic diagram of proSAAS

ProSAAS-derived peptides previously found in AtT-20 cells or in the Cpe fat/Cpe fat mouse brain [24] are indicated in the top section of the Figure. ProSAAS-derived peptides detected in the present

study in AtT-20 cells or in PC-12 cells are indicated in the middle and bottom sections respectively. Filled-in boxes represent the major peptides ; open boxes represent less abundant ones. All

of the indicated peptides were detected by MS as well as by RIA following HPLC, as described in the Results section, and peptides PEN-20 and PEN-19 were also sequenced by MS/MS analysis,

as shown in Figure 6. The amino acid positions of the various peptides within rat proSAAS are : big (b-)SAAS, 34–59 ; little (l-)SAAS, 42–59 ; KEP, 34–40 ; b-LEN, 245–260 ; l-LEN, 245–254 ;

PEN, 221–242 ; b-PEN-LEN, 221–260 ; l-PEN-LEN, 221–254. R, arginine ; K, lysine.

Figure 2 Pulse–chase analysis of proSAAS in wild-type PC-12 cells (Wt),
two proSAAS-overexpressing PC12 cell lines (A5 and B4) and a proSAAS-
overexpressing AtT-20 cell line (41)

The cells were labelled for 10 min with [3H]leucine, ‘ chased ’ for 0 or 2 h, and the cell extracts

and medium were subjected to immunoprecipitation, as described in the Materials and methods

section using SAAS antiserum g2768 (N-term Ab ; upper gels) or LEN antiserum g87 (C-term

Ab ; lower gels). The positions of pre-stained molecular-mass markers (in kDa) are indicated

to the right of the gels. Similar results were obtained in two separate experiments.

SAAS in AtT-20 cell extracts and medium is eluted at the

position of little SAAS (Figure 5). In contrast, the ir-SAAS in

PC-12 cell extracts is eluted as two peaks corresponding to big

Figure 3 MS analysis of medium from wild-type PC-12 cells (upper panel)
or the B4 proSAAS-overexpressing PC12 cell line (lower panel)

The culture medium was analysed using MALDI–TOF analysis, as described in the Materials

and methods section. The theoretical masses are indicated in parentheses for various proSAAS-

derived peptides that are less than 0.015% different from the observed mass. Two additional

proSAAS-overexpressing PC-12 cell lines were examined with similar results.

SAAS and little SAAS (Figure 5, lower panel). Analysis of ir-

PEN by HPLC shows four distinct forms in AtT-20 cell extracts

and medium; two minor forms that are eluted between 40% and

45% (v}v) acetonitrile, and two major forms that are eluted
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Figure 4 Fractionation of cell extracts and media from proSAAS-overexpressing cell lines by gel-filtration chromatography on a Superdex Peptide 10/30
column

Top row : AtT-20 cell extracts. Middle row : AtT-20 media collected for 30 min in the presence (broken line) or absence (continuous line) of forskolin. Bottom row : PC-12 cell extracts. Aliquots

were analysed by RIA for SAAS (left column), PEN (middle column) and LEN (right column). Molecular-mass calibration standards are : cytochrome c, 12.4 kDa ; adrenocorticotrophic hormone,

4.6 kDa ; β-endorphin, 3.6 kDa ; α-melanocyte-stimulating hormone, 1.7 kDa ; dynorphin A-8, 1.0 kDa.

between 50% and 52% acetonitrile. The peak at 52% acetonitrile

has the same retention time as PEN (Figure 5). The other ir-PEN

peaks were analysed further by MS (described in detail below).

Of the four peaks of ir-PEN found in AtT-20 cell extracts, only

two are readily detected in PC-12 cell extracts, and their relative

ratios vary between the two cell lines (Figure 5). With respect to

ir-LEN, a single peak that has the retention time of big LEN was

seen in AtT-20 cell extracts and medium (Figure 5). Additional

ir-LEN peaks are present in PC-12 cell extracts ; one of these

might correspond to LEN lacking the N-terminal residue

(proSAAS 246–260), which was detected in the original MS

analysis of the medium (Figure 3).

A pool of the fractions representing approx. 3–4 kDa ir-LEN

and ir-PEN from the gel-filtration analysis was subjected to RP-

HPLC. This resulted in the elution of a single peak that contained

both ir-LEN and PEN immunoreactivities (results not shown).

Because the anti-LEN serum recognizes big PEN–LEN, but does

not cross-react with little PEN–LEN [33], these results suggest

that the approx. 3–4 kDa peak observed upon gel-filtration of

PC-12 cell extracts (Figure 4) corresponds to big PEN–LEN.

MS of peptides isolated from AtT-20 cells and medium

To confirm the identity of proSAAS-derived peptides in AtT-20

medium and cell extracts, HPLC fractions that contained the

peaks of immunoreactivity were subjected to MALDI–TOF-MS

analysis. Fraction no. 37 contains a peptide with an average [M®
H]+ mass of 1787.2 (cells) and 1786.53 (medium); this corresponds

to little SAAS (theoretical mass of 1786.03). A peak with an

average [M®H]+ mass of 2720.53 was identified inHPLC fraction

no. 35; this corresponds to big SAAS (theoretical mass of

2720.14). The ir-LEN in HPLC fraction no. 31 was identified as

big LEN, since the observed average [M®H]+ mass of 1747.07

(medium) and 1747.03 (cells) matches the theoretical mass of

1747.00 for this peptide. Fraction no. 47 contains a peptide with

an average [M®H]+ mass of 2303.58 (medium) and 2302.70

(cells) ; this corresponds to the full-length 22-residue form of

PEN (theoretical mass of 2302.63).

MALDI–TOF analysis of the other ir-PEN peptides in

fractions 35, 40 and 45 (representing peaks at 40%, 45% and

50% acetonitrile respectively) did not reveal any peptides with a

mass corresponding to that of the full-length PEN. Instead,

fraction 40 contained a peptide with an average [M®H]+ mass of

1934.84; this corresponds to the predicted mass of a 19-residue

form of PEN that lacks the three C-terminal residues of full-

length PEN (theoretical mass of 1935.15). To confirm this

assignment, the sample was subjected to tandem MS (MS}MS)

analysis with an electrospray ionization Q-TOF mass spec-

trometer (Figure 6A). The majority of the observed MS}MS

fragments match up with expected b- and y-series ions of this 19-

residue peptide (Figure 6A). We have designated this novel

peptide ‘PEN-19’, to distinguish it from the full-length 22-

residue form of PEN. Fraction no. 45 contains a peptide with an

average [M®H]+massof2047.86; this corresponds toa20-residue

form of PEN lacking the two C-terminal residues of full-length

PEN (theoretical mass of 2047.31). This assignment was also

confirmed by MS}MS analysis (Figure 6B), and this peptide has

been designated ‘PEN-20’. The identity of the ir-PEN peptide in
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Figure 5 HPLC analysis of the 1.5–3 kDa peak of ir-proSAAS-derived peptides following gel-filtration analysis of proSAAS-overexpressing cell lines

Shown are AtT-20 cell extracts (top row), forskolin-stimulated AtT-20 medium (middle row) and PC-12 cell extracts (bottom row). Gel-filtration fractions representing the peaks of ir-SAAS, ir-PEN

and ir-LEN were pooled and subjected to HPLC on a C18 column with a linear gradient of acetonitrile from 5–75% (broken line). The fractions were analysed for ir-SAAS (left column),

ir-PEN (middle column) and ir-LEN (right column). The lines on the top margin denote the elution positions of synthetic peptides (B, big form ; L, little form).

fraction 35 could not be determined, because of the relatively low

abundance of this peptide.

Stimulated release of proSAAS-processing products from AtT-20
and PC-12 cells

In order to determine whether proSAAS-derived peptides could

be released via the regulated secretory pathway, cell lines stably

expressing rat proSAAS were treated with different secreta-

gogues, and the medium was assayed for ir-SAAS, ir-PEN and

ir-LENbyRIA.A30 min treatment ofAtT-20 cells with forskolin

results in a large increase over basal secretion in all three peptides

(Figure 4, middle panels). Similarly, the secretion of all three

peptides from two different proSAAS-expressing lines of PC-12

cells is stimulated 3–10-fold by 56 mM KCl (Figure 7).

Regulation of proSAAS and PC1 mRNA expression

To examine whether the expression of proSAAS is co-regulated

with that of PC1, wild-type AtT-20 cells were incubated for

6 h with 8-bromo-cAMP or phorbol ester (PMA). These treat-

ments have been shown previously to increase PC1 mRNA levels

in other cell lines [37,38]. Northern blot analysis of AtT-20 cells

revealed that the mRNA level of PC1 was increased by approx.

60–80% with 8-bromo-cAMP, and by 40–60% with PMA

(Figure 8). This increase is statistically significant (P! 0.01 for

8-bromo-cAMP and P! 0.05 for PMA). In contrast, the mRNA

level of proSAAS was not affected significantly by either 8-

bromo-cAMP or PMA.

DISCUSSION

Neuroendocrine cell lines have proven to be a useful model to

identify the enzymes involved in the maturation of neuropeptide

and hormone precursors. In the present study, we have in-

vestigated the processing of proSAAS in cell lines containing

(AtT-20) and lacking (PC-12) the endopeptidases PC1 and PC2.

Although proSAAS was processed in both cell lines, there were

differences in the extent of the processing. In AtT-20 cells, the

proSAAS was mainly converted into little SAAS, big LEN, PEN

and PEN-20 (Figure 1). In contrast, big SAAS was not processed

as completely in PC-12 cells, with approx. 40% of the total ir-

SAAS peptides represented by big SAAS. Similarly, the relative

level of PEN-20 is much lower in PC-12 cells than in AtT-20 cells.

Neither PEN-19 nor the unidentified form of ir-PEN that was

eluted in HPLC fraction no. 34 was detected in the PC-12 cell

line. Both cell lines contained PEN–LEN, but at lower levels

than big LEN. On the basis of different processing profiles of

proSAAS in the AtT-20 and PC-12 cell lines, it is likely that PC1

and}or PC2 contribute to the processing of proSAAS to the

shorter peptides that are more abundant in the AtT-20 cells.

However, the finding that many of these peptides are produced
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Figure 6 Nano-electrospray ionization Q-TOF MS/MS analysis of the ion with a [M®H+] mass of 1934.84 in HPLC fraction no. 40 (A), and the ion with a
[M®H+] mass of 2047.86 in HPLC fraction no. 45 (B) of the AtT-20 medium

The spectra were acquired for 5–10 min with approx. 0.2–0.3 µl of sample. The indicated amino acid sequences were determined from the mass difference between the fragment ions.

in PC-12 cells indicates that neither PC1 nor PC2 is essential for

these cleavages. Most of the cleavage sites required to generate

the peptides found in PC-12 cells fit the consensus site for furin

[9]. Recently, purified furin was found to process bacterially

expressed proSAAS in �itro [39]. Although a detailed analysis of

the specific forms of proSAAS was not performed, the general

sizes of the products of furin cleavage correspond to big SAAS,

PEN–LEN and big LEN [39]. In addition to furin, it is possible

that other members of the PC family (such as PC5, PC7 and

PACE4) may participate in proSAAS processing.

A major finding of the present study is the identification of two

novel PEN-derived peptides. Previously, studies on the forms of

proSAAS peptides in the mouse brain detected ir-PEN peptides

that were eluted from RP-HPLC with similar retention times,

and presumably represent these two novel forms [33]. However,

due to the large number of peptides present in mouse brain, it

was not possible to identify these novel forms of PEN in the

previous study. Because the HPLC-purified samples from

proSAAS-expressing AtT-20 medium contained only a few

peptides upon analysis by MS, it was possible to perform

MALDI–TOF and Q-TOF MS}MS analyses and to identify two

of the peptides. Both correspond to C-terminally truncated

forms of PEN, one (PEN-20) lacking two residues, the other

(PEN-19) lacking three. When analysing peptides in medium,

one has to consider the possibility that the cleavages occur

following secretion, either by a cellular enzyme or a residual

enzyme from the serum (even though the cells were incubated in

serum-free medium for the collection period, small amounts

of serum proteases might still be bound to the cells). This is

unlikely to account for the finding of similar peptides in the

AtT-20 cell extracts (Figure 5) and mouse brain extracts [33].

Furthermore, because the cells and mouse brains were extracted

rapidly by boiling for 10 min in a protease inhibitor cocktail, it

is also unlikely that they represent post-extraction cleavages.
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Figure 7 Secretion of peptides from proSAAS-expressing PC-12 cells

Two independent cell lines (clone B4 and clone B6) were exposed for 30 min to either standard

Hepes-buffered Krebs–Ringer bicarbonate containing the normal amount of NaCl and KCl

(Cont), or to a similar buffer in which the KCl concentration was 56 mM and the concentration

of NaCl was decreased to maintain the same ionic strength. The medium was collected and

analysed by RIA, as described in the Materials and methods section. Error bars show the S.E.M.

for triplicate determinations.

It is not clear which enzymes are involved in the formation of

PEN-19 and PEN-20. The generation of PEN-20 requires cleav-

age between leucine and arginine, and the generation of PEN-19

requires processing between leucine and leucine, within the Leu-

Leu-Arg-Val#%# sequence (numbering system of human}rat

proSAAS). Although peptide processing frequently occurs at

basic residues, a large number of peptides also require cleavage

at non-basic residues [25,26,40–46]. Alternatively, it is possible

that PEN-19 and PEN-20 arise by carboxypeptidase trimming of

full-length PEN. When proSAAS was incubated with thrombin,

substantial cleavage was found to occur at Arg#%" of proSAAS,

even though this is not predicted to be a consensus site for

thrombin. Thus this region of the protein is presumably folded

into a protease-accessible domain. Cleavage at Arg#%", followed

by CPE action, would generate PEN-20. However, the formation

of PEN-19 would require either a carboxypeptidase to remove

leucine from PEN-20, or an endopeptidase to cleave full-length

PEN (or PEN–LEN) directly between the Leu-Leu sequence;

neither type of activity has been reported previously to be present

in the secretory pathway. The relative proportions of PEN, PEN-

Figure 8 Northern blot analysis of proSAAS mRNA from AtT-20 cells

Wild-type AtT-20 cells were grown in 150 mm dishes to 80–90% confluency, then incubated without (Cnt) or with 8-bromo-cAMP (8-Br) or PMA (TPA) for 6 h. The mRNA was isolated, and 10 µg

was separated on a formaldehyde/agarose gel, as described in the Materials and methods section. The 18 S rRNA was detected by ethidium bromide staining and proSAAS mRNA and PC1 mRNA

were detected using 32P-labelled riboprobes. Left panel : Representative autoradiogram of Northern blot analysis of PC1 and proSAAS mRNA. Right panel : images were quantified using the Java

Image analysis program, and the relative amount of PC1 or proSAAS mRNA was divided by the relative amount of 18 S rRNA. Error bars show the S.E.M. (n ¯ 4). Statistical analysis was performed

using Student’s t test (SigmaPlot, Jandel Scientific). *P ! 0.05 compared with the control ; **P ! 0.01 compared with control.

20 and PEN-19 vary between the two cell lines investigated,

suggesting that the enzymes that generate these different forms

are expressed at different levels in AtT-20 and PC-12 cells.

Another finding of the present study is that the peptides

derived from proSAAS are secreted from AtT-20 and PC-12 cells

via the regulated pathway. However, unlike some of the other

components of the regulated secretory pathway, proSAAS

mRNA levels are not altered by treatments that stimulate

secretion. For example, 8-bromo-cAMP and phorbol esters

increase PC1 mRNA levels, but do not affect proSAAS mRNA

levels (Figure 8). The lack of co-regulation of proSAAS and PC1

mRNA implies that PC1 enzyme activity can be modulated

independently of proSAAS. Examination of the promoter regions

of the proSAAS and PC1 genes shows no obvious similarities.

Although both genes lack TATA and CAAT boxes, the PC1

gene contains two cAMP-response elements that mediate the

effect of 8-bromo-cAMP on mRNA levels [47]. In contrast,

neither the mouse nor the human proSAAS genes contain

sequences resembling cAMP-response elements within several

hundred nucleotides of the promoter region.

Taken together, the results of the present study have impli-

cations for the role of proSAAS as an endogenous inhibitor of

PC1. Because PC1 is potently inhibited by proSAAS and

processing intermediates such as PEN–LEN, it was not pre-

viously clear how active PC1 could exist in cell lines that contain

equal amounts of the two proteins. Although PC1 has been

shown previously to cleave PEN–LEN into smaller peptides,

presumably PEN and LEN, this cleavage is extremely slow [32] ;

overnight incubation of PEN–LEN with a 10-fold excess of PC1

resulted in cleavage of only a fraction of the PEN–LEN peptide

(Y. Qian, F.-Y. Che and L. D. Fricker, unpublished work). The

finding that enzymes other than PC1 can process proSAAS into

PEN and big LEN provides a mechanism for the activation of

PC1. In this model, PC1 is inactive in the endoplasmic reticulum

and Golgi apparatus, due to both the sub-optimal environment

(neutral pH and relatively low Ca#+ levels) and the presence of

proSAAS. Subsequently, when proSAAS is cleaved into PEN

and LEN, the inhibition of PC1 by proSAAS is eliminated.

In addition to their function as endogenous inhibitors of PC1,

it is possible that various proSAAS-derived peptides perform

additional functions, perhaps as neurotransmitters. To test this

hypothesis further, it is essential to know the exact molecular

forms of the proSAAS-derived peptides that exist in �i�o. In this

respect, the identification of two novel C-terminally truncated
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forms of PEN is important for further studies investigating the

bioactivities of each of the proSAAS-derived peptides.
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