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Abstract
Background/Aims—The endopin serpin protease inhibitors have been identified by molecular
studies as components of secretory vesicles that produce neuropeptides. Endopin 1 inhibits trypsin-
like serine proteases, and endopin 2 inhibits cathepsin L that produces neuropeptides in secretory
vesicles. To assess the secretory vesicle and neuroendocrine tissue distribution of these endopins,
the goal of this study was to define specific antisera for each endopin isoform and to examine their
localization with neuropeptides and in neuroendocrine tissues.

Methods—These studies utilizes methods consisting of western blots, immunoelectron microscopy,
and immunofluorescence microscopy for evaluation of the localization of endopin protease inhibitors
in neuroendocrine tissues.

Results—Immunoelectron microscopy with these selective antisera demonstrated the localization
of endopins 1 and 2 within secretory vesicles of adrenal medulla (bovine). Cellular
immunofluorescence confocal microscopy illustrated the high level of colocalization of endopins 1
and 2 with enkephalin and NPY neuropeptides that are present in secretory vesicles of adrenal
medullary chromaffin cells in primary culture. Tissue distribution studies (by western blots) showed
the expression of endopins 1 and 2 in bovine brain, pituitary, adrenal medulla, and other
neuroendocrine tissues.

Conclusions—These results implicate endopins 1 and 2 as endogenous protease inhibitors in
neuropeptide-containing secretory vesicles and neuroendocrine tissues.
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Introduction
Investigation of endogenous protease inhibitors in neuropeptide-secretory vesicles of bovine
adrenal medullary chromaffin granules indicated the presence of serpins detected by antisera
to human α1-antichymotrypsin (ACT). Molecular cloning of these endogenous ACT-like
serpins, however, revealed two distinct isoforms of endogenous serpin protease inhibitors,
termed endopin 1 and endopin 2 (endocrine serpins) [1-4]. Endopin 1 and 2 possess high

*To whom correspondence should be addressed: Dr. V. Hook, Skaggs School of Pharmacy, Univ. of Calif., San Diego, 9500 Gilman
Dr. MC 0744, La Jolla, CA 92093-0744, phone (858) 822-6682, email: vhook@ucsd.edu

NIH Public Access
Author Manuscript
Neuroendocrinology. Author manuscript; available in PMC 2009 August 25.

Published in final edited form as:
Neuroendocrinology. 2009 ; 89(2): 210–216. doi:10.1159/000162916.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



homology with ACT, indicating their ACT-like serpin nature [5,6]. Each of these endopins
possess distinct reactive site loop (RSL) domains that participate in determining the target
protease specificity(ies) of serpins. Endopin 1 inhibits trypsin-like serine proteases, and does
not inhibit chymotrypsin. In contrast, endopin 2 inhibits papain-like cysteine proteases,
including cathepsin L, as well as the serine protease elastase. These endopins possess distinct
target protease specificities that differ from human α1-antichymotrypsin which inhibits
chymotrypsin [7].

Investigation of the subcellular and tissue distribution of the endopins is important to gain
knowledge of their biological roles in different cell types. For this reason, this study examined
the secretory vesicle localization of the endopins with neuropeptides by high resolution
immunoelectron microscopy, which showed the presence of these endopins in neuropeptide-
containing secretory vesicles. Furthermore, confocal immunofluorescence studies
demonstrated the colocalization of endopins 1 and 2 with neuropeptides, enkephalin and NPY,
in secretory vesicles of adrenal medullary chromaffin cells. Tissue distribution studies
indicated the presence of endopins in brain, pituitary, adrenal medulla, and other
neuroendocrine tissues (bovine). These findings implicate the possible roles of endopin 1 and
2 in the regulation of target proteases in secretory vesicles that produce neuropeptides for
neurotransmitter and endocrine functions.

Experimental Procedures
Recombinant endopin 1 and endopin 2 for evaluation of specific antisera for endopins

The serpins endopin 1 and endopin 2 (bovine) were expressed in E. Coli as recombinant
proteins with N-His tags, as described previously [1-3]. After IPTG-induced expression, each
endopin was affinity purified by Ni++-affinity columns that bind the N-His tag of recombinant
endopins. Affinity purification provides purified bovine endopin 1 and endopin 2, as described
previously [2,3]. The purified recombinant endopins were utilized to assess the selectivity of
antisera (rabbit) raised against a unique peptide region of endopin 1
(ENVVVKDQHRRVDGHT), and antisera (rabbit) raised against recombinant endopin 2
protein. Western blots included evaluation of the specificity of anti-endopin 1 and anti-endopin
2 to thse endopin isoforms, compared to the related human α1-antichymotrypsin (ACT) (from
Athens Research and Technology, GA).

The specificities of the antibodies to endopin 1 and endopin 2 were demonstrated with
respective preimmune serum. Preimmune serum was obtained from rabbits prior to injection
with each endopin for antisera production, illustrating the specificities of the antisera to each
endopin. Control western blots with preimmune serum to endopin 1, and preimmune serum to
endopin 2, showed lack of immunostaining of each endopin.

Immunoelectron microscopy of endopin serpins in secretory vesicles of adrenal medulla
chromaffin cells (bovine)

Secretory vesicles were isolated from bovine adrenal medulla by differential sucrose density
centrifugation (PNAS-10), and were fixed in 0.2% glutaraldehyde, 2% paraformaldehyde in
0.1 M sodium cacodylate buffer, pH 7.2. Samples were osmicated in 2% osmium tetroxide in
0.1 M cacodylate and embedded in Epon 812. Ultrathin sections were partially deosmicated
through 1% periodic acid/9% sodium periodate, and incubated in 3% normal goat serum in 1X
TBS. Sections were incubated with mouse anti-(Met)enkephalin (Chemicon, CA) and detected
with secondary goat anti-mouse IgG conjugated to 6 nm colloidal gold (Aurion, Netherlands).
Sections were postfixed and immunostained with rabbit anti-endopin 1 or rabbit-anti-endopin
2 detected by goat anti-rabbit IgG conjugated to 15 nm colloidal gold. Sections were examined
in a Tecnai-12 transmission electron microscope using a CCD camera and Digital Micrograph
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Software (Gatan Inc., CA). Controls included immunostaining with preimmune antisera, and
incubation of sections with only secondary immunogold-labeled antisera; these controls
showed no immunogold staining which demonstrated the specific detection of endopins with
anti-endopin sera.

Confocal immunofluorescence microscopy of endopin colocalization with neuropeptides
Immunofluorescence confocal microscopy of chromaffin cells, performed as described [8],
utilized rabbit anti-endopin 1 or rabbit anti-endopin 2, with antisera directed to the neuropeptide
(Met)enkephalin (ME) using mouse anti-ME (Chemicon, CA) as well as NPY using sheep
anti-NPY (Chemicon, CA). Endopins 1 or 2 were detected with anti-rabbit IgG Alexa Fluor
488 (green fluorescence, Molecular Probes, Oregon). ME was detected with anti-mouse IgG-
Alexa Fluor 594 (red fluorescence), and NPY was detected with anti-sheep IgG Alexa Fluor
594. In addition, immunofluorescence staining of chromogranin A (CgA), a marker for dense
core secretory vesicles, was conducted with anti-CgA (Chemicon) that was visualized with
anti-mouse IgG-Alexa Fluor 594. Colocalization of endopins with neuropeptides (ME or NPY),
as well as with CgA, was observed by merged images, utilizing the Nikon Eclipse 800
microscope coupled to a BCM confocal system and analyses with SIMPLE PCI software.
Confocal images were deconvoluted as described previously [9]. Nuclei were observed by
DAPI staining.

Controls for immunofluorescence staining included immunostaining with preimmune antisera,
which did not show immunofluorescence; incubation of fixed cells with secondary Alexa-
labeled secondary antibodies also showed absence of immunostaining. These controls support
the specificity of antisera for endopins and neuropeptides that were found to be colocalized in
neuroendocrine chromffin cells.

Distribution of endopins by western blots in neuroendcorine tissues
Western blots with anti-endopin 1 and anti-endopin 2 were performed to assess their
distribution in endocrine and nervous system tissues. Bovine tissues analyzed consisted of
adrenal medulla, pituitary, brain, intestine, thymus, lung, and liver (tissues obtained from
Rockland Immunochemicals, PA). Tissue homogenates were prepared in neutral pH buffer
(pH 7.4) with a cocktail of protease inhibitors, as described previously [10]. Protein
concentration of homogenate samples were determined with the Biorad DC protein assay kit.
Controls for western blots included assessment with preimmune serum and preadorption of
antisera with endopin 1 and endopin 2, for evaluating specificities of the antisera to endopins.

Results
Specific antisera for endopin 1 and endopin 2

Antisera raised to endopin 1 and endopin 2 were evaluated for their specificity to selectively
recognize each of these endopins, without crossreactivity to the related α1-antichymotrypsin
(ACT) (figure 1). Results showed that anti-endopin 1 recognized recombinant endopin 1, and
did not detect endopin 2 or ACT at similar levels in western blots. Also, the anti-endopin 2
serum detected low levels of recombinant endopin 2, but it did not detect endopin 1 or ACT
at similar amounts. The homology of endopins 1 and 2 to ACT was demonstrated by detection
of the endopins by anti-ACT. Thus, the antisera to endopin 1 and endopin 2 are selective for
each of these serpins. Thus, the antisera developed to endopins 1 and 2 allow specific detection
of each of these serpins.

The electrophoretic mobility of recombinant bovine endopin 1 on SDS-PAGE gels shows its
apparent molecular weight of ∼44-46 kDa, which is consistent with its theoretical molecular
weight (MW) of 43.7 kDa [1]. Also, recombinant bovine endopin 2 on SDS-PAGE gels has
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an apparent MW of ∼44-46 kDa that is consistent with its theoretical MW of 47.2 kDa [2].
Alpha1-anti-chymotrypsin on SDS-PAGE is a 65-66 kDa band, representing native alpha1-
antichymotrypsin (ACT) [11]. ACT is a glycoprotein as shown by its deglycosylation (by N-
glycosidase F) to ∼45 kDa. The recombinant forms of bovine endopin 1 and endopin 2 appear
to correspond to the apparent MW of deglycosylated human ACT. Recombinant endopins
expressed in E. coli likely represent non-glycosylated proteins since E. coli lack glycosylation
machinery [12] that is present in eukaryotic cells.

Localization of endopin 1 and endopin 2 within neuropeptide-containing secretory vesicles
by immunoelectron and confocal immunofluorescence microscopy

Immunoelectron microscopy of secretory vesicles purified from adrenal medullary chromaffin
cells (bovine) demonstrated the localization of endopin 1 and endopin 2 within this subcellular
organelle (figure 2a, b). Immunogold detection of endopin 1 indicated its presence within
secretory vesicles (fig. 2a) that contain the neuropeptide enkephalin (fig. 2c). Furthermore, the
endopin 2 isoform was also present with these secretory vesicles (fig. 2b). Nearly all the
secretory granules contained endopin 1, endopin 2, and (Met)enkephalin.

To evaluate the cellular localization of endopin 1 and 2 with neuropeptides in secretory vesicles,
colocalization of the endopins with enkephalin and NPY in chromaffin cells was evaluated by
confocal immunofluorescence microscopy. Endopin 1 showed a high degree of colocalization
with enkephalin and NPY, as well as with the secretory vesicle marker chromogranin A (fig.
3). Endopin 2 also showed colocalization with the enkephalin and NPY neuropeptides, and
with chromogranin A that represents an abundant secretory vesicle protein (fig. 4). Like the
neuropeptides, endopin 1 and endopin 2 show a punctate pattern of subcellular distribution that
is consistent with their colocalization with neuropeptide-containing secretory vesicles. These
data clearly demonstrate the localization of endopin 1 and endopin 2 to secretory vesicles.

Distribution of endopins 1 and 2 in neuroendocrine tissues
To gain knowledge of the potential roles of endopins 1 and 2 for protease regulation, it is
necessary to examine their tissue distribution among neurodocrine cell types. For this reason,
tissue distribution of endopin 1 and 2 was conducted. Endopin 1 and 2 are present in adrenal
medulla and pituitary at comparable levels (fig. 5). Both endopins are expressed in cortical and
brainstem brain regions. Furthermore, expression of endopin 1 and 2 occurs in lung where
neuropeptides are present [13-15].

Western blots of endopin 1 and endopin 2 showed apparent molecular weights (MW) of
∼55-60 kDa. With the knowledge that the primary sequences of endopins 1 and 2 possess
predicted glycosylation sitse, the larger in vivo MWs of the endopins compared to recombinant
endopins (fig. 1) suggest possible glycosylation in vivo (fig. 5). Interestingly, western blots of
brainstem and thymus show endopin 1 as bands of ∼66 kDa, as well as ∼55-60 kDa, suggesting
possible differential glycosylation. Overall, western blot results demonstrated the presence of
endopin 1 and endopin 2 serpins in neuroendocrine tissues.

Discussion
Implementation of selective antisera to the serpins endopin 1 and endopin 2 demonstrated their
localization in secretory vesicles of bovine adrenal medulla (also known as chromaffin
granules), the primary subcellular site for production of neuropeptides including (Met)
enkephalin and NPY. High resolution immunoelectron microscopy demontrated the presence
of endopins 1 and 2 within chromaffin granules that contain the neuropeptide (Met)enkephalin.
Cellular immunofluorescence studies illustrated the colocalization of endopins 1 and 2 with
(Met)enkephalin and NPY neuropeptides that are produced and stored in secretory vesicles.
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The secretory vesicle localization of endopin 1 and endopin 2 was further illustrated by
colocalization with chromogranin A, a marker for secretory vesicles. Tissue distribution studies
indicated the expression of endopin 1 and endopin 2 in multiple neuroendocrine regions
including adrenal medulla, pituitary, brain, lung, thymus, and intestine tissues (bovine). These
findings demonstrate the unique functional role of endopin serpin protease inhibitors in
secretory vesicles of neuroendocrine tissues.

Previous molecular and biochemical studies of bovine endopin 1 and endopin 2 serpins have
illustrated similarities in their primary sequences, but they each possess unique reactive site
loop (RSL) domains that participate in defining target proteases. Their novel RSL domains
predicted their distinct target protease specificities. Recombinant endopin 1 inhibits the serine
protease trypsin that cleaves at basic residues, but endopin 1 does not inhibit PC1/3 or PC2
(PC, prohormone convertases) that also cleave at basic residues. Recombinant endopin 2
displays the serpin property of cross-class inhibition of papain-like cysteine proteases and the
serine protease elastase. Notably, a recently identified isoform of endopin 2, known as endopin
2C, shows efficient inhibition of the cysteine protease cathepsin L [3]. Secretory vesicle
cathepsin L has been demonstrated to participate in the proteolytic processing of proprotein
precursors for the production of enkephalin and other neuropeptides [9,16,17]. Demonstration
of the in vivo localization of endopin 2 within neuropeptide-containing secretory vesicles in
endocrine and neuronal tissues suggests a role for endopin 2 in regulating secretory vesicle
cathepsin L for neuropeptide production.

Based on the localization of endopin 2 in neuropeptide-containing secretory vesicles, endopin
2 inhibition of cathepsin L, and participation of cathepsin L in secretory vesicles for
neuropeptide production [9,18], it may be proposed that endopin 2 represents an endogenous
protease inhibitor of cathepsin L for production of neuropeptides in secretory vesicles. Thus,
the cathepsin L with endopin 2 inhibitor may be proposed as a cysteine protease pathway for
prohormone processing. This cysteine protease pathway is distinct from the subtilisin-like
prohormone convertases PC1/3 and PC2 [18-21].

In summary, endopin 1 and endopin 2 have been demonstrated to reside within secretory
vesicles that produce and secrete neuropeptides as peptide neurotransmitters and hormones.
Endopin 1 and 2 are expressed among numerous endocrine and nervous system regions in
bovine. These findings support the proposed roles of endopin serpins for regulating proteases
in secretory vesicles of neuroendocrine tissues.
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Figure 1. Selective antibodies for endopin 1 and endopin 2
a. Anti-endopin 1 (E1). The specificity of anti-endopin 1 was assessed with western blots for
recombinant endopin 1 (E1, 10 ng, lane 1), recombinant endopin 2 (E2, 10 ng, lane 2), and
purified human α1-antichymotrypsin (ACT, 10 ng, lane 3). Western blots were conducted with
anti-endopin 1 at 1:500 dilution. Results indicate specific detection of E1, but not E2 or ACT,
by the antibody directed to E1.
b. Anti-endopin 2 (E2). The specificity of anti-endopin 2 was assessed with western blots for
endopin 1 (E1, 10 ng, lane 1), endopin 2 (E2, 10 ng, lane 2), and α1-antichymotrypsin (ACT,
10 ng, lane 3). Western blots utilized anti-endopin 2 at 1:500 dilution, and developed with

Hwang et al. Page 7

Neuroendocrinology. Author manuscript; available in PMC 2009 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



secondary anti-rabbit as described previously (Hwang et al., 2007). Results indicate specific
detection of E2, but not E1 or ACT, by the antibody directed to E2.
c. Anti-α1-antychymotrypsin (ACT). The specificity of anti-ACT was assessed with western
blots for E1 (10 ng, lane 1), E2, (10 ng, lane 2), and ACT (10 ng, lane 3). Western blots utilized
anti-ACT at 1:500 dilution. Results indicate that the anti-ACT detects the related serpins ACT,
E1, and E2.
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Figure 2. Immunoelectron microscopy demonstrates localization of endopin 1 and 2 in secretory
vesicles
a. Endopin 1. The presence of endopin 1 in secretory vesicles (purified from bovine adrenal
medulla) was indicated by anti-endopin 1 (rabbit) detected with 15 nm colloidal gold
conjugated to anti-rabbit IgG. Immunogold-labeled endopin 1 is present within the secretory
vesicle organelle.
b. Endopin 2. The presence of endopin 2 in secretory vesicles (purified from bovine adrenal
medulla) was indicated by anti-endopin 2 (rabbit) detected with 15 nm colloidal gold
conjugated to anti-rabbit IgG. Immunogold-labeled endopin 2 is present within the secretory
vesicle organelle.
c. Enkephalin. (Met)enkephalin in chromaffin secretory vesicles was detected with anti-(Met)-
enkephalin (rabbit) visualized with 15 nm colloidal gold conjugated to anti-rabbit IgG. Results
indicate the presence of (Met)enkephalin with these secretory vesicles.
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Figure 3. Endopin 1 colocalization with neuropeptides in secretory vesicles of chromaffin cells
demonstrated by immunofluorescence confocal microscopy
a. Endopin 1 and enkephalin. Immunofluorescence colocalization of endopin 1 (E1) with the
enkephalin neuropeptide in chromaffin cells (bovine) was assessed by rabbit anti-endopin 1
detected with anti-rabbit IgG-Alexa Fluor 488 (green fluorescence), and detection of (Met)
enkephalin (Enk) with mouse anti-Enk detected with anti-mouse IgG Alexa 594 (red
fluorescence). The colocalization of endopin 1 and (Met)enkephalin is illustrated by overlay
of the images, illustrated by yellow fluorescence.
b. Endopin 1 and NPY. Immunofluorescence colocalization of endopin 1 (E1) with the NPY
neuropeptide in chromaffin cells (bovine) was assessed by rabbit anti-endopin 1 detected with

Hwang et al. Page 10

Neuroendocrinology. Author manuscript; available in PMC 2009 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anti-rabbit IgG Alexa Fluor 488 (green fluorescence), and detection of NPY with sheep anti-
NPY detected with anti-sheep IgG Alexa 594 (red fluorescence). The colocalization of endopin
1 and NPY is illustrated by overlay of the images, illustrated by yellow fluorescence.
c. Endopin 1 and chromogranin A. Immunofluorescence colocalization of endopin 1 (E1) with
the secretory vesicle marker chromogranin A (CgA) in chromaffin cells was assessed by rabbit
anti-endopin 1 detected with anti-rabbit IgG Alexa Fluor 488 (green fluorescence), and
detection of CgA with mouse anti-CgA detected with anti-mouse IgG Alexa 594 (red
fluorescence). The colocalization of endopin 1 and CgA is illustrated by the overlay of the
images, illustrated by yellow fluorescence.
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Figure 4. Endopin 2 colocalization with neuropeptides in secretory vesicles of chromaffin cells
demonstrated by immunofluorescence confocal microscopy
a. Endopin 2 and enkephalin. Immunofluorescence colocalization of endopin 2 (E2) with the
enkephalin neuropeptide in chromaffin cells (bovine) was assessed by rabbit anti-endopin 2
detected with anti-rabbit IgG-Alexa Fluor 488 (green fluorescence), and detection of (Met)
enkephalin (Enk) with mouse anti-Enk detected with anti-mouse IgG Alexa 594 (red
fluorescence). The colocalization of endopin 2 and (Met)enkephalin is illustrated by overlay
of the images, illustrated by yellow fluorescence.
b. Endopin 2 and NPY. Immunofluorescence colocalization of endopin 2 (E2) with the NPY
neuropeptide in chromaffin cells (bovine) was assessed by rabbit anti-endopin 2 detected with
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anti-rabbit IgG Alexa Fluor 488 (green fluorescence), and detection of NPY with sheep anti-
NPY detected with anti-sheep IgG Alexa 594 (red fluorescence). The colocalization of endopin
2 and NPY is illustrated by overlay of the images, illustrated by yellow fluorescence.
c. Endopin 2 and chromogranin A. Immunofluorescence colocalization of endopin 2 (E2) with
the secretory vesicle marker chromogranin A (CgA) in chromaffin cells was assessed by rabbit
anti-endopin 2 detected with anti-rabbit IgG Alexa Fluor 488 (green fluorescence), and
detection of CgA with mouse anti-CgA detected with anti-mouse IgG Alexa 594 (red
fluorescence). The colocalization of endopin 2 and CgA is illustrated by the overlay of the
images, illustrated by yellow fluorescence.
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Figure 5. Endopin 1 and endopin 2 in neuroendocrine tissues
a. Endopin 1. Anti-endopin 1 westerns blots were utilized to assess the distribution of endopin
1 in bovine neuroendocrine tissue regions. Tissue homogenates were prepared as described in
the methods, and subjected to SDS-PAGE (50 μg protein per lane) for anti-endopin 1 (1:500
dilution) western blots. Lanes 1-8 represent tissue homogenates from (1) brain cortex, (2)
intestine, (3) brainstem, (4) thymus, (5) lung, (6) liver, (7) pituitary, and (8) adrenal medulla,
respectively. Results demonstrate the neuroendocrine tissue distribution of endopin 1.
b. Endopin 2. Anti-endopin 2 western blots assessed the bovine tissue distribution of endopin
2. Tissue homogenates were prepared as described in the methods, and samples were subjected
to SDS-PAGE (50 μg protein per lane) for anti-endopin 2 western blots. Lanes 1-8 represent
tissue homogenates from (1) brain cortex, (2) intestine, (3) brainstem, (4) thymus, (5) lung, (6)
liver, (7) pituitary, and (8) adrenal medulla, respectively. Results demonstrate the
neuroendocrine tissue distribution of endopin 2.
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