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Abstract
Peptide neurotransmitters and peptide hormones, collectively
known as neuropeptides, are required for cell-cell communication in
neurotransmission and for regulation of endocrine functions. Neu-
ropeptides are synthesized from protein precursors (termed proneu-
ropeptides or prohormones) that require proteolytic processing pri-
marily within secretory vesicles that store and secrete the mature
neuropeptides to control target cellular and organ systems. This re-
view describes interdisciplinary strategies that have elucidated two
primary protease pathways for prohormone processing consisting of
the cysteine protease pathway mediated by secretory vesicle cathep-
sin L and the well-known subtilisin-like proprotein convertase path-
way that together support neuropeptide biosynthesis. Importantly,
this review discusses important areas of current and future biomed-
ical neuropeptide research with respect to biological regulation,
inhibitors, structural features of proneuropeptide and protease in-
teractions, and peptidomics combined with proteomics for systems
biological approaches. Future studies that gain in-depth understand-
ing of protease mechanisms for generating active neuropeptides will
be instrumental for translational research to develop pharmacolog-
ical strategies for regulation of neuropeptide functions. Pharmaco-
logical applications for neuropeptide research may provide valuable
therapeutics in health and disease.
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Neuropeptides:
biologically active peptides
that function as peptide
neurotransmitters or
peptide hormones.
Neuropeptides typically
consist of 3–40 amino acids
in length

INTRODUCTION

Neuropeptides for Cell-Cell Communication in Nervous
and Endocrine Systems

Neuropeptides mediate neurotransmission as peptide neurotransmitters and medi-
ate cell-cell communication as peptide hormones for endocrine regulation of target
cellular systems. The term neuropeptides refers to this large, diverse class of pep-
tide neurotransmitters and peptide hormones that typically consists of 3–40 residues.
There are more than a hundred different neuropeptides, and new neuropeptides are
yet to be discovered.

The unique primary sequence of each neuropeptide defines its selective and po-
tent biological actions. The same neuropeptides often serve important functions in
both the nervous system as neurotransmitters (Figure 1) and as peptide hormones
in peripheral endocrine systems (Figure 2). For example, enkephalins function as
neurotransmitters in the brain and also are involved in peripheral actions, including
regulation of intestinal motility and immune cell functions (1–3). ACTH (adrenocor-
ticotropin hormone) is present in brain where it functions as a neuromodulator; fur-
thermore, ACTH is a prominent peptide hormone released from the pituitary gland
for control of glucocorticoid production in the adrenal cortex (4, 5). Neuropeptides

R
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Figure 1
Peptide neurotransmitters in the brain. Neuropeptides in the brain function as peptide
neurotransmitters to mediate chemical communications among neurons. Neuropeptides are
synthesized within regulated secretory vesicles ( green circles) that are transported from the
neuronal cell body via the axon to nerve terminals. The proneuropeptide (or prohormone) is
packaged with the newly formed secretory vesicle in the cell body, and proteolytic processing
of the precursor protein occurs during axonal transport and maturation of the secretory
vesicle. Mature processed neuropeptides are contained within secretory vesicles at the synapse
where activity-dependent, regulated secretion of neuropeptides occurs to mediate
neurotransmission via neuropeptide activation of peptidergic receptors.

394 Hook et al.

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 2
00

8.
48

:3
93

-4
23

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

er
n 

C
ol

or
ad

o 
on

 0
3/

21
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV333-PA48-15 ARI 4 December 2007 12:55
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Figure 2
Peptide hormones in endocrine systems. Neuropeptides function as peptide hormones to
mediate cell-cell communication in peripheral endocrine systems. For example, the
hypothalamo-neurohypophyseal system regulates the pituitary-adrenal axis by secretion of
CRF from the hypothalamus region of brain to induce secretion of the peptide hormone
ACTH from the pituitary. Released ACTH targets the adrenal cortex for stimulation of
glucocorticoid production; resultant increases in plasma glucocorticoid participate in feedback
inhibition of CRF and ACTH to maintain constant levels of glucocorticoid. Numerous
peptide hormones regulate physiological functions.

Proneuropeptide or
prohormone: the
proprotein precursors of
neuropeptides

such as β-endorphin, NPY (neuropeptide Y ), galanin, CRF (corticotropin releasing
factor), vasopressin, insulin, and numerous others (Table 1) mediate diverse physio-
logical functions, including analgesia, feeding behavior and blood pressure regulation,
cognition, stress, water balance, and glucose metabolism, respectively (6–14).

Elucidation of Protease Pathways in Consideration of Neuropeptide
Therapeutic Strategies

Regulation of the actions of each neuropeptide will be desirable for modifying the
specific biological functions of selected neuropeptides for potential therapeutic ap-
plications. Investigation of proteases that convert inactive protein precursors into
active neuropeptides may lead to novel protease-targeted approaches for regulation
of neuropeptide biosynthesis and function. This review describes successful strate-
gies utilized for identification of two primary protease pathways for neuropeptide
production and addresses the necessary areas of current and future research to ex-
plore properties of protease mechanisms that may provide specific drug targets for
future therapeutic control of neuropeptide production and functions.

PROTEOLYTIC PROCESSING IS REQUIRED
FOR THE BIOSYNTHESIS OF NEUROPEPTIDES

Proneuropeptide (Prohormone) Precursors of Neuropeptides

Neuropeptides are derived from larger protein precursors known as proneuropep-
tides or prohormones. Proneuropeptides refers to protein precursors of peptide
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Table 1 Neuropeptides in the nervous and endocrine systems

Neuropeptide∗ Regulatory function
Enkephalin Analgesia, pain relief
Beta-endorphin Analgesia, pain relief
ACTH Steroid production
α-MSH Skin pigmentation, appetite
CRF (corticotropin releasing factor) ACTH secretion
Insulin Glucose metabolism
Glucagon Glucose metabolism
Galanin Cognition
NPY Obesity, blood pressure
Somatostatin Growth regulation
Vasopressin Water balance
Calcitonin Calcium regulation
Cholecystokinin Learning, memory, appetite
PACAP Neuronal differentiation

∗Peptide neurotransmitters and hormones are collectively termed neuropeptides.
There are more than 100 neuropeptides, and many have yet to be identified.
Neuropeptides typically consist of small peptides of approximately 3–40 residues.
Examples of several neuropeptides and their regulatory functions are listed.
Abbreviations are adrenocorticotropin hormone (ACTH), α-melanocyte
stimulating hormone (α-MSH), and neuropeptide Y (NPY ).

neurotransmitters as well as peptide hormones, whereas prohormones refer primar-
ily to endocrine peptide hormone precursors. To encompass peptide functions in
both the nervous and endocrine systems, the terminology of neuropeptide and the
respective proneuropeptides will be utilized in this article to refer to neuroendocrine
functions of neuropeptides.

Proneuropeptide precursors share distinct and common features. Notably, the
small active form of each neuropeptide is a segment present within its full-length
precursor protein. A proneuropeptide may contain one copy of the active neuropep-
tide, as represented by proNPY, progalanin, and provasopressin (Figure 3) (15–17).
Alternatively, a precursor may contain multiple related copies of the active neuropep-
tide. For example, proenkephalin contains four copies of (Met)enkephalin, one copy
of the related (Leu)enkephalin, and one copy each of the ME-Arg-Gly-Leu and ME-
Arg-Phe (Figure 3) (18, 19). Furthermore, one precursor may undergo tissue-specific
processing to generate distinct neuropeptides in different tissue regions. For example,
the POMC precursor (proopiomelanocortin) generates ACTH in anterior pituitary,
but is converted to α-MSH (α-melanocyte-stimulating hormone) and β-endorphin in
the intermediate lobe of pituitary (20, 21). Proteolysis of these precursors, especially
tissue-specific proteolytic mechanisms, is required for biologically active neuropep-
tides to be generated.

While each proneuropeptide precursor possesses a distinct primary sequence,
proteolytic processing occurs at dibasic residue sites that commonly flank the NH2

396 Hook et al.
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Figure 3
Proneuropeptides: structural features for proteolytic processing. Neuropeptides are
synthesized as proneuropeptide precursors, also known as prohormones, that require
proteolytic processing to liberate the active neuropeptides ( yellow). Proteolytic processing
occurs at dibasic and monobasic sites, as well as at multibasic sites. The precursor proteins may
contain one copy of the active neuropeptide, such as the proneuropeptides for NPY, galanin,
CRF, and vasopressin. Some proneuropeptides, such as proenkephalin, contain multiple copies
of the active neuropeptide; proenkephalin contains four copies of (Met)enkephalin (M), one
copy of (Leu)enkephalin (L), and one copy each of the related opioid peptides ME-Arg-Phe
(H) and ME-Arg-Gly-Cleu (O). Certain precursors contain different peptide hormones within
the same precursor, such as the POMC precursor that gives rise to the distinct peptide
hormones ACTH, α-MSH, and β-endorphin. The presence of ACTH in anterior pituitary,
and the presence of α-MSH and β-endorphin in intermediate pituitary illustrate that
tissue-specific processing of the POMC prohormone occurs.

and COOH termini of neuropeptides within their precursors (Figure 3). The dibasic
residues Lys-Arg (KR) most often flank the neuropeptides; however, the dibasic
sites Lys-Lys, Arg-Arg, and sometimes Arg-Lys also occur. Processing sometimes
occurs at monobasic Arg sites, such as that in provasopressin, prosomatostatin, and
other proneuropeptides. Or, processing at multibasic residue sites may occur, such
as at the tetrabasic residue processing site within the ACTH segment of POMC that
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Processing proteases:
protease enzymes cleave
proneuropeptides or
prohormones to generate
smaller biologically active
neuropeptides

Regulated secretory
vesicles: neuropeptides are
in large part synthesized in
secretory vesicles of the
regulated secretory pathway,
also known as dense-core
secretory vesicles

leads to production of α-MSH. Processing at nonbasic residues occurs occasionally,
but this review focuses on proteolytic mechanisms for processing proneuropeptides
and prohormones at basic residue sites. Overall, proteolytic processing is a key
process required for the biosynthesis of numerous active neuropeptides from inactive
precursors.

Proteolytic Processing of Proneuropeptides

Biosynthesis of neuropeptides begins with translation of the respective mRNAs
to generate the preproneuropeptide or preprohormone precursors. Proteolytic
processing begins cotranslationally at the rough endoplasmic reticulum (RER), where
the NH2-terminal signal peptide of the preproneuropeptide is cleaved by signal pep-
tidase. The resulting proneuropeptide or prohormone is routed through the Golgi
apparatus and is packaged into newly formed secretory vesicles together with pro-
cessing proteases. As the secretory vesicle matures, proteolytic processing occurs so
that the mature secretory vesicle contains processed, biologically active neuropeptide
that awaits cellular stimuli for regulated secretion.

Proteolytic processing at the dibasic or monobasic sites of proneuropeptides oc-
curs primarily within regulated secretory vesicles (22–28). Cleavage at the COOH-
terminal side of the paired basic residues results in peptide intermediates with basic
residue extensions on their COOH termini, which must then be removed by Lys/Arg
carboxypeptidase to generate the mature neuropeptide. Alternatively, cleavage of the
precursor at the NH2-terminal side of dibasic residue sites will generate peptide
intermediates with basic residue extensions on their NH2 termini, which will then
be removed by Arg/Lys aminopeptidase to generate the active neuropeptide. Pro-
cessing may also occur between the dibasic residues, which will then require both
carboxypeptidase and aminopeptidase exopeptidase activities to generate the final
neuropeptides.

Neuropeptides may also undergo posttranslational modification that modifies the
biological activities of peptides. Activities of the neuropeptides may be altered by
disulfide bond formation, glycosylation, COOH-terminal α-amidation, phospho-
rylation, sulfation, and acetylation (12, 29–34). This review, however, focuses on
protease mechanisms for neuropeptide biosynthesis.

Criteria for Identification of Proteases for Proneuropeptide
Processing

Elucidation of proteases in the brain and neuroendocrine tissues is complicated due to
the many different cell types and presence of proteases in many subcellular compart-
ments of these cells. To insure that the main proteases are identified for producing an
active peptide, the neuropeptide field has utilized key criteria for successful elucidation
of proteases that generate peptide neurotransmitters and hormones. These criteria
are (a) the processing protease must be present in the organelle site where produc-
tion of the active peptide occurs, primarily in secretory vesicles; (b) the protease must
possess the appropriate substrate cleavage specificity to generate the active peptide;

398 Hook et al.
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and (c) protease inhibition or gene knockdown should reduce production of the active
peptide. Application of these criteria has led to elucidation of the recently identified
cysteine protease pathway and serine protease pathways, mediated by cathepsin L
and proprotein convertases, respectively, for neuropeptide production.

CYSTEINE AND SERINE PROTEASE PATHWAYS FOR
PROCESSING PRONEUROPEPTIDES (PROHORMONES)

Investigations for proteases that cleave at dibasic, as well as monobasic, processing
sites within proneuropeptides have yielded identification of (a) the newly discov-
ered cysteine protease pathway for processing the proenkephalin (as well as other
proneuropeptides), consisting of cathepsin L followed by Arg/Lys aminopeptidase
(aminopeptidase B), and (b) the well-established proprotein convertase (PC) family
of subtilisin-like proteases that process proneuropeptides, prohormones, and other
proproteins followed by the Arg/Lys carboxypeptidase step (carboxypeptidase “E” or
“H”) (Figure 4). Elucidation of these two protease pathways resulted from application

NRK RK

NR K N K RNRK

N

1 2 32 31

1 2 3

Proneuropeptide
(prohormone)

PC1/3, PC2, PC5 subtilisin-like
prohormone convertases

Carboxypeptidase
E/H

Neuropeptide

Arg/Lys
aminopeptidase

Cathepsin L

Figure 4
Cysteine and subtilisin-like protease pathways for proneuropeptide processing. Distinct
cysteine protease and subtilisin-like protease pathways have been demonstrated for
proneuropeptide processing. Recent studies have identified secretory vesicle cathepsin L as an
important processing enzyme for the production of the endogenous enkephalin opioid
peptide. Preference of cathepsin L to cleave at the NH2-terminal side of dibasic residue
processing sites yields peptide intermediates with NH2-terminal residues, which are removed
by Arg/Lys aminopeptidase. The well-established subtilisin-like protease pathway involves
several prohormone convertases (PC). PC1/3 and PC2 have been characterized as
neuroendocrine processing proteases [processing in neuroendocrine tissues also involves PC5
(135)]. The PC enzymes preferentially cleave at the COOH-terminal side of dibasic
processing sites, which results in peptide intermediates with basic residue extensions at their
COOH termini that are removed by carboxypeptidase E/H.
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of the criteria required for processing proteases by biochemical and molecular ap-
proaches, respectively. With the new role for secretory vesicle cathepsin L in prohor-
mone processing, this review discusses these dual protease pathways for coordinate
regulation of neuropeptide biosynthesis.

Identification of Neuropeptide Protease Pathway Components
in Chromaffin Granules, a Model Neuropeptide-Containing
Secretory Vesicle System

Biochemical identification of prohormone processing activities in isolated chromaffin
granules, a model for dense-core secretory vesicle production of neuropeptides, has
led to identification of the cathepsin L cysteine protease pathway. The cathepsin L
endoprotease step is followed by aminopeptidase B. Chromaffin granules, in earlier
studies, identified the prohormone convertases 1 and 2 (PC1/3 and PC2); these mem-
bers of the proprotein processing enzyme family were discovered in earlier molecular
biological approaches based on homology to the yeast KEX2 gene for processing
pro-α-mating factor.

This section describes the essential approaches and steps that have defined the
cathepsin L and aminopeptidase B pathway for neuropeptide production. A subse-
quent section describes the molecular approaches that established the proprotein
convertase family of processing proteases.

Chromaffin granules: model neurosecretory vesicles for proneuropeptide pro-
cessing proteases. Elucidation of protease pathways for neuropeptide biosynthesis
has been facilitated in the field with use of isolated chromaffin granules, a well-
established model neurosecretory vesicle system utilized for investigation of enzymes
that synthesize neuropeptides and small-molecule neurotransmitters that function
in the brain and neuroendocrine tissues (35–37). Using biochemistry and chemical
biology approaches, these chromaffin granules were utilized to identify the primary
proenkephalin-cleaving prohormone processing activity as cathepsin L, as well as
for studies of native in vivo prohormone convertases (38–41). Chromaffin granules
contain proneuropeptide precursors that undergo proteolytic processing to gener-
ate several neuropeptides, including enkephalin, NPY, galanin, somatostatin, VIP,
and others (38, 39, 42–44). An important advantage of using chromaffin granules is
that they can be purified as a homogeneous preparation of secretory vesicles in high
yield from adrenal medullary chromaffin cells (bovine), thus allowing purification of
enzyme protein in adequate amounts for characterization and identification by mass
spectrometry. Chromaffin granules represent a key model system for elucidating pro-
tease components of both the cathepsin L and proprotein convertase pathways for
neuropeptide biosynthesis in neuronal and endocrine tissues.

Cathepsin L in secretory vesicles for proenkephalin and proneuropeptide pro-
cessing identified by activity-based profiling. The major proenkephalin (PE) pro-
cessing activity in chromaffin granules was found to consist of the prohormone
thiol protease complex (PTP) (38, 39). Using full-length recombinant enkephalin

400 Hook et al.
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Figure 5
Activity-based profiling for identification of proenkephalin cleaving activity as cathepsin L.
Activity-based profiling (APB) utilizes the strategy of labeling the active site of active
proteases, often with an inhibitor-related probe, to identify proteolytic activity. (a) Inhibition
of proenkephalin cleaving activity by the cysteine protease inhibitor E64c in isolated
chromaffin secretory vesicles (also known as chromaffin granules) allowed affinity labeling of
the 27 kDa active protease enzyme proteins by a biotinylated form of E64 known as DCG-04.
(b) The inhibitor-labeled proteins were separated by 2-D gels and subjected to peptide
sequencing by mass spectrometry, revealing the identity of the proneuropeptide processing
activity as cathepsin L.

precursor as a substrate, purification of PE-cleaving activity led to isolation of the
high-molecular-weight PTP complex of approximately 180–200 kDa (39). The ap-
parent molecular weight of PTP suggested the presence of several protein subunits
because proteases typically possess lower molecular masses than that of native PTP.
PTP activity belonged to the cysteine protease family, based on its sensitivity to in-
hibition by cysteine protease inhibitors (39). Studies were then targeted to identify
the catalytic subunit of PTP responsible for PE-cleaving activity.

Activity-based profiling of active cysteine proteases was instrumental for identi-
fication of the protease responsible for PE processing in chromaffin granules. The
activity probe DCG-04, the biotinylated form of E64c that inhibits cysteine proteases,
was utilized for specific affinity labeling of the 27 kDa protease enzyme of the PTP
complex (28, 40). Two-dimensional gels resolved three primary DCG-04-labeled
proteins of 27–29 kDa (Figure 5), whose identification was indicated as cathepsin
L by mass spectrometry of tryptic peptides. These findings suggested a new bio-
logical function for cathepsin L in secretory vesicles for producing the enkephalin
neuropeptide. The secretory vesicle function of cathepsin L contrasts with the well-
known lysosomal function of cathepsin L for degradation of proteins.

Expression of cathepsin L in secretory vesicles for enkephalin neuropeptide
production. The criteria for colocalization with neuropeptides, appropriate cleav-
age specificity, and inhibition or gene knockdown were evaluated for cathepsin L as a
proneuropeptide processing enzyme. Confirmation of the localization of cathepsin L
within secretory vesicles (chromaffin granules) was achieved by immunoelectron mi-
croscopy (Figure 6), and by colocalization with enkephalin and NPY neuropeptides in
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a

b

Cathepsin L

 Enkephalin

cat L.

cat. L

cat. L/ME

cat. L/ME

ME

ME

0.5 µm

Cathepsin L

Cathepsin L

 Enkephalin

 Enkephalin

Figure 6
Localization of cathepsin L to neuropeptide-containing secretory vesicles. (a) Colocalization
of cathepsin L with enkephalin in chromaffin cells demonstrated by confocal
immunofluorescence microscopy. Cathepsin L and (Met)enkephalin ( green and red
fluorescence, respectively) in chromaffin cells were visualized by immunofluorescence confocal
microscopy. Excellent colocalization of cathepsin L and (Met)enkephalin was demonstrated by
the merged images with colocalization indicated by yellow fluorescence. In chromaffin cells,
the majority of cathepsin L is colocalized with (Met)enkephalin within secretory vesicles.
(b) Immunoelectron microscopy demonstrates colocalization of cathepsin L with the
(Met)enkephalin neuropeptide in secretory vesicles. Cathepsin L localization was indicated by
labeling with 15-nm colloidal gold-conjugated antirabbit, and (Met)enkephalin (ME) was
detected as 6-nm gold particles conjugated to antimouse. The presence of both 15- and 6-nm
gold particles within these vesicles demonstrated the colocalization of cathepsin L with the
enkephalin neuropeptide in secretory vesicles.
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neuroendocrine chromaffin cells by fluorescence immunohistochemistry (Figure 6).
Cathepsin L was also found to undergo cosecretion with enkephalin, whose secretion
is stimulated by activation of the regulated secretory pathway in these cells (40).

Cellular routing and trafficking cathepsin L gene expression were demonstrated
by coexpression of cathepsin L with proenkephalin in neuroendocrine PC12 cells
(derived from rat adrenal medulla) (45). Expression of cathepsin L resulted in its
trafficking to secretory vesicles that contain enkephalin and chromogranin A. Fur-
thermore, cathepsin L expression resulted in cellular processing of proenkephalin
into (Met)enkephalin that undergoes regulated secretion from PC12 cells. Cathepsin
L generated high-molecular-weight PE-derived intermediates (of approximately 23,
18–19, 8–9, and 4.5 kDa) that were identical to those in vivo in chromaffin granules as-
sessed by Western blots (38). Such results demonstrated a cellular role for cathepsin L
in the production of (Met)enkephalin in secretory vesicles for its regulated secretion.

Aminopeptidase B with cathepsin L for proneuropeptide processing. Studies of
the cleavage specificity of cathepsin L demonstrated that this cysteine protease prefers
to cleave on the NH2-terminal side of dibasic residue processing sites of enkephalin-
containing peptide substrates BAM-22P and Peptide F (40), as illustrated in Figure 4.
The cleavage specificity of cathepsin L results in enkephalin intermediate peptides
with NH2-terminal basic residue extensions, which then require removal by Arg/Lys
aminopeptidase activity. Secretory vesicles from adrenal medullary chromaffin cells
(46) and from the pituitary (47) contain Arg/Lys aminopeptidase activity for neu-
ropeptide production.

Recent molecular cloning studies have identified aminopeptidase B in chromaffin
secretory vesicles as an appropriate Arg/Lys aminopeptidase (48). Molecular cloning
of the bovine aminopeptidase B (AP-B) cDNA defined its primary sequence that pro-
vided production of specific antisera to demonstrate localization of AP-B in secre-
tory vesicles that contain cathepsin L with the neuropeptides enkephalin and NPY.
The AP-B in neuropeptide-containing chromaffin secretory vesicles was demon-
strated by immunoelectron microscopy. AP-B was also found in several neuroen-
docrine tissues by Western blots. Recombinant bovine AP-B (48) and rat AP-B (49)
were compared. Recombinant bovine AP-B showed preference for Arg-MCA sub-
strate compared to Lys-MCA. AP-B was inhibited by arphamenine, an inhibitor of
aminopeptidases. Bovine AP-B showed similar activities for Arg-(Met)enkephalin and
Lys-(Met)enkephalin neuropeptide substrates to generate (Met)enkephalin, whereas
rat AP-B preferred Arg-(Met)enkephalin. Furthermore, AP-B possesses an acidic pH
optimum of 5.5–6.5 that is similar to the internal pH of secretory vesicles. The sig-
nificant finding of the secretory vesicle localization of AP-B with neuropeptides and
cathepsin L suggests a role for this exopeptidase in the biosynthesis of neuropeptides.

Molecular Biological Approaches for Elucidation
of the Proprotein Convertases

Molecular biological approaches based on homology cloning of mammalian genes
with similarity to the yeast KEX2 gene have established the proprotein convertase
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family of processing proteases. This section introduces this family of proteases in
this short review, and focuses on the neuroendocrine members of the proprotein
convertase family (PC1/3 and PC2), which utilize carboxypeptidase E as a subsequent
step to achieve formation of active neuropeptides.

Proprotein convertase family of processing enzymes. The mammalian family
of proprotein convertases that resembles the yeast KEX2 gene and bacterial subtil-
isin was identified by molecular homology cloning based on predicted similarities
of yeast kex2 with mammalian prohormone processing enzymes (22–27). The yeast
KEX2 gene product is a Ca2+-dependent subtilisin-like serine protease that is required
for processing the yeast pro-α-mating factor at paired basic residues (50). Homology
cloning led to elucidation of the proprotein convertase family, whose members consist
of PC1/3, PC2, furin, PACE4, PC3, PC5/6, and PC7 for processing at basic residues
(23–27). More recently, several related proteases that cleave at nonbasic residues have
been identified, consisting of the subtilisin/kexin-like isozyme-1 (SKI-1/SIP) and the
neural apoptosis-regulated convertase-1 (PCSK9/NARC-1) (25–27). Several excel-
lent reviews of the proprotein convertases have outlined research progress in this field
(22–28, 50, 51). This limited review focuses more on the roles of neuroendocrine-
specific proprotein convertases, consisting primarily of PC1/3 and PC2 for produc-
tion of neuropeptides.

Among the PC members, PC1/3 and PC2 are the most relevant to neuropeptide
biosynthesis because PC1/3 and PC2 expression are primarily restricted to neuroen-
docrine tissues (23–27). Furthermore, the appropriate localization of PC1/3 and PC2
within secretory vesicles is consistent with their roles in proneuropeptide processing.
Endogenous PC1/3 and PC2 activities have been characterized within secretory vesi-
cles of pancreas (23), pituitary (52), and adrenal medulla (41) for processing proinsulin,
POMC, and proenkephalin. PC1/3 and PC2 are known to be present in numerous
neuroendocrine tissues that generate neuropeptides. Other members of the PC fam-
ily (including furin, PACE4, and PC5/6) show a more ubiquitous pattern of tissue
distribution.

PC1/3 and PC2 endoproteases with the carboxypeptidase E exopeptidase for
neuropeptide biosynthesis. Cleavage specificity studies indicate the distinct prop-
erty for PC enzymes to cleave at the COOH-terminal side of paired basic residue
processing sites within proneuropeptides and prohormones (Figure 4). This cleav-
age specificity differs from cathepsin L, which cleaves at the NH2-terminal side
of such dibasic residue processing sites (40, 53, 54). PC processing yields neu-
ropeptide intermediates with COOH-terminal basic residues (Arg or Lys) that are
removed by the neuroendocrine-specific carboxypeptidase E (also known as car-
boxypeptidase H, and hence CPE/H) (23–28, 55). The PC subtilisin-like conver-
tases combined with carboxypeptidase E represent an important protease pathway
for the conversion of proneuropeptides in active peptide neurotransmitters and
hormones.
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Coordinate Regulation of Dual Protease Pathways
in Neuropeptide Biosynthesis

The presence of the distinct cathepsin L and proprotein convertase pathways for
neuropeptide biosynthesis leads to the question of how they may be coordinately
regulated. It will be of interest to investigate whether cells may switch from one
pathway to another under different conditions. Furthermore, what is the extent of
participation of each pathway during increased or decreased production of a particular
neuropeptide under different physiological or disease conditions? Future research
that addresses these questions will be important to understand cellular mechanisms
utilized in the control of these protease pathways.

PROTEASE KNOCKOUT MICE FOR EVALUATION
OF PROTEASES IN NEUROPEPTIDE PRODUCTION

Protease gene knockout studies in mice have indicated the biological roles of PC1/3,
PC2, CPE/H, and cathepsin L proteases in neuropeptide production. Generally,
selective effects on certain neuropeptides have been observed.

PC2- and PC1/3-Deficient Mice

Extensive comparisons of multiple neuropeptides in different tissues of PC2 null mice
demonstrated the selective effects of PC2 (56–65). Among many neuropeptides exam-
ined (56–65), α-MSH (derived from POMC) was nearly absent in PC2-deficient mice
(56). Results of neuropeptide studies in PC2-null mice revealed three characteristic
types of findings. First, while the tissue levels of several neuropeptides were altered in
PC2-null mice, not all neuropeptides were modified, which indicates that some but
not all neuropeptides were influenced by the absence of PC2 (57). Second, certain
neuropeptides displayed tissue-specific differences in PC2-null mice (57). For exam-
ple, NPY was decreased in the ileum of PC2-null mice, but NPY in the hypothalamus
was not altered. Third, a particular tissue region often showed selective alterations
among different neuropeptides. For example, the neuropeptide-rich hypothalamus
region showed decreased (Met)enkephalin in PC2-deficient mice, but NPY, VIP,
galanin, and CRF were not altered. These findings demonstrated the selective role
of PC2 in the production of brain neuropeptides.

In peripheral endocrine organs, α-MSH in pituitary is nearly obliterated in PC2-
null mice (57); elevation of ACTH indicated its role as a substrate for PC2 in the
production of α-MSH. Furthermore, pituitaries of PC2-null mice show increased
levels of β-endorphin1-31, which has been shown to be utilized as a PC2 substrate for
the production of β-endorphin1-27 (58).

Multiple peptide hormones involved in glucose metabolism utilize PC2 for their
biosynthesis. For example, proinsulin processing is incomplete in PC2-null mice (59,
60). Furthermore, defective processing of proglucagon occurs in PC2-deficient mice
(64). Interestingly, impaired processing of proislet amyloid polypeptide by PC2 in
the pancreas leads to amyloid formation and cell death related to diabetes (66).
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The PC1/3 enzyme is involved in neuropeptide production, often in conjunction
with PC2. PC1/3-deficient mice show selective reduction of insulin (67, 68). PC1/3-
null mice also show defects in processing proGHRH (progrowth hormone–releasing
hormone) and POMC (67–69). The orexigenic hormone ghrelin is generated from
its precursor by PC1/3, demonstrated from studies in the PC1/3-null mice (65).
Interestingly, levels of peptides derived from POMC did not show substantial changes
in the PC1/3-deficient mice (69).

These examples of neuropeptide studies in PC2- and PC1/3-deficient mice
demonstrate the established roles of these neuroendocrine proprotein convertases in
the production of peptide neurotransmitters and hormones. We discuss more recent
peptidomic studies in these protease gene knockout mice in the section Peptidomic
Approaches for Identification of In Vivo Neuropeptides by Mass Spectrometry, below.

Cathepsin L–Deficient Mice

Cathepsin L–deficient mice show levels of enkephalin neuropeptide in the brain that
are reduced by approximately one-half (40). In addition, enkephalin levels in the brain
are also reduced by approximately one-half in PC2-deficient mice (57). These results
support dual roles for both cathepsin L and PC2 in enkephalin production. Ongoing
studies indicate multiple decreases in brain and endocrine neuropeptides in cathepsin
L–knockout mice (V. Hook, L. Funkelstein, and T. Toneff, unpublished observations).
With the alteration in brain neuropeptides, it will be of interest in future studies to
assess the behavioral effects of the loss of neuropeptides in cathepsin L–knockout
mice. Cathepsin L–knockout mice are viable and show phenotypes of hair loss and
cardiac myopathy (70–72). The mechanism for these functional effects of cathepsin L
deficiency could possibly involve neuropeptides. New and continued investigations of
neuropeptides in cathepsin L–knockout mice will provide knowledge of the relative
roles of cathepsin L in the production of particular neuropeptides.

Carboxypeptidase E–Deficient Mice

The exopeptidase carboxypeptidase E (CPE) has been examined in vivo as an inactive
mutant CPE of the Cpefat/fat mice (73, 74) and in CPE gene knockout mice (75).
Analyses of peptides representing CPE substrates demonstrated their accumulation
in the Cpefat/fat mice. Notably, the fat/fat mice show the phenotype of obesity, indi-
cating participation of neuropeptides in the fat/fat condition. Furthermore, knockout
of the CPE gene results in endocrinological behavioral deficits, including more food
intake, elevation of plasma glucose during fasting, and insulin resistance (75). Such
findings implicate CPE in physiological roles of prohormone processing in physio-
logical conditions.

INHIBITORS AND MODULATORS OF PROCESSING
ENZYMES

Endogenous and exogenous inhibitors for protease components involved in proneu-
ropeptide and prohormone processing are highly desirable for investigating the
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regulation of the proteolytic steps in neuropeptide biosynthesis. Proteases in bio-
logical systems are typically regulated by endogenous protease inhibitors, as well as
positive modulators of protease activities. Furthermore, exogenous inhibitors (often
as small drug molecules) are important for investigating protease mechanisms and
for therapeutic applications in health and disease. Future progress for development
of specific inhibitors of processing proteases will be key for potential therapeutic
applications.

The regulation of PC1/3 and PC2 is achieved by multiple in vivo factors, including
inhibitors and modulators, as well as by pH and calcium dependence. Endogenous
regulation of PC1/3 involves the propeptide of PC1/3 and inhibition by proSAAS-
derived peptide. The propeptide segment inhibits PC1/3, as well as PC2 and furin
(76, 77). Furthermore, PC1/3 is inhibited by proSAAS-related peptides (78). Notably,
the 7B2-CT peptide inhibits the PC2 enzyme (79); furthermore, 7B2 is utilized for
PC2 maturation and activation (80, 81).

Cathepsin L in neuropeptide-containing secretory vesicles of adrenal medullary
chromaffin cells (bovine) has been found to be colocalized with an endogenous serpin
protease inhibitor known as endopin 2C (82, 83). Endopin 2C displays excellent
selectivity and potency for inhibition of cathepsin L compared with other cysteine
cathepsins. Endopin 2C is also present in the pituitary for regulation of cathepsin L.
A related isoform endopin 1 is also present in chromaffin secretory vesicles (84, 85).
Endopin 1 does not inhibit cathepsin L, but inhibits trypsin-like proteases cleaving
at basic residues. Interestingly, endopin 1 does not inhibit PC1/3 or PC2. Effective
inhibition of cathepsin L by endopin 2C will be useful for assessing neuropeptide
biosynthesis achieved by cathepsin L.

Exogenous inhibitors as regulators of processing enzymes have been under much
investigation (86–96), but few selective inhibitors exist. Specific active site–directed
inhibitors of processing enzymes are desirable for mechanistic studies, but such in-
hibitors are unlikely to provide selective regulation for processing specific proneu-
ropeptide or prohormones because each protease appears to process multiple proneu-
ropeptide substrates. Inhibition of a processing enzyme may lead to changes in
multiple neuropeptides. However, tissue-specific differences in the profile of process-
ing proteases utilized for producing a particular neuropeptide may provide some se-
lectivity for inhibitors of proneuropeptide-processing proteases. Effective inhibitors
that modulate proteolytic processing of proneuropeptide or prohormones will be
valuable for understanding how proteases participate in the biosynthetic scheme for
neuropeptide production.

STRUCTURAL BIOLOGY OF PROTEASES
AND PRONEUROPEPTIDES (PROHORMONES)

The structural basis for protease and proneuropeptide interactions and processing
is important for understanding mechanisms for processing diverse proneuropep-
tide structures by common processing enzymes of the cysteine and serine pro-
tease pathways (Figure 4), as well as by related proteases. Structural studies have
provided knowledge of processing protease active-site configurations and enzyme
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conformations (97–101). However, little is known about the structures of proneu-
ropeptides. The primary structures of proneuropeptide are diverse and each proneu-
ropeptide possesses a unique primary sequence. However, similarities of structural
features of processing sites within proneuropeptides may be predicted based on their
recognition and cleavage by several common protease processing pathways. Hence,
the question of how proteases recognize different proprotein structures for specific
cleavage of paired basic residues is important for understanding proneuropeptide
processing.

Importantly, the structures of proneuropeptides and prohormones are largely un-
known. Determination of their conformational organization will be key for defining
binding site configuration(s) with processing enzymes at proprotein cleavage sites.
Furthermore, structural features of proneuropeptide and prohormone interactions
with processing proteases may reveal specific interactions. Investigation of the func-
tional roles of specific proprotein-protease interactions may reveal strategies to dis-
rupt such interactions, thereby resulting in selective inhibition of proneuropeptide or
prohormone processing. Furthermore, the combination of protein structural studies
by crystallography (102, 103), CD (104, 105), H-D exchange (hydrogen-deuterium
exchange) (106, 107), and related approaches for defining protein structures will be
fruitful for understanding structural features of how proneuropeptides interact with
processing proteases for the production of active neuropeptides.

Structural knowledge of PC1/3 and PC2 has been provided by models based on
the crystal structure of the related furin protease (97, 98). Furthermore, based on
homology modeling, the catalytic domains of the PC members are quite homologous
with similar structural features for the catalytic subsites. It is believed that further
studies of the PC enzymes by crystallization with inhibitors will provide specific
knowledge of the structural comparisons of active site and inhibitor configurations.

Structural studies of cathepsin L have provided knowledge of molecular mech-
anisms involved in cathepsin L function. The three-dimensional structure of hu-
man procathepsin L allowed determination of the binding characteristics to the pro-
segment that inhibits enzymatic activity of procathepsin L (99, 100), which utilizes a
similar mode of inhibition of proteases of the papain superfamily by prosegments. Fur-
thermore, determination of cathepsin L complexed with the inhibitor E-64 demon-
strated that the active site of cathepsin L differs from that of cathepsin B (101); such
information can facilitate design and development of specific inhibitors of cathepsin
L compared with other cathepsin cysteine proteases.

PEPTIDOMIC APPROACHES FOR IDENTIFICATION
OF IN VIVO NEUROPEPTIDES BY MASS SPECTROMETRY

Neuropeptidomics Studied by Mass Spectrometry

Detection and identification of neuropeptides in the majority of neuropeptide re-
search investigations have utilized specific radioimmunoassays. Such assays provide
sensitive detection but are limited because immunoassays do not define the primary
neuropeptide sequences being detected. It is known that antisera may cross-react

408 Hook et al.

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 2
00

8.
48

:3
93

-4
23

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

er
n 

C
ol

or
ad

o 
on

 0
3/

21
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV333-PA48-15 ARI 4 December 2007 12:55

with related peptide structures; therefore, results from RIA data can indicate that the
neuropeptide of interest and related peptides are detected.

Mass spectrometry is ideal for identification, quantitation, and simultaneous eval-
uation of multiple neuropeptides in biological samples; this approach has been termed
peptidomics for peptide research. Definitive identification of neuropeptides by mass
spectrometry is required to define their active peptide sequences. Knowledge of the
defined primary sequences of active neuropeptides is required for defining process-
ing proteases that cleave at designated sites to generate the specified neuropeptides.
Furthermore, quantitative mass spectrometry can be utilized to define relative levels
of peptides in different cellular conditions so that regulatory mechanisms for neu-
ropeptide production can be studied.

Importantly, there are many neuropeptides and intermediates derived from pro-
tein precursors that have not yet been identified. The diversity of neuropeptides has
yet to be fully defined. Historically, active neuropeptides were purified from tissue
extracts, tested in bioassays, and the final purified peptide was subjected to peptide
sequencing for identification. This approach was used for identification of the first
enkephalin opioid neuropeptide, achieved by HPLC purification, bioassay for opioid
regulation of guinea pig ileum contraction, and peptide sequencing (108, 109). A
second approach used to define neuropeptides has been to examine primary proneu-
ropeptide sequences deduced from respective cDNAs (15–20) for prediction of active
neuropeptides based on the positions of paired basic residues that typically flank active
peptides within their precursors. Prediction of active peptides then often utilizes syn-
thetic peptides for assessment of biological activities, and antisera generated against
such synthetic peptides indicated the in vivo cellular localization of such predicted
peptides. For example, the cDNA encoding procalcitonin predicted the presence of
the related CGRP peptide (calcitonin gene–related peptide) that was found in vivo
(110, 111). Although these purification and cDNA predictive approaches have iden-
tified many neuropeptides, the diversity generated through proteolytic processing of
respective protein precursors should also be directly investigated from in vivo tissue
sources. Direct identification of in vivo neuropeptides is best achieved with direct
primary sequence determination by peptidomic technology using liquid chromatog-
raphy (LC) coupled to online tandem mass spectrometry (LC-MS/MS).

Considerations for Peptidomic Studies of Neuropeptides

Several issues should be addressed for effective application of peptidomic and pro-
teomic approaches to study neuropeptide systems. First, appropriate sample prepa-
ration conditions must reflect the in vivo composition and levels of endogenous neu-
ropeptides and hormones. Second, neuropeptides of wide ranges of abundances must
be effectively identified and quantitated, including those of low abundance. Third,
peptidomic LC-MS/MS must be organized into relevant biological information.

Biological samples must be prepared to maintain the integrity of in vivo neu-
ropeptides for neuropeptide analyses. In addition, consideration of multiple factors
for experimental design must be optimized with respect to tissue regions, cell type(s),
the secretory vesicle organelle where neuropeptide biosynthesis occurs, inactivation
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Neuropeptidomics: study
of the system of diverse
peptides that function as
neuropeptides, typically
using integrated liquid
chromatography, mass
spectrometry, and
bioinformatic approaches

of endogenous proteases that modify neuropeptides, differential distribution of sol-
uble and membrane components, enrichment, and other features to be addressed by
the goal of the project.

Identification and quantitation of neuropeptides may utilize different mass spec-
trometry approaches, including multiple-reaction-monitoring (MRM) for directed
analysis of specific peptides, global analyses of peptide components by shotgun ap-
proaches, and analyses of large intact proteins by top-down analyses. MRM methods
focus on analysis of a single peptide species, usually at a particular LC retention
time, which provides exceptional sensitivity and quantitation of unlabeled peptides.
MRM requires previous knowledge of the target peptide and requires rigorous analy-
sis of standard peptides to optimize LC-MS conditions. Peptidomics of neuropeptide
systems may or may not include proteolysis followed by LC-MS/MS. MS spectral
data are compared with protein databases for scoring of the confidence levels of
peptide identification. Tools for quantitative comparison of neuropeptides in differ-
ent experimental conditions include several types of isotopic labels (ICAT, iTRAQ,
SILAC, TMAB) (112–115), absolute spiking (AQUA) (116), and spectral count-
ing (NSAF) (117). In addition, analyses of protein precursors and high-molecular-
weight intermediates derived from proneuropeptides may utilize top-down MS ap-
proaches with extremely high-accuracy mass spectrometers such as Fourier-transform
ion cyclotron resonance (FT-ICR) mass spectrometry (118). A variety of mass
spectrometry disciplines can be utilized for structural and quantitative analyses of
neuropeptides.

Neuropeptidomics of Protease Gene Knockout Mice for PC2
and PC1/3 Reveals Differential Roles in Neuropeptide Biosynthesis

Quantitative LC-MS/MS approaches have provided fruitful knowledge of the roles
of PC2 and PC1/3 proteases in neuropeptide production. For example, quantita-
tive neuropeptidomic analyses with TMAB labeling of hypothalamic neuropeptides
in PC2-deficient mice demonstrated that among identified neuropeptides (includ-
ing those derived from proenkephalin, POMC, prodynorphin, proCCK, and many
others), approximately one-third found in wild-type mice were not found in PC2-
knockout mice (119). Another one-third of the neuropeptides were partially reduced
by 25%–75% of wild-type levels. Notably, comparison of cleavage sites implicated
further knowledge of preferred amino acids at P1′ and P2′, as well as P3, positions.

Quantitative peptidomic evaluation of neuropeptides in the brain and pituitary (69)
demonstrated that certain peptides were influenced by the lack of PC1/3 (enkephalin-,
VGF-, oxytocin-, and chromogranin A– and B–derived peptides), but some neuropep-
tides were not affected (neuropeptides derived from proSAAS, POMC, and provaso-
pressin). Following the action of PC1/3 and PC2, removal of COOH-terminal basic
residues is achieved by CPE (55) (also known as CPE/H). Application of quantitative
neuropeptidomics to the Cpefat/fat mice, which lack active CPE processing enzyme
due to a mutation, led to identification of novel neuropeptides (120). These examples
of quantitative neuropeptidomics demonstrate the capabilities to analyze changes in
neuropeptide systems in different physiological conditions.

410 Hook et al.

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 2
00

8.
48

:3
93

-4
23

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

er
n 

C
ol

or
ad

o 
on

 0
3/

21
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV333-PA48-15 ARI 4 December 2007 12:55

Proteomics: study of the
system of proteins that
function together in
interacting networks that
provide the basis for
biological and physiological
regulation

PROTEOMICS OF SECRETORY VESICLES THAT GENERATE
NEUROPEPTIDES

The secretory vesicle organelle is the primary site for neuropeptide biosynthesis. It
is, therefore, important to understand the functional protein systems that allow neu-
ropeptides to be produced. Knowledge of the secretory vesicle proteins and in vivo
intravesicular protein conditions via proteomic approaches can advance our under-
standing of neuropeptide biosynthetic mechanisms. Recent examination of proteins
in model chromaffin secretory vesicles revealed several functional protein categories
that together support secretory vesicle production of neuropeptides and bioactive
catecholamines for cell-cell communication (Figure 7) (121).

Secretory vesicles

Formation of
secretory vesicles

Secretion of molecules for
cell–cell communication in
neuroendocrine systems

Production, storage, and
secretion of:

• Hormones
• Neurotransmitters
• Neuromodulatory factors

Internal vesicular
environment:
redox, proton regulation,
protein folding

Vesicular trafficking:
nucleotide-binding proteins, Ca2+ 
regulation, exocytosis proteins

Production of hormones/
transmitters/factors:

prohormones, proteases,
neurotransmitter enzymes/

transporters

Cell adhesion

Figure 7
Proteomics reveals functional secretory vesicle protein systems for neuropeptide
biosynthesis, storage, and secretion. To explore the in vivo protein environment and
composition of neuropeptide-synthesizing secretory vesicles, chromaffin secretory vesicles
(also known as chromaffin granules) were isolated and subjected to proteomic analyses of
proteins in the soluble and membrane components of the vesicles. Based on the knowledge
that the primary function of the secretory vesicle organelle is to produce, store, and release
active neuropeptides, proteins obtained from proteomic data were organized into functional
categories to represent formation of secretory vesicles, neuropeptide biosynthesis, and
exocytotic mechanisms for regulated secretion. Protein systems in secretory vesicle function
consisted of those for (a) production of hormones, neurotransmitters, and neuromodulatory
factors; (b) generating selected internal vesicular conditions for reducing condition, acidic
pH conditions maintained by ATPases, and chaperones for protein folding; and (c) vesicular
trafficking mechanisms to allow mobilization of secretory vesicles for exocytosis, which
utilizes proteins for nucleotide-binding, calcium regulation, and vesicle exocytosis. These
protein systems are coordinated to allow the secretory vesicle to synthesize and release
neuropeptides for cell-cell communication in the control of neuroendocrine functions.
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Chromaffin granules represent model secretory vesicles that produce, store, and
secrete active enkephalin and related neuropeptides that function as peptide hor-
mones and neurotransmitters for cell-cell communication. Protein systems involved
in vesicular neuropeptide biosynthesis were examined in proteomic studies of sol-
uble and membrane fractions of dense core secretory vesicles purified from neu-
roendocrine chromaffin cells. Proteins were separated by SDS-PAGE, and proteins
from systematically sectioned gel lanes were identified by microcapillary LC-MS/MS
(μLC-MS/MS) of tryptic peptides (121). Proteomic results revealed functional cate-
gories of prohormones, proteases, catecholamine neurotransmitter metabolism, pro-
tein folding, redox regulation, ATPases, calcium regulation, signaling components,
exocytotic mechanisms, and related functions. Several novel secretory vesicle com-
ponents involved in proteolysis were identified consisting of cathepsin B, cathepsin
D, cystatin C, ubiquitin, and TIMP, as well as carboxypeptidase E/H and proprotein
convertases that are known to participate in prohormone processing. Significantly, the
membrane fraction exclusively contained an extensive number of GTP nucleotide-
binding proteins related to Rab, Rho, and Ras signaling molecules, together with
SNARE-related proteins and annexins that are involved in trafficking and exocytosis
of secretory vesicle components. Membranes also preferentially contained ATPases
that regulate proton translocation. These results implicate membrane-specific func-
tions for signaling and exocytosis that allow secretory vesicles to produce, store, and
secrete active peptide hormones and neurotransmitters released from adrenal medulla
for the control of physiological functions.

The protein systems utilized in these chromaffin vesicles, representing dense core
secretory vesicles (121), resemble those of brain synaptic vesicles (122). Proteomic
studies provide inference for secretory vesicle protein systems utilized for the func-
tions of these vesicles, including the biogenesis (121, 123–125) that is required for pro-
duction of enkephalin and related neuropeptides in the brain and endocrine tissues.

Secretory vesicles at synaptic nerve terminals in brain are essential for chemi-
cal neurotransmission among neurons. Proteomic studies of synaptic proteins have
revealed their regulation by brain injury (126), brain-derived neurotrophic factor
(BDNF) (127), as well as drug regulation by morphine (128). The protein systems
that support secretory vesicle exocytosis of peptide neurotransmitters and receptor ac-
tivation at synaptic junctions of neurons function in concert to achieve neuropeptide-
mediated communication in neural circuits.

FUTURE PERSPECTIVES: LINKING NEUROPEPTIDE
MECHANISMS FOR TRANSLATION INTO THERAPEUTIC
APPLICATIONS

It is of high importance to apply knowledge of protease mechanisms for neuropeptide
biosynthesis to small-molecule strategies for the development of therapeutic agents
that can modulate the production of specific peptide neurotransmitters or hormones.
Current and future research utilizing new approaches and tools, as discussed in this
review, can provide insight into selective pharmacological approaches for exogenous
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therapeutic regulation of neuropeptide actions. Numerous health and disease condi-
tions are regulated by neuropeptides.

Proteases are essential for the conversion of inactive proprotein precursors into the
active neuropeptides. Two main protease pathways have been elucidated for process-
ing proneuropeptides and hormones, consisting of the recently discovered cysteine
protease cathepsin L with aminopeptidase B, and the well-established subtilisin-
like serine proteases consisting of prohormone convertases 1 and 2 followed by
carboxypeptidase E/H. Endogenous regulators modulate these two protease path-
ways as endogenous peptide inhibitors, activators, and in vivo secretory vesicle pro-
teins. Neuropeptides in CSF (cerebrospinal fluid) in neurological diseases can moni-
tor brain nervous activity because neuropeptides represent active neurotransmission
(129, 130).

Knowledge of specific regulators for particular neuropeptides can lead to future
translational research for small-molecule regulation of prohormone convertases and
cathepsin L pathways in the control of physiological functions. For example, regula-
tion of opioid peptide production—enkephalin, β-endorphin, and dynorphin—may
lead to new drugs for analgesia and pain relief. Specific small-molecule control of
hypothalamic NPY in the control of feeding behavior may lead to improvement in
obese conditions. Regulation of hypothalamic CRF and pituitary ACTH production
is important for the control of steroid biosynthesis in adrenal cortex for metabolic
regulation. PC-related proteases have been implicated in sterol and lipid metabolism
(131), tumor progression (132, 133), atherosclerosis (134), and other physiological
and disease conditions.

Application of protease mechanisms to drug development for control of neu-
ropeptides in health and disease is an exciting and necessary area of research for
neuropeptide regulation of neuroendocrine systems.

SUMMARY POINTS

1. Proteases are essential for proteolytic processing of proneuropeptide pre-
cursors into active peptide neurotransmitters and hormones.

2. Secretory vesicles represent the primary subcellular site of neuropeptide
biosynthesis, which are produced, stored, and secreted to mediate cell-cell
communication.

3. Protease pathways for proneuropeptide processing have been elucidated
that consist of (a) the newly identified cysteine protease cathepsin L with
aminopeptidase B in secretory vesicles and (b) the well-established, propro-
tein convertase family that includes the neuroendocrine-specific prohor-
mone convertases 1 and 2 (PC1/3 and PC2) with carboxypeptidase E.

4. Protease gene knockout experiments have validated the roles of PC1/3, PC2,
as well as cathepsin L for the production of neuropeptides in nervous and
endocrine tissues.
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5. Endogenous regulators consisting of inhibitors and activators participate in
the in vivo control of processing enzyme functions.

6. Structural biology of protease and proneuropeptides will be important to
understand interacting mechanisms for proneuropeptide processing.

7. Neuropeptidomics has recently been applied to investigations of neuropep-
tide systems for their primary sequence and structural identification, as well
as quantitation by LC-MS/MS tandem mass spectrometry.

8. Proteomic studies have revealed functional protein families that participate
in secretory vesicle functions for the production, storage, and secretion of
neuropeptides.

9. Pharmacological evaluation of unique specificities among neuropeptide pro-
cessing systems will be valuable for design of future strategies to develop
selective small-molecule modulators of processing enzymes for therapeutic
applications in health and disease.

FUTURE ISSUES

1. How are cathepsin L and prohormone convertase protease pathways coor-
dinately regulated?

2. What is the proteolytic basis for tissue-specific processing of proneuropep-
tides, such as that for POMC?

3. Selective and potent inhibitors of protease components for processing
prohormones should be developed to facilitate basic and pharmacological
research.

4. What are the structural features of prohormone and protease interactions
for functional processing?

5. What is the full complement of in vivo neuropeptides that are biologically
active at peptidergic receptors to regulate target cell functions?

6. How do the different protein systems within secretory vesicles participate
in the control of protease processing to generate active neuropeptides?
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