
Unique Biological Function of Cathepsin L in Secretory Vesicles
for Biosynthesis of Neuropeptides

Lydiane Funkelstein1, Margery Beinfeld2, Ardalan Minokadeh1, James Zadina, and Vivian
Hook1,4
1 Skaggs School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego,
La Jolla, CA 92093
2 Department of Pharmacology and Experimental Therapeutics, Tufts University School of
Medicine, 136 Harrison Ave, Boston, MA 02111
4 Depts. of Neuroscience, Pharmacology, and Medicine, University of California, San Diego, La
Jolla, CA 92093

Abstract
Neuropeptides are essential for cell-cell communication in the nervous and neuroendocrine
systems. Production of active neuropeptides requires proteolytic processing of proneuropeptide
precursors in secretory vesicles that produce, store, and release neuropeptides that regulate
physiological functions. This review describes recent findings indicating the prominent role of
cathepsin L in secretory vesicles for production of neuropeptides from their protein precursors.
The role of cathepsin L in neuropeptide production was discovered using the strategy of activity-
based probes for proenkephalin-cleaving activity for identification of the enzyme protein by mass
spectrometry. The novel role of cathepsin L in secretory vesicles for neuropeptide production has
been demonstrated in vivo by cathepsin L gene knockout studies, cathepsin L gene expression in
neuroendocrine cells, and notably, cathepsin L localization in neuropeptide-containing secretory
vesicles. Cathepsin L is involved in producing opioid neuropeptides consisting of enkephalin, β-
endorphin, and dynorphin, as well as in generating the POMC-derived peptide hormones ACTH
and α-MSH. In addition, NPY, CCK, and catestatin neuropeptides utilize cathepsin L for their
biosynthesis. The neuropeptide-synthesizing functions of cathepsin L represent its unique activity
in secretory vesicles, which contrasts with its role in lysosomes. Interesting evaluations of protease
gene knockout studies in mice that lack cathepsin L compared to those lacking PC1/3 and PC2
(PC, prohormone convertase) indicate the key role of cathepsin L in neuropeptide production.
Therefore, dual cathepsin L and prohormone convertase protease pathways participate in
neuropeptide production. Significantly, the recent new findings indicate cathepsin L as a novel
‘proprotein convertase’ for production of neuropeptides that mediate cell-cell communication in
health and disease.
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Introduction
Neuropeptides for cell-cell communication in the nervous and neuroendocrine systems

Neuropeptides in the nervous system are essential for activity-dependent neurotransmission
of information among neurons. Many neuropeptide also function in peripheral systems for
endocrine regulation of physiological functions. Moreover, the nervous and endocrine
systems communicate with one another via these peptide neurotransmitters and hormones,
collectively known as neuropeptides in this review. Knowledge of the biosynthetic
mechanisms for the production of neuropeptides is critical for understanding cell-cell
communication in neurotransmission and peptide hormone actions.

Production of neuropeptides requires proteolytic processing of their respective precursor
proteins. This results in a multitude of distinct peptides with diverse physiological actions,
such as enkephalin and opioid peptide regulation of analgesia (Law et al., 2000; Snyder and
Pasternak, 2003), ACTH induction of steroid synthesis (Frohman, 1995), galanin
involvement in cognition (Steiner et al., 2001), neuropeptide Y participation in regulating
feeding behavior (Gehlert, 1999; Wieland et al., 2000), and numerous other functions (Table
1). The primary structures for proneuropeptides indicate that neuropeptides within the
precursors are typically flanked at their NH2- and COOH-termini by pairs of basic residues,
and sometimes by monobasic residues (Hook et al., 2008; Steiner, 1998; Seidah and Prat,
2002) (Figure 1). These multi-basic and monobasic residues provide sites of proteolytic
processing that are cleaved to generate the active neuropeptides. Clearly, proteolytic
pathways represent key steps for the biosynthesis of essential peptide neurotransmitters and
hormones.

Proteolytic cleavage of proneuropeptides may occur at one of three positions at paired basic
processing sites. These cleavages may consist of processing at the COOH- and NH2-termini
of the dibasic residues, or between the dibasic residues (Figure 2). Resultant peptide
intermediates require removal of basic residues from COOH- and/or NH2-termini by
carboxypeptidase and aminopeptidase enzymes, respectively.

Recent results indicate cathepsin L as a significant and novel proprotein convertase for
neuropeptide production

Recent studies demonstrate a newly identified protease pathway mediated by secretory
vesicle cathepsin L (Yasothornsrikul et al., 2003) and Arg/Lys aminopeptidase
(Yasothornsrikul et al., 1998; Hwang et al., 2007b) for conversion of proneuropeptides into
active neuropeptides. Cathepsin L cleaves dibasic residue sites at their NH2-termini and
between the two basic residues (Yasothornsrikul et al., 1998). The peptide intermediates
generated by cathepsin L subsequently require processing by Arg/Lys aminopeptidase and
carboxypeptidase E to remove NH2- and COOH-terminal basic residues, respectively, for
production of the final neuropeptide.

These findings complement ongoing studies in the field for proneuropeptide processing by
the prohormone convertases, consisting of PC1/3 and PC2 as well as related PC enzymes
(Steiner, 1998; Seidah and Prat, 2002; Hook et al., 2008). Subsequent to PC activity, the
final neuropeptides are generated by carboxypeptidase E (Fricker, 1988; Hook et al., 1998).

The novel biological role of cathepsin L for proneuropeptide processing in regulated
secretory vesicles is the focus of this review. The prominent role of cathepsin L in the
production of active peptides contrasts with its previously known function as a lysosomal
protease (Collette et al. 2004; Ishidoh and Kominami 2002). These recent results
demonstrate cathepsin L as a novel ‘proprotein convertase’ for production of neuropeptides
for cell-cell communication.
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Strategy for Demonstration of Cathepsin L as a Proneuropeptide
Processing Enzyme for Enkephalin Peptide Production
Identification of cathepsin L in proenkephalin processing by activity-based profiling and
mass spectrometry

The biochemical strategy to elucidate the major proenkephalin-cleaving activity in
neuropeptide-containing secretory vesicles was to identify the protease subclass for the
activity and identify the responsible enzyme protein by activity-probe labeling followed by
mass spectrometry (Yasothornsrikul et al., 2003). Model neuropeptide-containing secretory
vesicles isolated from sympathoadrenal chromaffin cells of the sympathetic nervous system
were utilized for purification of the proenkephalin cleaving activity. The activity was
substantially inhibited by selective inhibitors of cysteine proteases (Yasothornsrikul et al.,
1999, 2003).

Chemical biology has developed sophisticated activity-based probes for identification of
protease and enzyme families (Cravatt et al., 2008). Activity-based profiling of active
cysteine proteases was instrumental for identification of the protease responsible for
proenkephalin cleaving activity in chromaffin granules. The activity probe DCG-04, the
biotinylated form of E64c that inhibits cysteine proteases (figure 3), was utilized for specific
affinity labeling of the 27 kDa protease enzyme of the proenkephalin cleaving enzyme
activity (Yasothornsrikul et al., 2003). Two-dimensional gels resolved DCG-04 labeled
proteins of ~ 27 kDa, whose identification was indicated as cathepsin L by mass
spectrometry of tryptic peptides (figure 3). These findings suggested a new biological
function for cathepsin L in secretory vesicles for producing the enkephalin neuropeptide.

Cathepsin L localization in secretory vesicles that contain enkephalin and numerous
neuropeptides

The biochemical identification of cathepsin L in secretory vesicles suggested the novel
localization of cathepsin L in this organelle. Confirmation of the localization of cathepsin L
within secretory vesicles (chromaffin granules) was demonstrated by immunofluorescence
confocal microscopy and immunoelectron microscopy (figure 4) (Yasothornsrikul et al.,
2003;Funkelstein et al., 2008a). Cathepsin L was also found to undergo cosecretion with
enkephalin whose secretion is stimulated by activation of the regulated secretory pathway in
these cells (Yasothornsrikul et al., 2003).

Cellular routing and trafficking of cathepsin L gene expression was demonstrated by
coexpression of cathepsin L with proenkephalin in neuroendocrine PC12 cells (derived from
rat adrenal medulla). Expression of cathepsin L resulted in its trafficking to secretory
vesicles that contain enkephalin and neuropeptides (Hwang et al., 2007a). These findings
indicated the novel location of cathepsin L in neuropeptide-containing secretory vesicles.

Cathepsin L gene knockout and expression result in regulation of enkephalin
neuropeptide production from proenkephalin

The in vivo role of cathepsin L in the production of enkephalin peptides was assessed in
cathepsin L gene knockout mice. Brain levels of (Met)enkephalin (ME) were reduced by ~
50% compared to wild-type control mice (figure 5) (Yasothornsikul et al., 2003).
Enkephalin was measured by radioimmunoassay that specifically detected ME and not
proenkephalin. Brains contained a higher ratio of proenkephalin/ME in brain, indicating
retarded proenkephalin processing. Thus, the knockout results demonstrate the in vivo
function of cathepsin L for enkephalin neuropeptide production.
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Studies of cathepsin L expression showed that cathepsin L participates in cellular processing
of proenkephalin into (Met)enkephalin in the regulated secretory pathway of PC12
neuroendocrine cells (figure 5) (Hwang et al., 2007a). Cathepsin L generated high molecular
weight PE-derived intermediates (of ~23, 18–19, 8–9, and 4.5 kDa) that were similar to
those in vivo in chromaffin granules assessed by western blots (Hwang et al., 2007a). Such
results demonstrated a cellular role for cathepsin L in the production of (Met)enkephalin in
secretory vesicles.

Cleavage specificity of cathepsin L for dibasic processing sites of proneuropeptides
Cathepsin L cleaves at dibasic and monobasic processing sites that are cleaved within
proneuropeptides. Production of (Met)enkephalin by cathepsin L was assessed with the
enkephalin-containing peptide substrates BAM-22P and Peptide F, with identification of
peptide products by MALDI-TOF mass spectrometry (Yasothornsrikul et al., 2003).
Cathepsin generated (Met)enkephalin by cleaving BAM-22P at the dibasic ↓Arg-↓Arg and
monobasic ↓Arg sites (figure 6). Peptide F was cleaved by cathepsin L at dibasic ↓Lys-↓Lys
and ↓Lys-Arg sites (figure 6). Moreover, cathepsin L processing of full-length 35S-
enkephalin precursor produced products of idential apparent molecular weight to those
present in vivo in adrenal medulla (Hook et al., unpublished observations). Further cleavage
studies with peptide-MCA substrates containing dibasic cleavage sites illustrated that
cathepsin L cleaves at the COOH-terminal side of the dibasic sites, as well as at the N-
terminal side of basic residues (Azaryan et al., 1994). Thus, cathepsin L generates peptide
intermediates with basic residue extensions at NH2- and COOH-termini, which will then be
removed by aminopeptidase B and carboxypeptidase E exopeptidases, respectively (figure
2). These exopeptidases have been characterized and shown to participate in neuropeptide
biosynthesis in secretory vesicles (Hook et al., 2008; Fricker, 1988; Yasothornsrikul et al.,
1998; Hwang et al., 2007b). The basic residue cleavage specificities of cathepsin L are
appropriate for processing proprotein precursors into active neuropeptides.

Cathepsin L meets the criteria expected of a proneuropeptide processing enzyme for
neuropeptide biosynthesis

Cathepsin L meets the key criteria expected of proteases for processing proneuropeptides
into peptide neurotransmitters and hormones. These criteria are (1) the protease must be
present in the organelle site where production of the active peptide occurs, primarily in
secretory vesicles, (2) the protease must possess the appropriate substrate cleavage
specificity to generate the active peptide, and (3) protease inhibition or gene knockdown
should reduce production of the active peptide. Fulfillment of these criteria demonstrates the
novel biological role of cathepsin L in the biosynthesis of enkephalin and numerous
neuropeptides, as described in the next section.

Prominent Function of Cathepsin L for Production of Numerous
Neuropeptides

The significant role of cathepsin L for processing proenkephalin into the active enkephalin
neuropeptide raised the question of the possible function of cathepsin L for biosynthesis of
other neuropeptides. Continued investigation of cathepsin L in secretory vesicles
demonstrated its prominent role in the biosynthesis of numerous neuropeptides represented
by neuropeptide Y (NPY), POMC-derived peptide hormones consisting of ACTH, β-
endorphin, and α-MSH, as well as dynorphin, CCK, and catestatin neuropeptides
(Funkelstein et al., 2008a, b; Minokadeh et al., 2010; Beinfeld et al., 2009; Biswas et al.,
2009). Illustration of the biological function of cathepsin L for neuropeptide production has
been demonstrated by protease gene knockout (summarized in Table 2), and protease gene
expression combined with inhibitors and related approaches.
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Neuropeptide Y (NPY)
NPY in the brain functions as a peptide neurotransmitter in the regulation of feeding
behavior (Wieland et al., 2000; Gehlert, 1999). In the peripheral sympathetic nervous
system, NPY is released and regulates blood pressure (Walker et al., 1991). Thus, NPY has
central and peripheral effects for regulating physiological functions. Novel findings show
that cathepsin L participates as a key proteolytic enzyme for NPY production in secretory
vesicles (Funkelstein et al., 2008a). Notably, NPY in cathepsin L knockout (KO) mice was
substantially reduced in brain and adrenal medulla by 80% and 90%, respectively.
Participation of cathepsin L in producing NPY predicts their colocalization in secretory
vesicles, a primary site of NPY production. Indeed, cathepsin L is colocalized with NPY in
brain cortical neurons and in chromaffin cells of adrenal medulla, demonstrated by
immunofluorescence confocal microscopy and immunoelectron microscopy. Coexpression
of proNPY with cathepsin L in neuroendocrine PC12 cells resulted in increased production
of NPY. Furthermore, in vitro processing indicated cathepsin L processing of proNPY at
paired basic residues. In contrast, PC2 gene knockout mice show no change in NPY brain
levels (Miller et al., 2003b) but a peptidomic study showed a partial decrease in NPY
(Zhang et al., 2010); the field has not yet reported studies of NPY in PC1/3 knockout mice.
These studies of demonstrate an important role for cathepsin L in the production of NPY.

ACTH, β-endorphin, and α-MSH derived from the common POMC prohormone
Cathepsin L participates in the biosynthesis of the pituitary hormones ACTH, β-endorphin,
and α-MSH that are derived from the common POMC (proopiomelanocortin) precursor by
proteolytic processing (Funkelstein et al., 2008b). Each of these peptide hormones has
distinct functions. ACTH stimulates glucocorticoid synthesis in adrenal cortex, β-endorphin
is an endogenous opioid for analgesia, and α-MSH is involved in pigmentation of the skin.
Notably, cathepsin L functions as a major proteolytic enzyme for production of POMC-
derived peptide hormones in secretory vesicles.

Specifically, cathepsin L knockout (KO) mice showed major decreases in ACTH, β-
endorphin, and α-MSH that were reduced to 23%, 18%, and 7%, respectively, of wild-type
controls (100%) in pituitary. Increased levels of POMC in these knockout mice are
consistent with cathepsin L processing of POMC. Cathepsin L is colocalized with β-
endorphin and α-MSH in the intermediate pituitary, and with ACTH in the anterior pituitary.
But cathepsin L was only partially colocalized with the lysosomal marker lamp-1 in
pituitary. Expression of cathepsin L in pituitary AtT-20 cells resulted in increased ACTH
and β-endorphin in the regulated secretory pathway. Furthermore, treatment of AtT-20 cells
with CLIK-148, a specific inhibitor of cathepsin L, resulted in reduced production of ACTH
and accumulation of POMC.

For comparison, PC2 knockout (KO) mice showed substantial reduction in α-MSH levels in
pituitary and brain (Miller et al, 2003a). Since cathepsin L KO also results in a major
reduction of α-MSH, these data indicate that cathepsin L and PC2 function jointly for α-
MSH production. ACTH and β-endorphin levels were not altered in brains of PC2 KO mice
compared to wild-type controls (Miller et al., 2003a), but these two peptides were elevated
in pituitaries of PC2 KO mice suggesting that ACTH and β-endorphin serve as substrates for
PC2. Interestingly, PC1/3 KO mice showed no changes in POMC-derived peptides (Pan et
al., 2005).

These protease studies demonstrate a prominent role for cathepsin L, combined with PC2, in
the production of ACTH, β-endorphin, and α-MSH peptide hormones in the regulated
secretory pathway.
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Dynorphin neuropeptides
Dynorphin opioid neuropeptides mediate neurotransmission for analgesia and behavioral
functions (Akil et al., 1998; Wang et al., 2001; Shippenberg, 2007). Dynorphin A,
dynorphin B, and α-neoendorphin are generated from prodynorphin by proteolytic
processing. Recent studies demonstrate the significant role of the cysteine protease cathepsin
L for producing dynorphins (Minokadeh et al., 2010). Cathepsin L KO mouse brains showed
extensive decreases in dynorphin A, dynorphin B, and α-neoendorphin that were reduced by
75%, 83%, and 90%, respectively, compared to controls. Moreover, cathepsin L in brain
cortical neurons was colocalized with dynorphins in secretory vesicles, the primary site of
neuropeptide production. Cellular coexpression of cathepsin L with prodynorphin in PC12
cells resulted in increased production of dynorphins A and B. Comparative studies of PC1/3
and PC2 convertases showed that PC1/3 KO mouse brains had a modest decrease in
dynorphin A, and PC2 knockout mice showed a minor decrease in α-neoendorphin. Overall,
these results demonstrate a prominent role for cathepsin L, jointly with PC1/3 and PC2, for
production of dynorphins in brain.

Cholecystokinin (CCK)
Cholecystokinin (CCK) is a peptide neurotransmitter whose production requires proteolytic
processing of the proCCK precursor to generate active CCK8 neuropeptide in brain. Recent
investigation demonstrates the significant role of the cysteine protease cathepsin L for
CCK8 production (Beinfeld et al., 2009). In cathepsin L knockout (KO) mice, CCK8 levels
were substantially reduced in brain cortex by an average of 75%. These amounts of
decreased CCK8 in cathepsin L KO mice are greater than the modest decreases of CCK8
found in brain regions of PC1/3 or PC2 KO mice (Beinfeld et al., 2005; Cain et al., 2004;
Rehfeld et al., 2008). Furthermore, brain cortex of PC1/3 KO mice shows no change in
CCK8, and brain cortex of PC2 KO mice show an increase in CCK8. Therefore, data from
the cathepsin L KO results provide strong evidence for cathepsin L as the major
endoprotease responsible for CCK8 production in brain cortex.

Catestatin
The active catestatin peptide secreted from adrenal medulla of the sympathetic nervous
system regulates blood pressure in stress (Mahata et al., 2010; Vaingankar et al., 2010).
Catestatin is generated from the precursor chromogranin A (CgA) by proteolytic processing
(Biswas et al., 2009). Notably, cathepsin L participates in catestatin formation. Endogenous
cathepsin L colocalizes with CgA in the secretory vesicles of primary rat chromaffin cells.
Transfection of PC12 cells with the cathepsin L cDNA resulted in its localization to
secretory vesicles of PC12 cells. Cathepsin L cleaves CgA in vitro to catestatin-related
peptides that show activity for inhibition of nicotine-induced catecholamine secretion from
PC12 cells. These findings indicate that CgA can be utilized as a substrate for cathepsin L in
the production of catestatin-like peptides. Thus far, PC1/3 KO mice show no change in
CgA-derived peptides (Wardman et al., 2010); several peptides derived from CgA were
reduced in PC2 KO mouse brains (Zhang et al., 2010). These protease investigations
demonstrate a novel role for cathepsin L in the production of active catestatin peptide from
CgA.

Novel Secretory Vesicle Function of Cathepsin L in Contrast to Lysosomal
Function

These recent studies indicate the unique localization of cathepsin L in secretory vesicles for
its biological function of neuropeptide production. As described in this review, cathepsin L
is colocalized with the neuropeptides enkephalin, NPY, β-endorphin, ACTH, α-MSH,
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dynorphins, and CCK (Hook et al., 2008; Yasothornsrikul et al., 2003; Hwang et al., 2007a;
Funkelstein et al., 2008a, b; Beinfeld et al., 2009; Biswas et al., 2009; Minokadeh et al.,
2010).

The novel secretory vesicle function of cathepsin L contrasts with its known role in
lysosomes for protein degradation. Cathepsin L was first identified as a degrading protease
localized in rat liver lysosomes (Ansorge et al., 1977) and in lysosomes of other types of
cells and species (Yokota et al., 1988, Ryvnyak et al., 2004). Yet, in addition to its
lysosomal function, additional studies have indicated cathepsin L in secretory vesicles of rat
pituitary GH4C1 (Waguri et al., 1995) and mouse NIH3T3 cell lines (Collette et al., 2004).

Comparison of the secretory vesicle localization of cathepsin L in secretory vesicles
compared to lysosomes reveals differences in the relative portion of cathepsin L in these two
organelles in different cell types. In bovine chromaffin cells of the sympathetic nervous
system, cathepsin L is primarily colocalized with NPY and enkephalin (Yasothornsrikul et
al., 2003, Funkelstein et al., 2008a), with no colocalization with the lysosomal marker
lamp-1 (Fukuda, 1991) (figure 7). These data suggest a primary function of cathepsin L in
secretory vesicles of chromaffin cells. But in mouse pituitary, while cathepsin L is
colocalized with β-endorphin- and α-MSH in secretory vesicles, a portion of cellular
cathepsin L is colocalized with the lysosomal marker lamp-1 (Funkelstein et al., 2008b)
(figure 8). Also, in mouse pituitary AtT-20 cells, cathepsin L is partially colocalized with
ACTH in secretory vesicles and with lamp-1 in lysosomes (Funkelstein et al., 2008b,
Beinfeld et al., 2009). In the human pituitary, ACTH and beta-endorphin were also
colocalized with cathepsin L (Hook et al., 2009).

In addition, cathepsin L has been found in the nucleus of mouse and human cells for
proteolysis of the histone H3 in the regulation of gene expression (Hiwasa and Sakiyama,
1996, Duncan et al., 2008, Sullivan et al., 2009). Thus, cathepsin L has biological functions
in secretory vesicles and the nucleus, that differ from its lysosomal functions.

Clearly, new findings indicate that cathepsin L localization in several organelles, with
notable function in secretory vesicles for neuropeptide production as discussed in this
review. These studies lead to the conclusion that cathepsin L not only functions in
lysosomes for protein degradation, but cathepsin L also functions in secretory vesicles for
neuropeptide production.

Combined Roles of Cathepsin L and Prohormone Convertases PC1/3 and
PC2 for Neuropeptide Production

The biological role of cathepsin L for production of neuropeptides, combined with function
of the subtilisin-like proprotein convertases, indicate dual protease pathways for
neuropeptide production (figure 2). The proprotein convertase family consists of PC1/3,
PC2, furin, PACE4, PC3, PC5/6, and PC7 for processing at basic residues (For reviews, see
Seidah and Prat, 2002;Fugere and Day, 2005;Scamuffa et al., 2006;Hook et al., 2008).
Several related proteases that cleave at non-basic residues have also been identified,
consisting of the subtilisin/kexin-like isozyme-1 (SKI-1/SIP) and the neural apoptosis-
regulated convertase-1 (PCSK9/NARC-1) (Seidah and Prat, 2002;Thomas, 2002;Fugere and
Day, 2005;Scamuffa et al., 2006). These represent excellent reviews of the roles of
proprotein convertases in neuropeptide biosynthesis. Due to the limitations in space of this
article, readers are referred to these reviews on the PC enzymes.
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Conclusion: Cathepsin L Represents a Distinct Protease Pathway,
Combined with Proprotein Convertases, for Biosynthesis of Neuropeptides

Recent findings demonstrate the key biological role of cathepsin L in secretory vesicles for
processing proneuropeptides into active peptide neuropeptides and hormones. The cathepsin
L cysteine protease pathway participates with the prohormone convertase subtilisin-like
protease pathway for neuropeptide biosynthesis (figure 2). The presence of the two distinct
mechanistic protease classes for proneuropeptide processing indicates cellular insurance for
selection of protease pathways for production of specific neuropeptides. It will be of interest
to understand regulatory mechanisms for selection of both or either processing pathways for
production of particular neuropeptides in different tissues. Indeed, endogenous protease
inhibitors exist for each of these two distinct protease pathways. Cathepsin L in secretory
vesicles is regulated by the endogenous inhibitors endopin 2 (a serpin inhibitor) (Hwang et
al., 2005), kunitz protease inhibitor form of APP (KPI-APP (Hook et al., 1999), and cystatin
C (Leonardi et al., 1996). The PC1/3 and PC2 enzymes are regulated by endogenous
inhibitors consisting of proSAAS (Basak et al., 2001) and 7B2 (Fortenberry et al., 1999),
respectively. The presence of different protease subclasses allows specific regulation by
inhibitors.

Future knowledge of specific drug regulators for particular neuropeptides can lead to future
translational research for small molecule regulation of cathepsin L and prohormone
convertase pathways in the control of physiological functions. For example, regulation 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 (Seidah et al., 2006), tumor progression (Basi et
al., 2005), atherosclerosis (Stawowy et al., 2005), and other physiological and disease
conditions.

The newly identified biological function of cathepsin L for neuropeptide biosynthesis opens
new avenues for understanding neuropeptide regulation and potentially for targeting this
protease in drug development for control of neuropeptides in health and disease.
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Figure 1. Structural Features of Proneuropeptides for Proteolytic Processing
Prohormone precursor protein structures indicate that active peptide neurotransmitters and
hormones are flanked by multi-basic residues that represent sites of proteolytic processing to
generate active neuropeptides. The precursor proteins are shown for preproenkephalin,
preproopiomelanocortin, preproNPY (NPY, neuropeptide Y), preprodynorphin, preproCCK
(CCK, cholecystokinin), and preprogalanin. The NH2-terminal signal sequence is known to
be cleaved by signal peptidases at the RER (rough endoplasmic reticulum) and the resultant
prohormone undergoes trafficking to Golgi apparatus and packaging into secretory vesicles
where prohormone processing occurs.
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Figure 2. Cathepsin L and Proprotein Convertase Pathways for Neuropeptide Production
Proneuropeptides typically contain active peptides flanked by paired basic residues. The
dibasic processing sites undergo proteolytic cleavage at one of three sites (numbered 1, 2,
and 3) which consist of cleavage at the NH2- or COOH-terminal sides of the dibasic
residues, or between the dibasic residues. Peptide intermediates generated by cleavage at the
NH2-terminal side of the dibasic site, or between the dibasic residues, will then require Arg/
Lys aminopeptidase, represented by aminopeptidase B, to remove basic residues at the NH2-
termini. Cleavage of proneuropeptides at the COOH-terminal side of dibasic residues then
requires carboxypeptidase E to remove NH2-terminal basic residues.
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Figure 3. Identification of Proenkephalin-Cleaving Activity in Secretory Vesicles as Cathepsin L
(a) E64-c cysteine protease inhibitor. The cysteine protease inhibitor E64-c was found to be
a potent inhibitor of the proenkephalin (PE) – cleaving activity in secretory vesicles isolated
from adrenal medullary chromaffin cells of the sympathetic nervous system.
(b) Structure of DCG-04, an activity-based probe for cysteine proteases. The modified
cysteine protease inhibitor DCG-04, resulting from biotinylation of E64-c, was utilized for
affinity-labeling of PE-cleaving activity in secretory vesicles.
(c) DCG-04 affinity labeling of cysteine protease activity in secretory vesicles. DCG-04
affinity labeling of purified PE-cleaving activity reveals a 27 kDa protein band. This band
was subjected to peptide sequencing by tryptic digestion and tandem mass spectrometry.
(d) Identification of purified PE-cleaving activity as cathepsin L by mass spectrometry for
peptide sequencing. Peptides derived from tryptic digests of DCG-04 affinity labeled 27 kDa
proteins, sequenced by CID (MS/MS) mass spectrometry, are illustrated as the underlined
amino acid sequences of bovine cathepsin L.
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Figure 4. Localization of cathepsin L within enkephalin-containing secretory vesicles of
neuronal-like chromaffin cells
(a) Cathepsin L colocalization with (Met)enkephalin (ME) by immunofluorescence confocal
microscopy. Immunofluorescence localization of cathepsin L (cat. L) was assessed by anti-
cathepsin L detected with anti-rabbit IgG-Alexa 488 (green fluorescence), and ME was
detected with anti-ME and anti-mouse IgG-Alexa 594 (red). Colocalization is illustrated by
overlay of the images, illustrated by yellow fluorescence. Nuclei are illustrated by DAPI
blue staining.
(b) Immunoelectron microscopy demonstrates colocalization of cathepsin L and
(Met)enkephalin in secretory vesicles. Cathepsin L in secretory vesicles was indicated by
anti-cathepsin L detected with 15 nm colloidal gold conjugated anti-rabbit IgG, and ME was
detected with anti-ME and 6 nm colloidal gold conjugated to anti-mouse IgG. The presence
of both 15 and 6 nm gold particles within these vesicles demonstrated the in vivo
colocalization of cathepsin L and ME.
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Figure 5. Regulation of (Met)enkephalin in cathepsin L gene knockout mice
(a) (Met)enkephalin (ME) levels in brains of knockout mice. ME levels in extracts of brain
tissue from cathepsin L gene knockout mice (−/−) and wild-type control mice (+/+) were
measured by RIA, shown as the mean + sem, with N = 10 for each group. A significant
decrease (*) in enkephalin levels in knockout mice was observed (p < 0.013, two-tailed t-
test).
(b) Elevated (Met)enkephalin production during cathepsin L expression. Elevation of
cellular content of (Met)enkephalin in PC12 cells was observed after coexpression of
cathepsin L (CL) and proenkephalin (PE). The radioimmunoassay (RIA) for
(Met)enkephalin measures processed (Met)enkephalin since the RIA does not crossreact
with PE. Controls included cells transfected with vector alone (no insert, control), PE alone,
and cathepsin L (CL) alone. Experiments were conducted by transfection of triplicate wells
of cells for each group, with RIA assay of (Met)enkephalin conducted in duplicate assays
performed twice. Results are expressed as mean + standard error.
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Figure 6. Cathepsin L cleaves dibasic and monobasic processing sites of enkephalin-containing
peptide substrates, BAM-22P and Peptide F
(a) Cathepsin L cleavage of BAM-22P. BAM-22P was incubated with cathepsin L, and
monoisotopic masses (MH+, in Daltons) of peptide products are illustrated for mass peaks.
The primary sequence of BAM-22P (residues 1–22) is shown, and arrows indicate cathepsin
L cleavage sites. The amino acid sequence of the (Met)enkephalin neuropeptide is
underlined.
(b) Cathepsin L cleavage of Peptide F. Cathepsin L cleavage products of Peptide F were
identified by MALDI-TOF mass spectrometry. Cathepsin L cleavage sites are illustrated by
solid arrows above the Peptide F sequence.
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Figure 7. In chromaffin cells of the sympathoadrenal nervous system, cathepsin L is primarily
localized to neuropeptide-containing secretory vesicles, compared to lysosomes
(a) Cathepsin L localization with NPY assessed by immunofluorescence confocal
microscopy. Adrenal medullary chromaffin cells in primary culture were analyzed for
colocalization of cathepsin L with NPY present in secretory vesicles assess by
immunofluorescence confocal microscopy. Excellent colocalization of cathepsin L (green
fluorescence) and NPY (red fluorescence) was observed in the merged image (yellow
fluorescence), with the majority of cellular cathepsin L localized with NPY in secretory
vesicles.
(b) Evaluation of cathepsin L with the lysosomal marker lamp-1 by immunofluorescence
confocal microscopy. Cathepsin L localization in chromaffin cells (red fluorescence) was
compared to that of lamp-1 (green fluorescence), a lysosomal marker. Results show that
cathepsin L in chromaffin cells displays no colocalization with lamp-1. These data indicate
that cathepsin L in chromaffin cells is primarily localized with NPY and other neuropeptides
(Funkelstein et al., 2008a) in secretory vesicles.
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Figure 8. In intermediate pituitary, cathepsin L is highly localized with β-endorphin and α-MSH
peptide hormones, and is partially localized with the lysosomal marker lamp-1
(a) Cathepsin L and β-endorphin colocalization. Colocalization of cathepsin L with β-
endorphin in intermediate pituitary (mouse) was demonstrated by immunofluorescence
confocal microscopy. Cathepsin L immunoreactivity (green fluorescence) showed excellent
overlapping colocalization with β-endorphin (red fluorescence), shown by the yellow
fluorescence of merged cathepsin L/β-endorphin fluorescent immunostaining. The majority
of β-endorphin, contained in secretory vesicles, was colocalized with cathepsin L.
(b) Cathepsin L and α-MSH colocalization. The overlapping colocalization of cathepsin L
with α-MSH peptide hormone in intermediate pituitary was illustrated by
immunofluorescence confocal microscopy. The majority of cathepsin L (green fluorescence)
and α-MSH (red fluorescence) were colocalized, shown by the merged areas of yellow
fluorescence.
(c) Partial colocalization of cathepsin L and lamp-1 localization in mouse intermediate
pituitary cells. The cellular distribution of cathepsin L in intermediate lobe pituitary cells
was compared to that of the lysosomal marker lamp-1. Cathepsin L (green fluorescence) was
partially colocalized with lamp-1 (red fluorescence). This subcellular distribution of
cathepsin L is consistent with the localization of cathepsin L in secretory vesicles as well as
in lysosomes.

Funkelstein et al. Page 19

Neuropeptides. Author manuscript; available in PMC 2011 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Funkelstein et al. Page 20

Table 1

Neuropeptides in the Nervous and Endocrine Systems

Neuropeptide Regulatory Function

enkephalin analgesia

β-endorphin analgesia

dynorphin analgesia

ACTH steroid production

α-MSH skin pigmentation

insulin glucose metabolism

glucagon glucose metabolism

galanin cognition

NPY blood pressure (peripheral) and obesity (CNS)

cholecystokinin anxiety, cognition, analgesia

somatostatin growth regulation

vasopressin water balance

Peptide neurotransmitters and hormones are collectively termed neuropeptides. Examples of several neuropeptides and their primary regulatory
functions are listed. Abbrevations are adrenocorticotropin hormone (ACTH), α-melanocyte stimulating hormone (α-MSH), and neuropeptide Y
(NPY).
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Table 2

Reduced Levels of Neuropeptides in Cathepsin L Knockout Mice

Neuropeptide Tissue Wild-Type Cathepsin L Knockout

Met-Enkephalin Brain Cortex 100% 44%

NPY Brain Cortex 100% 22%

CCK8 Brain Cortex 100% 75%

Dynorphin A Brain Cortex 100% 25%

Dynorphin B Brain Cortex 100% 17%

α-neoendorphin Brain Cortex 100% 10%

ACTH Pituitary 100% 23%

β-Endorphin Pituitary 100% 18%

α-MSH Pituitary 100% 7%

Results of tissue levels of several neuropeptides in brain cortex and pituitary in cathepsin L knockout mice compared to wild-type controls (100%)
are illustrated (Yasothornsrikul et al., 2003; Funkelstein et al., 2008a, b; Beinfeld et al., 2009; Minokadeh et al., 2010). Substantial decreases in
levels of these neuropeptides occur in cathepsin L knockout mice compared to control wild-type mice. These data indicate a role of cathepsin L in
neuropeptide production.
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