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Multistep proteolytic mechanisms are essential for converting pro-
protein precursors into active peptide neurotransmitters and hor-
mones. Cysteine proteases have been implicated in the processing of
proenkephalin and other neuropeptide precursors. Although the
papain family of cysteine proteases has been considered the primary
proteases of the lysosomal degradation pathway, more recent studies
indicate that functions of these enzymes are linked to specific bio-
logical processes. However, few protein substrates have been de-
scribed for members of this family. We show here that secretory
vesicle cathepsin L is the responsible cysteine protease of chromaffin
granules for converting proenkephalin to the active enkephalin pep-
tide neurotransmitter. The cysteine protease activity was identified as
cathepsin L by affinity labeling with an activity-based probe for
cysteine proteases followed by mass spectrometry for peptide se-
quencing. Production of [Met]enkephalin by cathepsin L occurred by
proteolytic processing at dibasic and monobasic prohormone-
processing sites. Cellular studies showed the colocalization of cathep-
sin L with [Met]enkephalin in secretory vesicles of neuroendocrine
chromaffin cells by immunofluorescent confocal and immunoelectron
microscopy. Functional localization of cathepsin L to the regulated
secretory pathway was demonstrated by its cosecretion with
[Met]enkephalin. Finally, in cathepsin L gene knockout mice,
[Met]enkephalin levels in brain were reduced significantly; this oc-
curred with an increase in the relative amounts of enkephalin pre-
cursor. These findings indicate a previously uncharacterized biological
role for secretory vesicle cathepsin L in the production of [Met]en-
kephalin, an endogenous peptide neurotransmitter.

The biosynthesis of enkephalin opioid peptides as well as nu-
merous peptide neurotransmitters and hormones requires pro-

teolytic processing of respective proprotein precursors within reg-
ulated secretory vesicles (1–4). The mature, processed enkephalin
peptide is stored within these vesicles and undergoes stimulated
secretion to mediate neurotransmission and cell–cell communica-
tion in the regulation of analgesia, behavior, and immune-cell
functions. Secretory vesicles of neuroendocrine chromaffin cells
(also known as chromaffin granules) contain enkephalin and its
precursor proenkephalin (PE) (5, 6), with relevant prohormone
convertases for converting PE into active enkephalin.

The primary PE-cleaving activity in chromaffin granules has
been characterized as a cysteine protease complex known as
‘‘prohormone thiol protease’’ (PTP) (7–10). The cysteine protease
activity cleaves PE and enkephalin-containing peptide substrates at
paired basic residues, as well as at certain monobasic residues, to
generate appropriate enkephalin-related peptide products. Cellular
inhibition of PTP by a cysteine protease inhibitor results in reduced
production of enkephalin (11). Molecular identification of the
protease component responsible for this cysteine protease activity
will facilitate our understanding of multiple proteolytic enzymes

that produce active peptides including the opioid [Met]enkephalin
(ME) (12, 13).

In this study the protease responsible for PE-cleaving activity in
chromaffin granules was identified by using an activity-based probe
for cysteine proteases (14, 15) combined with mass spectrometry
(MS) for peptide sequencing. Results identified secretory vesicle
cathepsin L as the enzyme responsible for the previously described
PTP cysteine protease activity involved in enkephalin and neu-
ropeptide production (7–10). Cathepsin L generated the active
peptide ME by cleaving enkephalin-containing peptide substrates
at native dibasic and monobasic sites. Notably, cathepsin L colo-
calized with ME in the regulated secretory pathway of chromaffin
cells. In cathepsin L gene knockout (KO) mice (16–18), ME levels
in brain were reduced significantly; an increase in relative amounts
of enkephalin precursor also occurred. These results provide evi-
dence for a previously uncharacterized role for cathepsin L in
secretory vesicles for the production of an endogenous peptide
neurotransmitter, ME.

Methods
Affinity Labeling of PE-Cleaving Activity with DCG-04, an Activity-
Based Probe for Cysteine Proteases. PE-cleaving activity was purified
from bovine chromaffin granules as described (10). Fractions
enriched for PE-cleaving activity were affinity-labeled with
DCG-04 or [125I]DCG-04 (14, 15) and subjected to 1D or 2D
SDS�PAGE gels, transferred to nitrocellulose membranes, and
detected with streptavidin-horseradish peroxidase. Proteins were
observed by silver staining (10).

Peptide Sequencing of the Affinity-Labeled Enzyme by MS. DCG-04-
labeled proteins on 2D gels were excised, subjected to ‘‘in-gel’’
digestion with trypsin (http:��donatello.ucsf.edu�ingel.html), de-
salted, and subjected to electrospray mass measurement and low-
energy collision-induced dissociation (CID) analyses by using nano-
spray sample introduction on a QSTAR (MDS Sciex, Concord, ON,
Canada) quadrupole orthogonal acceleration�time-of-flight (TOF)
hybrid tandem mass spectrometer equipped with a Protona source
(Protana, Odense, Denmark). Multiply charged ions detected were
selected for subsequent low-energy CID analyses. Peptide masses
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were analyzed by the Protein Prospector MS-Fit search of the NCBI
protein database, and the CID data were subjected to MS-Tag
searches (http:��prospector.ucsf.edu) or manually interpreted.

Cathepsin L Processing of Enkephalin-Containing Peptides. Bovine
adrenal medulla peptide 22 (BAM-22P) and peptide F (100 �M,
Peninsula Laboratories) were incubated with human cathepsin L
(0.5 ng�50 �l, Athens Research & Technology, Athens, GA) at
30°C for 30 min. Peptide products were analyzed by the Voyager
DE-STR matrix-assisted laser desorption ionization (MALDI)-
TOF and Pulsar QSTAR mass spectrometers. Observed masses of
peptides were compared with theoretical peptide products by using
the program PAWS (http:��prowl.rockefeller.edu�software�
contents.htm).

Colocalization of Cathepsin L with ME in Chromaffin Cells by Confocal
Microscopy. Immunofluorescence confocal microscopy of chromaf-
fin cells, performed as described (19), used rabbit anti-cathepsin L
(Athens Research & Technology) and mouse anti-ME (Chemicon).
Cathepsin L was detected with anti-rabbit IgG-Alexa Fluor 488
(green fluorescence, Molecular Probes), and ME was detected with
anti-mouse IgG-Alexa Fluor 594 (red fluorescence). Colocalization
of cathepsin L and ME was observed by merged images with the
Nikon Eclipse 800 microscope coupled to a PCM-2000 confocal
system and analyses with SIMPLE PCI software. Nuclei were observed
by 4�,6-diamidino-2-phenylindole staining.

Immunoelectron Microscopy of Cathepsin L and ME in Secretory
Vesicles. Secretory vesicles were isolated from bovine adrenal
medulla by differential sucrose density centrifugation (10) and fixed
in 0.2% glutaraldehyde�2% paraformaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.2. Samples were osmicated in 2% osmium
tetroxide in 0.1 M cacodylate and embedded in Epon 812. Ultrathin
sections were partially deosmicated through 1% periodic acid�9%
sodium periodate and incubated in 3% normal goat serum in 1�
Tris-buffered saline. Sections were incubated with mouse anti-ME
(Chemicon) and detected with secondary goat anti-mouse IgG
conjugated to 6-nm colloidal gold (Aurion, Wageningen, The
Netherlands). Sections were postfixed and immunostained with
rabbit anti-cathepsin L (Athens Research & Technology) detected
by goat anti-rabbit IgG conjugated to 15-nm colloidal gold. Sections
were examined in a Tecnai-12 transmission electron microscope by
using a charge-coupled device camera and DIGITAL MICROGRAPH
software (Gatan, Pleasanton, CA)

Stimulated Cosecretion of Cathepsin L and ME from Chromaffin Cells.
Chromaffin cells in primary culture (2 � 106 cells per well) were
stimulated with nicotine (10 �M) or KCl (50 mM) for 15 min, and
ME in the secretion medium was measured by an RIA as described
(19). For secretion of [35S]cathepsin L, proteins were labeled with
[35S]methionine for 4 h followed by incubation of cells with nicotine
(10 �M) or KCl (50 mM) for 15 min as described (20). Secreted
[35S]cathepsin L was detected by immunoprecipitation with anti-
cathepsin L and SDS�PAGE.

ME in Brains of Cathepsin L Gene KO Mice. Cathepsin L-deficient mice
were generated by gene targeting in mouse embryonic stem cells as
described (16). Genotyping established WT (���) and cathepsin
L-deficient (���) mice. Brain tissues from mice were homoge-
nized in 1 M acetic acid, heated at 95°C for 10 min, centrifuged
(15,000 � g for 15 min), and the supernatant was analyzed for ME
by an RIA (19). The RIA did not crossreact with PE, expressed and
purified from Escherichia coli as described (10); in addition, the
RIA does not crossreact with basic residue extended forms of ME
(Arg-ME-Lys, Lys-Arg-ME, ME-Lys, and ME-Lys-Arg). To mea-
sure relative amounts of enkephalin precursor compared with ME,
ME was measured by an RIA in samples treated with trypsin and
carboxypeptidase B (incubated with 1 �g of trypsin for 4 h, followed
by 1 h with 1 �g of carboxypeptidase B at 37°C) and in untreated

control samples. Protein content was measured with the Bradford
reagent (Bio-Rad).

Results
Affinity Labeling of PE-Processing Activity (PTP) in Chromaffin Gran-
ules. The PE-processing activity known as PTP exists as a high
molecular mass cysteine protease complex (180–200 kDa) that is
potently inhibited by the cysteine protease inhibitor E64-c (7–11).
To determine the protease component of this activity, affinity
labeling was performed with the cysteine protease activity probe
known as DCG-04 (Fig. 1a) (14, 15). Affinity labeling at various
stages in the purification demonstrated enrichment of a DCG-04-
labeled 27-kDa protease band (Fig. 1b) as well as labeling of a less
abundant protease of 31 kDa (from S200 gel filtration and chro-
matofocusing steps; Fig. 1b).

Inhibitor and differential affinity-labeling studies were per-
formed to define the role of the 27- and 31-kDa polypeptides for
PE-processing activity. The apparent molecular mass of the 31-kDa
protein parallels that of the cysteine protease cathepsin B (21, 22).
Therefore, the effect of the selective cathepsin B inhibitor CA-074
(23, 24) on processing activity was tested. CA-074 had no effect on
[35S]enkephalin precursor-processing activity (Fig. 2a). Notably,
CA-074 did not block DCG-04 labeling of the 27-kDa band (Fig. 2b)
but completely blocked the labeling of the 31-kDa polypeptide.
These findings indicated that the 27-kDa protein was responsible
for PE-processing activity. Moreover, CA-074 competition for
DCG-04 labeling of the 31-kDa polypeptide suggested the identity
of this protein as cathepsin B.

Peptide Sequencing by MS Identifies Cathepsin L as the Cysteine
Protease for PE Processing. 2D gels showed that the DCG-04-labeled
27-kDa protein consisted of three spots of similar molecular mass
with virtually identical isoelectric points (Fig. 3a). These spots were

Fig. 1. DCG-04 affinity labeling of the cysteine protease (PTP) from secretory
vesicles. (a) 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 used for affinity labeling. (b) Enrichment of the 27-kDa component by
DCG-04 affinity labeling during purification of PE-cleaving activity. Relative
PE-cleaving activities (PTP) in enriched fractions during purification were 1, 1, 26,
and 90 relative units of activity at the steps of lysed chromaffin granules (CG),
soluble CG extract (sol.), S200 gel filtration (S200), and chromatofocusing (lanes
1–4, respectively). Protein contents in lanes 1–4 were 170, 110, 2.5, and 1 �g,
respectively.
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visualized by silver staining (Fig. 3b), excised, and subjected to
tryptic digestion followed by nanoelectrospray MS analyses. Iden-
tical tryptic peptide masses and CID (tandem MS) spectra were
observed for all three spots, which corresponded to bovine cathep-
sin L (Fig. 4a). The profile of the 10 tryptic peptides detected by
nanoelectrospray MS analyses from spot 2 (Fig. 4b) as well as from
spots 1 and 3 corresponded to peptide sequences of cathepsin L
represented by residues 142–153, 158–171, 172–191, 239–261, 262–
273, and 274–288. In addition, the CID spectrum for the tryptic
peptide (residues 262–273) (Fig. 4c) established serine as residue
272, which clarifies earlier sequences submitted to GenBank that
indicated cysteine or serine at this position (accession nos. 1705638,
1542853, and 3641698).

The three spots of cathepsin L indicate heterogeneity in the
molecular forms of secretory vesicle cathepsin L. The identified
tryptic peptides and the 26- to 28-kDa apparent molecular mass of
the three spots correspond to the single-chain domain of cathepsin

L. Because all three spots possess the COOH-terminal tryptic
peptide (residues 273–288) of the single-chain form, it is likely that
heterogeneity exists in their NH2 termini. In addition, cathepsin L
is known to exist as a glycoprotein with glycosylation at Asn-222
(21). Although tryptic peptides containing Asn-222 were not de-
tected in this study, evidence for the glycoprotein nature of the
secretory vesicle cathepsin L was suggested by Con A-Sepharose as
one of the steps for purification of the PE-cleaving activity (10).

In addition, sequencing by an ion-trap mass spectrometer by
microcapillary liquid chromatography tandem MS of tryptic pep-
tides from the 31-kDa spot identified it as bovine cathepsin B (data
not shown), thus confirming its predicted identity based on CA-074
inhibition of DCG-04 labeling of this band.

Cathepsin L Cleaves Enkephalin-Containing Peptides at Dibasic and
Monobasic Prohormone-Processing Sites. Production of ME by ca-
thepsin L was assessed with the enkephalin-containing peptide
substrates BAM-22P and peptide F, with identification of peptide
products by MALDI-TOF MS. Cathepsin L, similar to the native
cysteine protease activity (PTP), generated active ME by cleaving
BAM-22P at the dibasic2Arg-2Arg and monobasic2Arg sites
(Fig. 5a). Peptide F was cleaved by cathepsin L at dibasic 2Lys-
2Lys and 2Lys-Arg sites (Fig. 5b). Some cleavage of peptide F
occurred between Gly-Gly within ME (YGGFM), which has been
observed for native PTP. Moreover, cathepsin L processing of
full-length [35S]enkephalin precursor produced identical products
as those generated by native PTP (data not shown). The cleavage
specificities of cathepsin L for dibasic and monobasic processing
sites are appropriate for generating ME.

Cellular Colocalization of Cathepsin L with ME in Secretory Vesicles of
Neuroendocrine Chromaffin Cells. Involvement of cathepsin L in
enkephalin production requires its localization to secretory vesicles
that contain PE and ME. Colocalization of cathepsin L with ME
was evaluated in these cells by immunofluorescence confocal
microscopy (Fig. 6a), combined with immunoelectron microscopy
(Fig. 6b). Cathepsin L and ME immunofluorescence were colocal-
ized and appeared as discrete, punctate immunostaining, which is
consistent with a secretory vesicle localization. Moreover, neuritic
extensions of chromaffin cells displayed discrete colocalization of
cathepsin L and ME. Immunoelectron microscopy of cathepsin L
and ME in secretory vesicles from chromaffin cells further con-
firmed their colocalization (Fig. 6b). These results demonstrate the
presence of cathepsin L with ME in secretory vesicles.

The presence of cathepsin L in enkephalin-containing secretory
vesicles predicted its functional cosecretion with ME from chro-
maffin cells. Therefore, the cosecretion of [35S]cathepsin L and ME
during nicotine and KCl stimulation of these cells was evaluated.
[35S]Cathepsin L in secretion medium was detected by immuno-
precipitation with an anti-cathepsin L antibody, and ME was
measured by an RIA. Stimulated secretion of the 27-kDa
[35S]cathepsin L occurred with ME during nicotine- and KCl-
induced secretion (Fig. 6 c and d, respectively). These findings
indicate the presence of cathepsin L in the regulated secretory
pathway.

Cathepsin L Gene KO Mice Possess Reduced Levels of ME in Brain. The
role of cathepsin L in the production of enkephalin peptides was
assessed further in cathepsin L-deficient mice (��� genotype)
compared with WT controls (��� genotype). The content of ME
in brain was measured by an RIA, which specifically detected ME
and not PE or basic residue extended forms of ME. Notably, brain
levels of ME in cathepsin L-deficient mice were reduced by �50%
compared with control mice (Fig. 7a). Relative ratios of enkephalin
precursor to processed enkephalin was determined by measuring
ME in tissue extracts treated with trypsin and carboxypeptidase B,
which liberates ME from its precursor, compared with untreated
extracts. Results (Fig. 7b) demonstrated a higher ratio of precur-
sor�ME in brain tissue from cathepsin L KO mice compared with

Fig. 2. Specific affinity labeling with DCG-04, in the presence of CA-074,
identifies the 27-kDa band as the enzyme for PE-cleaving activity. (a) CA-074 does
not inhibit PE-cleaving activity. [35S]Enkephalin precursor was incubated with
purified PTP in the absence (lane 2) or presence (lane 3) of CA-074 (1 �M) at 37°C
for 2 h. Control [35S]enkephalin precursor incubated alone is shown (lane 1).
Assays were assessed by SDS�PAGE and autoradiography. (b) DCG-04 affinity
labeling of the 27-kDa component is not affected by CA-074. Affinity labeling of
PTP by [125I]DCG-04 was conducted in the absence (lane 2) or presence of CA-074
(1 �M, lane 3). Control [125I]DCG-04 alone (no enzyme) was included (lane 1).

Fig. 3. 2D gel analyses of DCG-04 affinity-labeled PE-processing activity. (a)
DCG-04-labeledPTP.DCG-04 labelingofpurifiedPE-processingactivityon2Dgels
was blotted and visualized by avidin-horseradish peroxidase (HRP). (b) DCG-04-
labeled enzymes detected on 2D gels. DCG-04-labeled enzyme proteins were
subjected to 2D gels and silver staining.
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WT controls. These findings provide evidence for accumulation of
enkephalin precursor in the cathepsin L KO mice. These findings
also provide support for a functional role for cathepsin L in the
production of enkephalin in brain.

In adrenals, it was of interest that ME levels in cathepsin L KO
mice were increased significantly compared with WT controls (ME
tissue levels were 3.25 � 0.70 and 18.88 � 3.52 pg of ME per mg
of protein in adrenals from WT and KO mice, respectively, with P �
0.01 by t test). These findings suggest that in the absence of

cathepsin L, compensatory regulatory mechanisms provided in-
creased cellular levels of ME in adrenals. Overall, the decreased
levels of ME in cortex of cathepsin L KO mice and the change in
ME in adrenal together demonstrate participation of cathepsin L in
regulating the production of the opioid neuropeptide ME.

Discussion
Regulated secretory vesicles of neuroendocrine chromaffin cells
(known as chromaffin granules) contain ME that is generated by

Fig. 4. Bovine cathepsin L identified by MS. (a)
Primary sequence of bovine cathepsin L. Peptides
derived from tryptic digests of DCG-04 affinity-
labeled 27-kDa proteins, sequenced by CID (tan-
dem MS) MS, are illustrated as the underlined
amino acid sequences of bovine cathepsin L. (b)
Electrospray mass spectrum of the unfractionated
tryptic digest of DCG-04 affinity-labeled 27-kDa
enzyme. The electrospray mass spectrum of tryp-
ticpeptidesofspot2fromthe2Dgel (fromFig.3a)
is illustrated,whichwerealsoobservedfromspots
1 and 3. Primary sequences of these peptides cor-
responded to bovine cathepsin L, underlined in a.
Ions representing the same species (Na�, K� ad-
ducts included) are labeled with the same symbol.
(c) Low-energy CID spectrum of tryptic peptide
(residues 262–273). The tryptic peptide (residues
262–273) was observed from DCG-04-labeled
spots 1–3. The CID spectrum for this precursor ion
of m�z 703.27(2�) [nomenclature of Biemann
(32)] indicated the peptide sequence Ser262-Gly-
Ile-Tyr-Tyr-Asp-Pro-Asp-Cys(acrylamide)-Ser-Ser-
Lys273, thus establishing Ser-272 instead of Cys-
272, which have both been reported in GenBank.
C*, acrylamide-modified cysteine.

Fig. 5. Cathepsin L cleaves dibasic and
monobasic processing sites of enkephalin-
containing peptide substrates, BAM-22P, and
Peptide F. BAM-22P (a) and Peptide F (b) were
incubated with cathepsin L, and peptide prod-
ucts were identified by MALDI-TOF MS. The
sequence of ME, YGGFM, is underlined. MS
spectra and monoisotopic masses of peptide
productsareshowninFig.8,which ispublished
as supporting information on the PNAS web
site, www.pnas.org. Cathepsin L cleavage sites are illustrated by solid arrows. Dotted-line arrows indicate secondary cleavage sites.
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proteolytic processing of the PE precursor within such vesicles.
The cysteine protease activity termed PTP represents the major
PE-cleaving activity in secretory vesicles of chromaffin cells
(7–11). In this study affinity labeling with the activity-based
probe DCG-04, combined with peptide sequencing by MS,
provided molecular identification of secretory vesicle cathepsin
L as the cysteine protease responsible for PE-processing activity.
The identified cathepsin L fulfills the criteria expected of a
proneuropeptide or prohormone-processing protease (1, 2, 25).
Cathepsin L, similar to native PTP activity, produced active ME
by cleaving enkephalin-containing peptide substrates at paired
basic and monobasic processing sites. Furthermore, cathepsin L
converted full-length enkephalin precursor into intermediate
products that are identical to those generated by native secretory
vesicle cathepsin L (PTP) (data not shown and ref. 9). Cathepsin
L colocalized with ME in regulated secretory vesicles, as ob-
served by immunofluorescence confocal and immunoelectron
microscopy. Moreover, functional cosecretion of cathepsin L
with ME occurred during nicotine and KCl stimulation of
chromaffin cells. Finally, cathepsin L gene KO mice possess

reduced ME levels, with an increased ratio of precursor�ME in
brains of cathepsin L KOs compared with WT controls.

These results demonstrate a previously uncharacterized biolog-
ical function for secretory vesicle cathepsin L as a proteolytic
processing enzyme for the production of active enkephalin. This
newly identified function of cathepsin L in secretory vesicles
contrasts with its well known function as a lysosomal protease
involved in end-stage degradation of polypeptides (21). Results of
this study demonstrate that cathepsin L can be routed to secretory
vesicles to generate products with distinct biological functions. In
chromaffin cells, the high degree of colocalization of cathepsin L
immunofluorescence with ME, confirmed by dual immunoelectron
microscopy, demonstrates trafficking of cathepsin L to the regu-
lated secretory pathway. In fact, earlier studies have indicated that
cathepsin L is routed to immature secretory granules of insulin-
producing cells, and a significant portion of cathepsin L remains as
a resident protein of the mature secretory vesicle (26). In addition,
cathepsin L is present in secretory granules of pituitary GH4Cl cells
and undergoes regulated secretion induced by the secretagogues
forskolin and phorbol 12-myristate 13-acetate (27). Regulated

Fig. 6. Localization of cathepsin L within en-
kephalin-containing secretory vesicles of neu-
roendocrine chromaffin cells. (a) Cathepsin L
colocalization with ME by immunofluorescence
confocal microscopy. Immunofluorescence lo-
calization of cathepsin L (cat. L) was assessed
by anti-cathepsin L detected with anti-rabbit
IgG-Alexa Fluor 488 (green fluorescence), and
ME was detected with anti-ME and anti-mouse
IgG-Alexa Fluor 594 (red). Colocalization is illus-
trated by overlay of the images, which is illus-
trated by yellow fluorescence. (b) Immunoelec-
tron microscopy demonstrates colocalization
of cathepsin L and ME in secretory vesicles. Ca-
thepsin 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 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. (c) Stimulated secretion
of cathepsin L from chromaffin cells. Secretion
was induced with nicotine (10 �M) or KCl (50
mM) for 15 min, and [35S]cathepsin L in the
secretion medium (with prior [35S]Met labeling)
was detected by immunoprecipitation with
anti-cathepsin L and SDS�PAGE. Secretion of
[35S]cathepsin L was observed in nicotine- (N)
and KCl-stimulated cells (lanes 2 and 3, respec-
tively) but not in unstimulated control cells
(C) (lane 1). (d) Stimulated secretion of ME
from chromaffin cells. ME in the secretion me-
dium from nicotine- or KCl-stimulated cells (for
15 min) (lanes 2 and 3, respectively) and un-
stimulated control cells (lane 1) were measured
by an RIA. Values are averages of triplicate
wells � SEM.

9594 � www.pnas.org�cgi�doi�10.1073�pnas.1531542100 Yasothornsrikul et al.



secretion of cathepsin L also occurs from human lung tumor cells
(28). Together, results from this study and others are consistent with
a functional role for cathepsin L in secretory vesicles for producing
active enkephalin and perhaps other peptides.

Evidence for a dual function of cathepsin L in secretory vesicles
as well as lysosomes raises the question of how secretory vesicle
cathepsin L may differ from lysosomal cathepsin L. Results from
this study indicated that the molecular forms of cathepsin L in
secretory vesicles differed from lysosomal cathepsin L. The secre-
tory vesicle cathepsin L appeared as three spots of 26–28 kDa on
2D gels with DCG-04 affinity labeling; these spots differed slightly
in apparent molecular masses but showed the same isoelectric
points. In contrast, lysosomal cathepsin L (bovine) was composed
of only one protein spot on a 2D gel, after DCG-04 labeling, of
�27–29 kDa (S.Y. and V.H, unpublished results). In addition, the
secretory vesicle cathepsin L is part of a high molecular mass
complex of 180–200 kDa (10), whereas lysosomal cathepsin L is
known as a single-chain form of �28 kDa (21). The high molecular
mass components of the complex (11) have been identified by
peptide sequencing with MS as �-mannosidase and dopamine
�-monooxygenase. It will be of interest for future studies to examine
the functional roles of the protein components of the secretory
vesicle cathepsin L complex. Overall, these findings implicate
different molecular forms of secretory vesicle cathepsin L com-
pared with lysosomal cathepsin L.

It is noted that the cleavage specificity of cathepsin L in secretory
vesicles, representing native PTP activity (7–10), differs somewhat
from the subtilisin-like prohormone convertases known as PC1 and
PC2 (2–4). Although all of these processing proteases recognize
and cleave at paired basic residue sites, secretory vesicle cathepsin
L (PTP) cleaves between the two residues of the dibasic site or at
the NH2-terminal side of the paired basic residues. However, PC1
and PC2 preferentially cleave at the COOH-terminal side of paired
basic residues within prohormones. The cleavage specificity of
secretory vesicle cathepsin L (PTP) (7–9) predicts that peptide
intermediate products will contain NH2-terminal basic residue
extensions, which require processing by an aminopeptidase to
remove these basic residues. Indeed, an aminopeptidase B-like
activity is present within chromaffin granules for the removal of
NH2-terminal lysine and arginine residues (29). Moreover, the
presence of in vivo PE-derived intermediates in adrenal medulla
with basic residue extensions at their NH2 termini (6) is consistent
with the cleavage specificity of secretory vesicle cathepsin L.

Importantly, the cathepsin L gene KO mice contain reduced
levels of brain ME, which represents approximately one-half of that
in WT control brains. These findings substantiate a role for
cathepsin L in the production of neuronal ME in brain. Adrenals
showed a compensatory increase in ME in cathepsin L KO mice.
Thus, in addition to the observed phenotypes of cardiomyopathy
and hair loss in the cathepsin L KO mice (17, 18), these mice possess
changes in enkephalin and perhaps other peptide neurotransmitters
or hormones.

PE processing in brain also involves the subtilisin-like PC2
protease, because mice that contain inactive PC2 possess
partial reduction of ME in brain (30, 31). The reduction of ME
by approximately one-half in cathepsin L KO mice and the
partial reduction of brain enkephalin in PC2-deficient mice
indicate that ME production in brain involves cathepsin L as
well as PC2.

In summary, results from this study provide evidence for a
previously uncharacterized biological function of cathepsin L for
the production of ME in the regulated secretory pathway.
Secretory vesicle cathepsin L represents a newly identified
proteolytic processing enzyme for the production of active
enkephalin and possibly other peptide neurotransmitters or
hormones.
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Fig. 7. Regulation of ME in cathepsin L gene KO mice. (a) ME (Met-Enk) levels
in brains of KO mice. ME levels in extracts of brain tissue from cathepsin L gene
KO (���) and WT control (���) mice were measured by an RIA, shown as the
mean � SEM, with 10 for each group. A significant decrease (*) in enkephalin
levels in KO mice was observed (P � 0.013, two-tailed t test). (b) Ratio of precursor
to enkephalin. The relative ratio of PE precursor to ME was determined by the
ratio of ME measured (by an RIA) in tissue samples treated with trypsin and
carboxypeptidase B compared with control untreated samples. A significant
increase (*) in the ratio of precursor to ME in the KO mice was observed (P � 0.05,
two-tailed t test).

Yasothornsrikul et al. PNAS � August 5, 2003 � vol. 100 � no. 16 � 9595

N
EU

RO
SC

IE
N

CE


