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Secretion of Metalloendopeptidase 24.15 (EC 3.4.24.15)
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ABSTRACT
The metalloendopeptidase EP24.15 (EC3.4.24.1 5) is a neuropeptide-metabolizing enzyme present in neural
and endocrine tissues, presumably functioning extracellularly. Because the majority of the EP24.15 activity
is identified in the soluble fraction of cellular homogenates, suggesting that the enzyme is primarily an intracellular protein, we addressed the issue of how EP24.15 arrives in the extracellular environment. We utilized
a model system of neuroendocrine secretion, the AtT20 cell. According to both enzymatic activity and immunologic assays, EP24.15 was synthesized in and released from AtT20 cells. Under basal conditions and after stimulation by corticotropin-releasing hormone or the calcium ionophore A23187, EP24.15 activity accumulated in the culture medium. This secretion was not attributable to cell damage, as judged by the absence
of release of cytosolic enzyme markers and the ability to exclude trypan blue dye. Pulse-chase analysis and
subcellular fractionation of AtT20 cell extracts suggested that the mechanism of EP24.15 secretion is not solely
via classical secretory pathways. Additionally, drugs which disrupt the classical secretory pathway, such as
Brefeldin A and nocodazole, blocked A23187-stim ulated EP24.15 release yet had no effect on basal EP24.15
release, suggesting differences in the basal and stimulated pathways of secretion for EP24.15. In summary,
EP24.15 appears to be secreted from AtT20 pituitary cells into the extracellular milieu, where the enzyme can
participate in the physiologic metabolism of neuropeptides.

INTRODUCTION

E

N D O -O LIG O PE PTID A S ES

represent a distinct subclass of neuropeptide-metab olizing enzymes, exhibiting a restricted
size selectivity for neuropeptides containing 8 to 17 amino acids
(Oliveira et al., 1976; Camargo et al., 1997). These enzymes
are easily distinguishable from other metallopeptidase s, such as
neutral endopeptidase 24.11 or angiotensin I-converting enzyme, on the basis of their substrate and inhibitor specificity.
The metalloendopep tidase 24.15 (EC 3.4.24.15; EP24.15) was
initially described as endo-oligopeptida se A (Endo-A; formerly
EC 3.4.22.19), a cytosolic thiol-dependent endopeptidase present in rabbit brain and responsible for the hydrolysis of the
Phe 5 -Ser6 bond of bradykinin (Camargo et al., 1973; Carvalho
and Camargo, 1981). Subsequently, a cytosolic, thiol-activated
metalloendopep tidase similar to Endo-A was isolated from rat
brain (Orlowski et al., 1983). Both enzymes were later classified as EC 3.4.24.15 (reviewed in Barrett et al., 1995). The
EP24.15 enzyme is a soluble, 77-kDa endopeptidase, with an
isoelectric point of 5.6 and a pH optimum of 7 (Orlowski et al.,
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1983). The enzyme is broadly distributed, with high levels in
neural and endocrine tissues such as brain, pituitary, ovary, and
testis (Chu and Orlow ski, 1985). In the brain, the enzyme is
widely expressed but is enriched in areas such as the hippocampus and neuroendocrine hypothalamus (Oliveira et al.,
1990; Healy and Orlowski, 1992; Wu et al., 1997).
Several neuropeptides are degraded/ processed by EP24.15,
such as bradykinin, neurotensin, and gonadotropin-relea sing
horm one. Processing of the enkephalin-conta ining peptides, a and b -neoendorphin, dynorphin 1–8, Met-enkephalin- Arg-GlyLeu, and metorpham ide to Met-/Leu-enkephalin has also been
documented (Acker et al., 1987). Recently, EP24.15 has been
implicated in the cleavage of nociceptin/ orphanin FQ, an opioid receptor-like ligand (Montiel et al., 1997). Thus, this mainly
cytosolic enzyme must access the outside of the cell to elicit its
well-characteriz ed neuropeptide degrading/ processing capabilities. Cell fractionation studies show the EP24.15 enzyme is
present in a minor form in the particulate subcellular fractions
(Acker et al., 1987; Oliveira et al., 1990), but the reported amino
acid sequences derived from cDNA clones isolated from sev-
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eral species do not contain a classical secretory signal for a secreted protein. Previous studies indicate calcium-independ ent
secretion of EP24.15 from C6 glioma cells (Ferro et al., 1993).
In the present work, we utilized a well-described cell line
model to better characterize the extracellular appearance of
EP24.15, a basic requirement allowing this endopeptidase to
participate in physiologic neuropeptide metabolism . The anterior pituitary AtT20 cell line was particularly useful for our
studies because it contains EP24.15 enzymatic activity and immunoreactivity (Molineaux et al., 1988), and both the constitutive and regulated secretory pathways have been well characterized (Burgess and Kelly, 1987). Our present results suggest
that EP24.15 is released from AtT20 cells in a manner which
includes both the classical secretory pathways and an as yet undescribed secretory route.

MATERIALS AND METHODS
Fluorim etric EP24.15 enzyme activity assay
The EP24.15 enzymatic activity was determined fluorimetrically using the substrate Abz-G GFLRRV-EDDnp (QF7; Juliano et al., 1990). The QF7 substrate, a quenched fluorescent
analog of dynorphin A (1–8), is cleaved at the L–R bond. To
discern peptidolytic activity exclusively attributable to
EP24.15, the inhibitors N-(1-(R,S)-carboxyl-2-phenyle thyl)AAF-p-amino-benzoate (CFP-AAF-pAB) or Pro-lle or both
were used. All enzym atic determ inations were conducted under linear conditions, where product formation is directly proportional to enzyme concentration and obeys first-order kinetic
parameters with , 10% of the total substrate consumed during
the course of the assay. The Abz-GG FL fluorescent product
was used as a calibration standard. The enzyme assays were
conducted in a final volume of 100 m l containing 10 to 50 m l
of EP24.15 derived from cell extract/ medium , 13 m M of QF7,
1 mM b -mercaptoethano l, and TBS (0.025 M Tris HCl, pH 7.4;
0.125 M NaCl) adjusted to a total volume of 100 m l. After 30
min, the reactions were terminated with 1.9 ml of 80 mM
sodium formate, pH 4.0. A milliunit of EP24.15 activity is defined as the amount of the enzyme (inhibited by CFP-AAFpAB but not by Pro-lle) able to hydrolyze 1 nmol of
QF7/min/per milliliter at 37°C, pH 7.5, in TBS containing 1
mM b -mercaptoethano l.

Cell culture conditions and media/cell
extraction of EP24.15
The AtT20 anterior pituitary cell lines were cultured in Dulbecco Modified Eagle Medium (DMEM; Life Technologies,
Grand Island, NY) containing 5% fetal bovine serum (FBS),
penicillin G 50 U/ml, and streptomycin sulfate 50 m g/ml (com plete medium; Life Technologies, Grand Island, NY) and incubated at 37°C in a humidified atmosphere consisting of 5%
CO 2 and 95% air. Basal and stimulated secretion of EP24.15
was determined by incubating the cells in DMEM containing
0.1% dialyzed bovine serum albumin (BSA) in the presence
(stimulated) or absence (basal) of either calcium ionophore
A23187 (15 m M) or corticotropin-relea sing hormone (CRH; 10
nM). Prior to each experiment, cells were rinsed three times
with fresh DMEM containing 0.1% BSA for 1 h. An appropri-

ate volume of DMEM/0.1% BSA medium was incubated for
the same period of time in order to equilibrate the CO 2 concentration and pH. After the 1-h period, preequilibrated
DMEM/0.1% BSA 0.5 ml/cm 2 was used to replace the medium .
At intervals of 15, 30, and 60 min or after a 60-min incubation
with the cells, the medium was removed, centrifuged for 30 sec
at 14,000 3 g to remove any cells or debris, and stored at
2 20°C until analyzed. Storage at 2 20°C for 2 weeks did not
alter the enzyme activity of either EP24.15, cytosolic enzyme
markers, or b -endorphin (data not shown).
Nocodazole (30 m M) or Brefeldin A (30 m M) were incubated with the cells in DMEM/0.1% BSA medium for 2 h. After the 2-h period, the medium was removed, and either nocodazole or Brefeldin A was again added to the cells in the
presence or absence of A23187 (15 m M) with fresh
DMEM/0.1% BSA. The medium was collected 1 h later, centrifuged to remove any cell debris, and stored at 2 20°C until
the assays were made.

Subcellular fractionation and equilibrium density
gradient centrifugation
After removal of the culture medium, cells were rinsed at
room temperature three times with phosphate buffered saline
(PBS) 1 Mg 1 2 , scraped in the same buffer with a rubber policeman, transferred to a plastic tube, and centrifuged at 800 3
g for 5 min at room tem perature. Cells were then resuspended
in 1 to 2 ml of ice-cold PBS/Mg1 2 and hom ogenized in an ice
bath using a Potter-Elvehje m homogenizer equipped with a
Teflon pestle. Nuclear, membrane, and cytosolic fractions were
prepared as previously described (Roberts and Herbert, 1977).
Ficoll equilibrium density gradient centrifugation was performed as previously described (Cramer and Cutler, 1992).
Briefly, the AtT20 cell homogenate was centrifuged for 5 min
at 11,000 rpm in a microfuge at 4°C. The post-nuclear supernatant liquid was gently layered on the top of a 1% to 16% linear Ficoll gradient and then centrifuged at 4°C for 45 min at
30,000 rpm in a Beckman SW40Ti rotor, b -Endorphin radioim munoassays were conducted as described by the manufacturer (Peninsula Laboratories, Inc) using the Bridgette antibody (kindly provided by Dr. R. Allen, Oregon Health Sciences
University). This antiserum recognizes b -endorphin and its precursors, b -LPH and proopiomelanoc ortin (POMC), on an
equimolar basis and thus marks both secretory granules and
rough endoplasm ic reticulum/Golgi apparatus, where POMC is
synthesized and processed, making this a marker for the entire
secretory pathway. Fractions 2 to 5, containing the majority of
the b -endorphin, were layered onto a 16% to 40% linear Ficoll
gradient and centrifuged at 4°C for 17 h at 25,000 rpm in a
Beckman SW40Ti rotor. Fractions of 1 ml each, starting from
the bottom of the gradient, were collected and assayed for b endorphin and EP24.15 enzymatic activity and protein.

Determination of lactate dehydrogenase and
glucose-6-phosphate dehyrogenase
The LDH enzym atic activity was determined in AtT20
medium and cell extracts as described above with modifications
(Schwartz and Bodansky, 1966), and the proportion of LDH activity released into the medium during the experimentation relative to LDH activity in the cell homogenate is referred to as
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“percent of cell leakage.” One milliunit of LDH is defined as
the amount of enzyme necessary to change one optical density
(OD) unit at 340 nm/min per milliliter in PBS (0.1 M phosphate buffer, pH 7.5) containing 1.1 mM sodium pyruvate and
0.24 mM b -NADH. Assay data were collected on an SLT 340
ATTC plate reader (TECAN, Research Triangle Park, NC) with
96-well capacity equipped with a kinetic software package.
Glucose-6-phosp hate dehydrogenase (G6PD) activity was
quantitated utilizing glucose-6-phosph ate as a substrate (Lee,
1982).

conducted using either rabbit preimmune antiserum or excluding the primary antiserum in the first step; in both cases, no
EP24.15 protein bands were observed.

Trypan blue exclusion assay
Cells were rinsed with PBS and treated with 0.2% trypan
blue in PBS for 90 sec. Excess dye was removed, and the cells
were washed twice more with PBS and counted. The positive
control consisted of a plate of cells treated with 50% ethanol
for 1 min to permeabilize the cell membrane and then stained
with the dye as described above. In this control, . 99% of the
cells took up trypan blue.

Protein concentration determination
The protein concentration in cell extracts and subcellular
fractions was determined by the Bradford assay (Bradford,
1976) using BSA as the standard.

Affinity-purified antirecombinant rat testis
EP24.15 antiserum
A rabbit antiserum directed against rat EP24.15 was produced from the recombinant EP24.15 prepared and affinity purified with modifications as previously described (Glucksm an
and Roberts, 1995). The expressed GST–rat EP24.15 fusion
protein affinity column was washed first with TBS and then
with TBS containing 2 M KCl, and bound antibody was eluted
with freshly prepared Nal (5 M) containing sodium thiosulfate
(1 mM). Affinity-purified antirecom binant rat testis EP24.15
antibody was dispensed and stored at 2 20°C. There was no apparent crossreactivity (, 1000 fold) of this affinity-purified antiserum with the recombinant expressed enzyme EP24.16,
kindly supplied by L. Hersh (University of Kentucky) (data not
shown).

Western immunoblott ing
Media samples obtained from AtT20 cells were concentrated
20-fold by ultrafiltration (Centricon C-30, Amicon, Beverly,
MA), subjected to 8% SDS-PAGE (Laemmli, 1970), and electroblotted to a nitrocellulose membrane (Towbin et al., 1979)
for 18 h at 35 mA using a Bio-Rad Trans-Blot cell. The amount
of the concentrated medium used for Western immunoblotti ng
represents 25% of the medium from a 10-cm plate. The nitrocellulose membranes were subsequently incubated in 150 mM
NaCl, 1 mM EDTA, 30 mM Tris HCl buffer, pH 7.3; 0.05%
Tween 20, and 4% BSA for 2 h at room temperature prior to
incubation for 2 h at 4°C with the primary affinity-purified antiserum 1:2000 and subsequently probed with 125 -I-anti-rabbit
IgG secondary antibody (NEN-Dupont, Bedford, MA). Washing steps were perform ed at room temperature using TBS containing 0.15% Tween 20; the samples were blotted dry and exposed to X-ray film at 2 80C°. Control experiments were

Pulse-chase and immunoprecipitation experiments
AtT20 cells were grown in 12-well plates with DMEM containing 5% FBS. Cells were rinsed three times and pulse-labeled with fresh pregassed (Cys and Met)-free DMEM/1% dialyzed FBS containing 150 m Ci of 35 S-methionine/ cysteine
labeling mix (NEN-Dupont, Bedford, MA) for 60 min. After
60 min, the labeling medium was removed, and the cells were
rinsed and incubated with 1 ml of regular DMEM complete
medium for a 0 to 48-h chase period and then harvested in 0.5
ml of NET buffer (150 mM NaCl, 10 mM Tris Cl, pH 7.6; 1
mM EDTA) containing protease inhibitors. The cells were homogenized by 20 strokes using a Potter-Elvehje m hom ogenizer.
The hom ogenate was centrifuged at 14,000 3 g for 20 min, and
the supernatant liquid (soluble fraction) was rem oved and com plemented with detergent to form 1 3 RIPA buffer (150 mM
NaCl, 0.1% SDS, 1% deoxycholate, 1% Triton X-100, 10 mM
Tris Cl, pH 7.6; 1 mM EDTA). The remaining pellet (particulate fraction) was then solubilized in 1 3 RIPA.
The following procedures were used in both the pulse-chase
experiments and immunoprecipi tation of secreted EP24.15. For
the immunoprecip itation procedures, particulate, soluble, and
medium fractions were first clarified by centrifugation at
14,000 3 g for 5 min, and the supernatant liquid was incubated
for 60 min in the presence of 20 m l of protein A-agarose (Sigma)
to remove nonspecifically bound material. After centrifugation
for 2 min at 10,000 3 g, 0.45 ml of the supernatant liquid was
removed and incubated for 2 h at 4°C in the absence (controls)
or presence of 1 m g (5 m l) of the affinity-purified anti-EP24.15
antibody. Again, any nonspecific aggregates were removed by
centrifugation at 14,000 3 g, and the supernatant liquid was incubated for 20 min in the presence of 20 m l of protein A-agarose
and then recentrifuged. For characterization of the specific
EP24.15 activity cleaving the QF7 substrate, the supernatant
liquid was removed and used to quantify EP24.15 activity as
described above.
For the pulse-chase experiments, the pellet was washed two
times with 1 ml of cold 13 RIPA buffer and once with a highsalt NET buffer (250 mM NaCl, 25 mM Tris Cl, pH 7.6; 5 mM
EDTA). The protein A/antibody/ EP24.15 complex was then disrupted by heating at 95°C in 50 m l of SDS-PAGE sample buffer.
Protein separations were conducted in an 8% polyacrylamide
SDS-PAGE electrophoresis. Control experiments performed with
recombinant EP24.15 protein indicated that as much as 50 ng of
pure protein could be quantitatively precipitated under the above
conditions (data not shown). Gels were dried and then exposed
to film at room temperature. Quantitation of the radioactivity per
protein band was conducted utilizing a PhosphorImager analyzer
(Molecular Dynamics, Sunnyvale, CA).

Statistical analysis
Secretion studies were routinely performed in triplicate from
separate dishes of cells. Student’s t-test was used to compare
samples with the control culture, and significance was set at
p , 0.05.
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RESULTS
Secretion of EP24.15 from AtT20 cells occurred during culture in regular medium (basal secretion) and was stimulated
with either a physiologic dose of CRH (10 nM) or the calcium
ionophore A23187 (15 m M) (Fig. 1A). Release of EP24.15 protein into the medium by AtT20 cells was time dependent, as

suggested by the Western blot experiments (Fig. 1B) and the
pulse-chase experiments (Fig. 2) in parallel with the appearance
of EP24.15 enzymatic activity (data not shown).
Addition of the EP24.15 inhibitor CFP-AAF-pAB (3 m M)
com pletely abolished QF7 substrate hydrolysis by the medium
recovered after 1 h of incubation with AtT20 cells or in cells
stim ulated with CRH or A23187 (data not shown). Secretion

A

B

C

FIG. 1. Characterization of EP24.15 secretion from AtT20 cells. (A) EP24.15 enzym e activity was measured in medium collected after incubating the cells for 1 h in the absence (basal) or presence (stimulated) of CRH (10 nM) and A23187 (15 m M).
The EP24.15 activity was assayed with the QF7 substrate as described in Materials and Methods. The effect of the dipeptide
Pro-lle (a selective inhibitor of EP24.16) on the hydrolysis of QF7 by medium from AtT20 cells was quantitated. Results are expressed as medium activity 6 SD of four individual determinations in duplicate. (B) Western immunoblot analysis of medium
(see Materials and Methods) from A23187-stimu lated AtT20 cells conducted with the affinity-purified EP24.15. (C) Immunopreciptation to remove the EP24.15 enzyme was performed with affinity-purified EP24.15 antiserum. Results are medium 6 SD
of four individual determinations in duplicates.
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FIG. 2. Pulse-chase of metabolically labeled AtT20 cells followed by immunoprecipi tation of EP24.15. AtT20 cells were pulsed
with 35 S(Met 1 Cys) and chased for various times up to 48 h, and EP24.15 was immunoprecipitated from subcellular fractions
(described in Materials and Methods) for subsequent quantitation by PhosphorImag er analysis. The data represent the mean of
two independent experiments.

of the endopeptidase EC 3.4.24.16 (EP24.16) was not detected
in our experiments using the QF7 substrate, as there was no
significant change in the substrate hydrolysis on addition of 5
mM Pro-lle, an EP24.16 inhibitor (Dauch et al., 1991) (Fig.
1A). This observation is supported by immunoprecip itation of
the medium with an affinity-purified EP24.15-spec ific antiserum , which removed all QFS hydrolyzing activity (Fig. 1C)
under both basal and A23187-stimu lated conditions. Additional
results obtained with the neutral endopeptidase 24.11 inhibitor
phosphoramidon (10 m M) and the angiotensin-conv erting enzym e inhibitor captopril (10 m M) also indicated that these metalloenzym es are not contributing to the catabolism of the QF7
substrate.
The possibility of nonspecific release of EP24.15 from
AtT20 cells secondary to cell damage was evaluated. The cellular and medium content of enzymatic activity for EP24.15
and LDH, a cytosolic enzyme marker, were measured under
basal conditions and after stimulation with CRH or A23187.
Under basal conditions, 3.4% (0.071 6 0.008 mU) of cellular
EP24.15 activity was secreted after 1 h of incubation from a total enzym e activity in the AtT20 cells of 2.1 6 0.4 mU. After
a 60-min stimulation with A23187, the specific EP24.15 activ-

ity secreted into the medium (0.177 6 0.016 mU) represented
8.4% of the total cell extract activity (2.1 6 0.4 mU). No LDH
activity could be detected in the incubation medium of AtT20
cells in the first hour under basal or CRH-stimulated conditions.
After A23187 ionophore stimulation of the cells, LDH activity
in the medium increased to 2% (0.015 6 0.01 mU) of the total
cell activity (0.69 6 0.02 mU). Results consistent with these
observations were also obtained measuring another cytosolic
marker, G6PD (data not shown). Furtherm ore, trypan blue exclusion indicated that after a 60-min treatment with either CRH
or A23187, . 99% of the cells rem ained viable. Neither CRH
nor A23187 added to the assay medium by itself directly affected the enzym atic activity measurem ents for either EP24.15
or LDH (data not shown).
The time course of basal secretion of newly synthesized
EP24.15 was then investigated using a pulse-chase paradigm .
To analyze for possible constitutive secretion of EP24.15,
AtT20 cells were pulse-labeled with 35 S(Met1 Cys) for 1 h and
chased for various times (0–48 h; Figure 2). The immunoprecipitated 35 S(Met 1 Cys)-labeled EP24.15 migrated at M r 77
kDa (Fig. 2, top panel). The majority of pulse-labeled EP24.15
was maintained within the AtT20 cells during the first hours
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after the 35 S(Met1 Cys) pulse, and only after 6 to 12 h of chase
did detectable 35 S(Met 1 Cys)-labeled EP24.15 appear in the
medium (Fig. 2). The increase of EP24.15 in the medium occurred concomitantly with and proportionally to a decrease in
both soluble and particulate (crude membrane) 35 S(Met1 Cys)labeled EP24.15 fractions (Fig. 2).
Ficoll gradient equilibrium density centrifugation experiments suggested the presence of EP24.15 enzyme activity and
immunoreactivity in the secretory pathway. An initial 1% to
16% Ficoll gradient was ultracentrifuged, and the fractions that
contained the bulk of b -endorphin, a marker for secretory pathway vesicles, were collected. As expected for a predominantly
cytosolic protein, EP24.15 was enriched in the top gradient fractions; however, 15% of the activity was distributed in the denser
fractions (3–5 from the bottom), where the b -endorphin content was concentrated (data not shown). In the subsequent 16%
to 40% Ficoll gradient, fractions 3 to 5 from the first Ficoll gradient were further analyzed; b -endorphin immunoreactiv ity was
detected in fractions 4 to 10 (Fig. 3). The EP24.15 activity overlap with b -endorphin occurred in fractions 7 to 10 (Fig. 3). A
similar distribution pattern was observed when EP24.15 protein content was developed by Western blots (Fig. 3, upper
panel). Although equal amounts of each fraction were analyzed,
the Western immunoblot signal in this figure is a qualitative,
not quantitative, reflection of EP24.15 protein. Thus, there is
overlap between EP24.15 and a portion of the b -endorphin, a
marker for the classical secretory pathway components in
AtT20 cells.
The effect of inhibitors of intracellular vesicular trafficking
(disrupting the classical secretory pathways) on the specific
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EP24.15 activity secreted by AtT20 cells is shown in Figure 4.
Brefeldin A, which blocks protein transport from the ER to the
Golgi apparatus, and nocodazole, which inhibits vesicular transport by dissociating microtubules, were utilized. Neither nocodazole nor Brefeldin A altered basal EP24.15 secretion from
AtT20 cells after 1 h of treatm ent (Fig. 4A). However, both
brefeldin A and nocodazole efficiently blocked A23187-stim ulated EP24.15 secretion from AtT20 cells (Fig. 4A). Secretion
of a peptide marker from secretory vesicles, b -endorphin, was
similarly analyzed with basal or CRH-stimulated release, in the
presence of either nocodazole or brefeldin A, which both
blocked CRH-stim ulated release (Fig. 4B).

DISCUSSION
The biologic action of neuropeptides is terminated extracellularly by proteolytic enzymes, which must have the catalytic
site situated at or beyond the outer surface of the plasma membrane (Medeiros and Turner, 1994). Whereas some neuropeptidases, such as neutral endopeptidase or angiotensin-converting
enzyme, are bound to the membrane via a hydrophobic transmembrane segment and contain ectodomains with catalytic activity, EP24.15 does not contain this membrane anchoring motif. Earlier studies using C6 glioma cells suggested that EP24.15
can be released into the medium (Ferro et al., 1993), but these
cells do not represent a refined model of regulated secretion.
Therefore, in the present study, we investigated the release of
EP24.15 into the extracellular medium in a well-established cell
culture system for examining secretion: AtT20 cells.

FIG. 3. EP24.15 enzyme activity and immunoreacti vity after fractionation of AtT20 cells. Cells were hom ogenized as described
in Materials and Methods. Fractions (1 ml) from the second 16% to 40% Ficoll gradient, starting from the bottom of the gradient, were collect using a needle and assayed for b -endorphin and EP24.15 enzyme activity and immunoreactivity (upper panel),
as detailed in Materials and Methods.
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FIG. 4. Pharm acologic modulation of EP24.15 and b -endorphin basal and stimulated secretion. The AtT20 cells were
grown to 70% to 80% confluence and preincubated for 2 h in
DMEM containing 0.1% dialyzed BSA with 30 m M of either
brefeldin A or nocodazole. The medium was replaced with fresh
medium containing the same concentration of nocodazole or
Brefeldin A, with or without 15 m M A23187, assaying for
EP24.15 activity (A) or adding 10 nM CRH and measuring b endorphin secretion (B). After a 1-h incubation, the medium
was removed, briefly centrifuged, and kept at 2 20°C until the
enzyme assay or RIA was performed. Data are the average 6
SD of four independent determinations. Significance was calculated using a two-tailed t-test. p , 0.001 compared with
A23187 or CRH alone.
Several lines of evidence indicate that EP24.15 is secreted
from AtT20 cells, and that this secretion can be regulated. The
QF7 degrading activity released under basal conditions or after CRH treatment of AtT20 cells appeared to be attributable
solely to EP24.15, as judged by the complete inhibition by
either CFP-AAF-pAB inhibitor addition or by immunoprecipitation using the affinity-purified anti-EP24.15 antiserum .
Confirming EP24.15 release into the medium , Western immunoblotting of concentrated medium exhibited an EP24.15immunoreactive 77-kDa band which increased in intensity as
the enzyme activity increased over time.
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Secretion of EP24.15 under basal conditions was shown to
be attributable mainly to specific release and not to cell leakage, as activity of the cytoplasmic enzymes LDH and G6PD
was not found in the medium during the time course of our experiments. The ability of these cells to completely exclude trypan blue before CRH or A23187 treatment also suggested that
basal release of EP24.15 into the medium was not a consequence of cell death. After CRH or A23187 treatment, there
was an increase in LDH and G6PD activity in the medium that
might explain some of the EP24.15 appearance if it was secondary to cell leakage. However, only 2% of the intracellular
LDH or G6PD activity appeared in the medium compared with
8.4% of the total EP24.15, suggesting that only about 20% of
EP24.15 secreted into the medium under CRH or A23187 treatments could be attributed to a nonspecific mechanism such as
cell lysis. Taken together, these results suggest that EP24.15 is
secreted by AtT20 cells in the basal state and release is enhanced by factors known to stimulate b -endorphin release.
The protein motif(s) responsible for aiding EP24.15 translocation into the medium is (are) unknow n. The prim ary amino
acid sequence of rat testis EP24.15, as deduced from its cDNA,
contains neither a signal peptide sequence nor a putative transmembrane hydrophobic domain for protein translocation between subcellular compartments (Pierotti et al., 1990). Similar
conclusions come from sequence analysis of putative EP24.15
from other species (Barrett et al., 1995). Whereas most proteins
destined for secretion are made on membrane-bound ribosomes
and enter either the regulated or the constitutive vesicular pathway, there are anom alies. A nonclassical secretory pathway has
been suggested for proteins destined for secretion that lack
known signals to enable them to traverse membranes. This
route, obviating a path through the ER for secretory proteins
lacking hydrophobic signals, allows synthesis of these proteins
in the cytosol, followed by their exit from the cell in mature
form (Kuchler and Thorner, 1990). Other secretory proteins that
lack signal sequences yet traverse the plasma membrane are the
lectin L29 (Lindstedt et al., 1993), yeast pheromone a-mating
factor (McGrath and Varshavsky, 1989), acidic and basic fibroblast growth factors (a- and b-FGF) (Mignatti et al., 1992;
Cao and Petterson, 1993; Florkiewicz et al., 1998), interleukin
1 a and 1 b (Hazuda et al., 1988; Rubartelli et al., 1990; Hamon
et al., 1997), and EP24.16 (Vincent et al., 1996). Export of the
yeast a-factor and interleukin 1 b appear to rely on ATP-dependent membrane proteins related to the ABC transporter,
STE6 (Endicott and Ling, 1989; Michaelis, 1993; Hamon et al.,
1997). Secretion of the related enzym e, cytosolic EP24.16, was
dem onstrated in astrocyte cultures (Vincent et al., 1996), but
the secretory mechanism has yet to be described.
Our studies on EP24.15 suggest that its appearance in the
medium of AtT20 cells under either stim ulated or basal conditions could be only partially explained by transit through the
classical secretory mechanism. Temporally, proteins entering
the constitutive secretory pathway are synthesized and secreted
within the first few hours, whereas protein secreted via the regulated secretory pathway can rem ain intracellular for hours to
days after synthesis (Steiner, 1991). In AtT20 cells, pulse-chase
labeling studies on the POMC peptide system, which utilizes
both pathways, showed that stably labeled POMC precursor (a
marker of the constitutive pathw ay) was chased completely out
of the cell within 4 h (Eipper and Mains, 1980; Roberts et al.,
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1978), indicating that the constitutive pathway has been turned
over after this time. Because our work indicates that at least 6
h of chase time is necessary for 35 S(Met1 Cys)-labeled EP24.15
to appear in the medium (see Fig. 2) and basal EP24.15 release
is unaffected by the classical secretory pathway inhibitors, the
constitutive secretory pathway probably is not a significant
route through which basal EP24.15 secretion occurs.
Importantly, EP24.15 is not localized exclusively in the cytosolic compartment of AtT20 cells, as demonstrated by pulsechase experim ents (Fig. 2). A portion (15%–20%) of the enzym e appears to be present in vesicular com ponents, as both
enzyme activity and immunoreactiv e protein colocalize with b endorphin in Ficoll density gradient centrifugation (Fig. 3). The
b -endorphin marker exhibits a broader distribution on the gradient, as the antibody also recognizes the unprocessed precursor protein in the ER/Golgi apparatus. Thus, we interpret the
overlap of this portion of the marker as indicative of its presence in the secretory pathway as a whole. Therefore, stimulated
secretion of EP24.15 could be attributable to the exocytosis of
secretory granules containing the enzym e. How the enzyme enters secretory granules is unclear without a signal sequence to
target these organelles. Possibly, the nonclassical mechanism
discussed above for a- and b-FGF, interleukin 1 b , etc. concentrates EP24.15 in the vesicular secretory machinery.
Pretreatment of AtT20 cells with brefeldin A, blocking trafficking from the ER to the Golgi apparatus, inhibited , 75% of
calcium ionophore (A23187)-stimulated EP24.15 secretion, with
no effect on basal enzyme secretion. Nocodazole, known to disrupt microtubules, which in turn are necessary for vesicular movement from the trans-Golgi network to the plasma membrane, also
inhibited A23187-stimulated EP24.15 secretion, without effect on
basally secreted EP24.15 (see Fig. 4A). The inhibitory effects of
either brefeldin A or nocodazole only on EP24.15-stimulated secretion suggests a role of EP24.15 transiting through the classical
secretory pathway, similar to b -endorphin. Immunocytochemical
evidence has recently shown EP24.15 to be present in the classical, regulated secretory pathway (Garrido et al., 1999). The findings presented in this paper support this finding with respect to
the classically secreted EP24.15.
Other evidence supports the observation that at least a portion of the secreted EP24.15 is derived from the cytoplasm (see
Fig. 2). After the labeling 35 S-Met/Cys pulse, only , 20% of
the newly synthesized EP24.15 was associated with the particulate (vesicular) fraction, whereas . 40% of the pulse-labeled
material appeared in the medium. Indeed, it appears that both
the soluble and the particulate fractions are contributing to the
labeled enzyme appearing in the medium.
Despite the lack of evidence for a membrane-targeting motif in the EP24.15 sequence (Pierotti et al., 1990), there is a
possibility that other forms of EP24.15 exist to target the enzym e to the secretory pathway and then to the extracellular milieu (see Fig. 1). The related enzym e EP24.16 exhibits alternate
transcriptional start sites and alternatively spliced transcripts,
producing multiple mRNAs (Kato et al. 1997). These mRNAs
encode distinct forms of the EP24.16 enzyme, shown to target
either the mitochondria or the cytosol (Kato et al., 1997). The
porcine EP24.16 gene encodes neither a signal peptide sequence
nor any other hydrophobic sequence (Kato et al., 1997), similar to EP24.15, but EP24.16 secretion and membrane association have also been reported (Vincent et al., 1997). Therefore,
it is possible that both rat EP24.15 and EP24.16, which share
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63% identity at the amino acid level, are using nonclassical
routes to enter the secretory pathway and to associate with the
plasm a membrane. Alternatively, there exists for both EP24.15
and EP24.16 another form of the enzym e containing distinct
structural determinant(s) for alternate targeting paths. Ongoing
studies are exploring this possibility.
Taken together, the data indicate that EP24.15 can be secreted in a time-dependent and regulated fashion for relevant
physiologic action in the extracellular environment. The mechanism of secretion appears to involve the classical, regulated
secretory pathway, with a major contribution from a nonclassical secretory component. It is hoped that further investigation
will aid in a better understanding of the molecular and cellular
basis of EP24.15 translocation.
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