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Three amino-terminal-specific peptidic antibodies
against cathepsin L were generated. These antibodies
recognize in vitro processing products of procathepsin
L in time-course-dependent fashion. Immunoblot anal-
yses with these antibodies followed by immunopre-
cipitation with anti-cathepsin L antibody showed that
the amino terminal amino acid sequences of intracel-
lular cathepsin L are heterogeneous: the single chain
form of cathepsin L starts with either EPLML, LKIPK
or IPKSV, and the heavy chain of the two chain form
with IPKSV. Percoll density gradient and fluorescence
immunohistochemistry suggested that these three
species of cathepsin L localize in the lysosomes where
procathepsin L processing occurs. © 1998 Academic Press

Cathepsin L, a lysosomal cysteine proteinase, plays
a major role in the degradation of endocytosed proteins
as well as intracellular proteins (1). The results of
studies on processing in cultured cells and of amino
acid sequence at both the protein level and that de-
duced from the nucleotide sequence show that cathep-
sin L is translated as preprocathepsin L, processed to
procathepsin L with a molecular mass of 39kDa, and
localized in lysosomes as the mature enzyme compris-
ing a single chain form with a molecular mass of 30kDa
and a two-chain form with molecular masses of the
chains of 25kDa and 5kDa (2–5). Only the two-chain
form of cathepsin L has been sequenced at the protein
level because purified cathepsin L converts from the

single chain form to the two-chain form during storage
at 280°C. Recently, cathepsins C and H, other cysteine
proteinases belonging to the same papain family, were
shown to have heterogeneous amino terminal amino
acid sequences (6,7).

Procathepsin L, the same protein as the Major Ex-
creted Protein secreted from both transformed and nor-
mal cells treated with growth factors, was purified
from the medium of v-Ha-ras transformed NIH3T3
cells (8,9). Purified procathepsin L provides a useful
material to analyze the mechanism of processing of
procathepsin L to the mature form in vitro (10,11). In
the presence of dextran sulfate under acidic conditions,
purified procathepsin L undergoes autocatalytic pro-
cessing to the mature form in at least two steps: First,
a 31kDa form with a 6-amino acid amino terminal
extension is generated; then, the 30kDa form with a
2-amino acid amino terminal extension is processed.
Although these processing mechanisms work well in
the presence of glycosaminoglycans, components of
proteoglycans, instead of dextran sulfate, it is unclear
that these mechanisms also apply in vivo. (12). Intra-
cellular forms of mature cathepsin L may have heter-
ogeneous amino termini similar to those of cathepsins
C and H, because in vitro processing studies show
that processed cathepsin L has heterogeneous amino
termini.

Previously, we generated a procathepsin L-specific
antibody to identify where procathepsin L is processed
in situ (13). Although this antibody recognizes only
procathepsin L and not mature cathepsin L, we failed
to identify the site of procathepsin L processing since
little procathepsin L exists in cells and tissues and it is
difficult to detect the disappearance of the signal bound
to the procathepsin L-specific antibody in situ. Thus,
the site of procathepsin L processing to the mature
enzyme in vivo remains unclear.
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In this study, we generated amino terminal-specific
antibodies generated using synthetic peptides includ-
ing EPLML, corresponding to the 31kDa in vitro pro-
cessing form, LKIPK, corresponding to the 30kDa in
vitro processing form, and IPKSV, corresponding to the
amino terminal of purified cathepsin L, to identify
where procathepsin L is converted to cathepsin L.
These three antibodies recognize not only the in vitro
processed forms of procathepsin L, but also various
forms of cathepsin L in mouse tissues. Fluorescence
immunohistochemistry using anti-EPLML antibody
and anti-cathepsin L antibody showed that procathep-
sin L processing occurs in lysosomes.

MATERIALS AND METHODS

E-64-c, a cysteine proteinase inhibitor, was generously provided by
Dr. K. Hanada (Taisho Pharmaceutical Co.). Pepstatin A was pur-
chased from Peptide Institute, Protein A-agarose from Santa-Cruz,
KLH from Calbiochem, the ECL western blotting detection system
and Percoll from Amersham Pharmacia Biotech, and other materials
from Nacarai Tesque, Wako, or Sigma.

The purification of procathepsin L from serum-free culture me-
dium of v-Ha-ras-transformed NIH3T3 cells and in vitro processing
of procathepsin L in the presence of dextran sulfate were described
previously (11). SDS-PAGE and immunoblot analyses were carried
out according to standard protocols (14, 15) and visualized with
Konica immunostaining kits or ECL immunoblot detection kits.
Three peptides, EPLMLC, LKIPKC, and IPKSVC, corresponding to
the 5 amino acids from the amino terminal of the 31kDa form, the
30kDa form, and purified cathepsin L, respectively, with a carboxyl
terminal cysteine extension for conjugation with KLH were synthe-
sized in an ACT396 peptide synthesizer (Advanced ChemTec). Anti-
peptidic antibodies were produced as described previously (16).

A C57 mouse was sacrificed by cervical dislocation and the tissues
were washed with PBS (2) and homogenized in 8 volumes of homoge-
nization buffer comprising 0.25M sucrose, 5mM sodium phosphate
buffer (pH7.2), 1mM APMSF, 1mM E-64-c, and 1mM Pepstatin A in a
Dounce homogenizer with a loose-fitting pestle for liver and kidney, and
in a Teflon-glass homogenizer for skin. After centrifugation at 1,700 3g
for 5 min, the supernatants were subjected to further ultracentrifuga-
tion at 100,000 3g for 1 hour. The microsome fractions were dissolved
in immunoprecipitation buffer composed of 50mM Tris-HCl (pH7.5),
150 mM NaCl, 0.5% Nonidet P-40, 0.05% SDS, 1mM APMSF, 1mM
E-64-c, and 1mM Pepstatin A. One milligram samples were mixed with
100ml of Protein A-agarose in 2ml of immunoprecipitation buffer and
rotated for 1 hour. After centrifugation at 1,700 3g for 5 min, the
supernatants were added to 5 mg of anti-rat cathepsin L antibody (17).
After rotation at 4°C for 16 hours, the samples were mixed with 100 ml
of Protein A-agarose. After 1 hour of rotation, the immune-complexes
were pelleted by centrifugation at 1,700 3g for 5 min. After three cycles
of suspension in immunoprecipitation buffer and centrifugation, ali-
quots of the samples were subjected to 15% SDS-PAGE and immuno-
blot analyses with anti-mouse cathepsin L antibody and the three
peptidic antibodies.

Percoll density fractionation analyses were carried out as de-
scribed with slight modification (18): A C57 mouse was treated with
3mg of E-64-c and leupeptin dissolved in PBS(2) by intraperitoneal
injection. After 1 hour, the mouse was sacrificed by cervical disloca-
tion, and the liver was homogenized in 8 volumes of homogenization
buffer. The post-nuclear supernatant was obtained by centrifugation
at 1,700 3 g for 5 min. The microsome fraction containing mitochon-
dria, lysosomes, Golgi apparatus, endosomes, and plasma mem-
brane, was recovered as the pellet following ultracentrifugation at
100,0003 g for 1 hour at 4°C. The microsomal fraction was sus-

pended in 500ml of homogenization buffer and fractionated on 8 ml of
40% Percoll in homogenization buffer by centrifugation at 57,400 3
g for 45 min at 4°C. Fractions (0.5ml) were collected from the bottom
of the tube and subjected to b-hexosaminidase assay, SDS-PAGE,
and immunoblot analyses.

Fluorescence immunohistochemistry was carried out as follows: a
C57 mouse was sacrificed by cervical dislocation and its liver was
washed in PBS (2), immersed at an optimum temperature cutting
compound, and then freezed in liquid nitrogen. Serial sections (5mm)
were obtained in a cryostat and fixed in cold ethanol for 3 min. After
washing with PBS(2), the sections were immersed in 10% goat
serum in PBS (2) for 20 min to reduce non-specific antibody binding.
The sections were then soaked in the first antibody solution
(12.5mg/ml of IgG) at 4°C for 16 hours. After washing with PBS (2),
the goat anti-rabbit IgG was conjugated with FITC (Organon Tech-
nica, 3 200 diluted) at room temperature for 60 min. The samples
were then washed with PBS (2), floated on 50% glycerol 20mM
potassium phosphate buffer (pH7.4), 150mM NaCl, and diphe-
nylamine (1mg/ml), and photographed through Axiophot (3125).

RESULTS

Specificities of Anti-peptidic Antibodies

In vitro procathepsin L processing in the presence of
dextran sulfate is slower on ice than at 37°C (11).
Immunoblot analyses with antibody against the puri-
fied cathepsin L show that the processed form, with a
molecular mass around 30kDa, appears within 30 min
when procathepsin L is incubated with dextran sulfate
at pH5.5 on ice (Fig. 1A). This antibody reacts mainly
with the two chain form of purified cathepsin L since
purified cathepsin L converted from single chain form
to two chain form during storage at 280°C (lane 1).
Further incubation causes a decrease in the amount of
procathepsin L with a molecular mass of 39kDa accom-
panied by an increase in the amount of the processed
forms. After more than 4 hours of incubation on ice, no
procathepsin L was detected by the anti-cathepsin L
antibody. Although this antibody can not recognize
differences in the processed forms with molecular
masses between 31kDa and 30kDa, the processed
forms remain stable for more than 24 hours. The anti-
EPLML antibody recognizes the 31kDa form generated
within 30 min from procathepsin L in the presence of
dextran sulfate at pH5.5 on ice (Fig. 1B). The amount
of this 31kDa processed form increases for up to 2
hours and then decreases. After more than 4 hours
incubation, no 31kDa form is detected by the anti-
EPLML antibody. No species of purified cathepsin L is
detected by the anti-EPLML antibody. The anti-
LKIPK antibody detects the 30kDa processed form of
procathepsin L obtained by incubation in the presence
of dextran sulfate on ice for more than 2 hours (Fig.
1C). Although this 30kDa form recognized by the anti-
LKIPK antibody is stable for more than 24 hours, the
amount reaches a peak at 8 hours of incubation. This
antibody recognizes faint 30kDa bands corresponding
to the single chain form of purified cathepsin L (Fig.
1C, lane 1). The anti-IPKSV antibody recognizes the
processed form generated from procathepsin L after
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more than 4 hours of incubation on ice in the presence
of dextran sulfate (Fig. 1D). The amount of this form
increases after 12 hours of incubation, and is stable for
more than 24 hours. This antibody recognizes 25kDa
bands corresponding to the heavy chain of the two-
chain form of cathepsin L (Fig. 1D, lane 1). Thus, these
three anti-peptidic antibodies recognize different spe-
cies of in vitro processed cathepsin L.

Intracellular Forms of Cathepsin L in Vivo

Previous reports have shown that the major form
mature cathepsin L differs among various tissues, e.g.,
the single chain form predominates over the two-chain
form in liver, while the two-chain form predominates in
kidney; only the single chain form of cathepsin L exists
in the skin (17, 19). To evaluate these differences, we
analyzed the reactivities of cathepsin L from these
tissues with amino terminal amino acid sequence-
specific antibodies.

Immunoblot analysis with anti-mouse cathepsin L
antibody (Fig. 2A) showed more proteins with molecu-
lar masses around 30 kDa than with molecular masses
of 25kDa in liver; in contrast, the 25kDa band was
stronger than the 30kDa band in kidney. In addition,
the predominant band around 30kDa and the faint
band around 25kDa were detected in skin. Fifty kilo
dalton bands were derived from IgG heavy chain. The
anti-EPLML antibody detected the 31kDa form of pro-
cessed cathepsin L in the tissues that we examined
(Fig. 2B). The anti-LKIPK antibody also reacted with
the 30 kDa form of cathepsin L (Fig. 2C). Figure 2D
shows that both the single chain form and the heavy
chain of the two-chain form of cathepsin L were recog-
nized by the anti-IPKSV antibody. A faint band corre-
sponding to the heavy chain of two-chain form of ca-
thepsin L was detected in liver. The 30 kDa band
predominated over the 25kDa band in kidney suggest-
ing another species of the two chain form with different
amino terminal may exist. Apparently, no 25 kDa form
of the heavy chain of the two chain form of cathepsin L
was not detected in skin. Long exposure of the same
membrane on the film showed that a faint 25 kDa form
existed in skin (data not shown). These results suggest
that there are at least four forms of processed cathep-
sin L, i.e., single chain forms with the amino terminal
amino acid sequences EPLML, LKIPK, and IPKSV,
and a two-chain form that starts with the amino acid
sequence IPKSV.

Intracellular Distribution of Various Forms
of Cathepsin L

The intracellular processing of cathepsin L in situ has
been reported to occur in lysosomes, early endosomes,
late endosomes, or the prelysosomal compartment (2,3),
but the organelle taking part in the processing remain
unidentified. To explore where cathepsin L processing
occurs, we used immunoblot analyses with our peptidic
antibodies of fractions isolated from the organelle of
mouse liver by Percoll density gradient centrifugation
(18). The activity of b-hexosaminidase, a lysosomal en-
zyme, was distributed mainly in the heavy fractions cor-
responding to lanes 1–3 in Fig. 3, but small amounts of
activity were also recovered in the light density fractions
corresponding to lanes 13–15 (data not shown). Under
the conditions of our study, the heavy density fractions
contain lysosomes including dense bodies, while the light
density fractions are composed of endoplasmic reticulum,
Golgi apparatus, endosomes, and some of the lysosomes.

Figure 3A shows that the anti-cathepsin L antibody
recognizes proteins with molecular masses of 25kDa in
the heavy density fractions as well as those with
masses of 39kDa, 31kDa, and 25kDa in the light den-
sity fractions of the Percoll density gradient. These
results suggest that heavy lysosomes contain the two-
chain form of cathepsin L, while the light fractions

FIG. 1. Specificities of anti-peptidic antibodies. One microgram
of purified procathepsin L in 1ml of 100mM sodium acetate buffer
(pH5.5) and 1mM dithiothreitol in the presence of dextran sulfate
(10mg/ml) were incubated on ice. At each time point, 100 ml of the
sample was removed and mixed with E-64-c at a final concentration
at 1mM. In (A)–(D), lane 2 is the sample incubated for 0 hour, lane
3 for 0.5 hour, lane 4 for 1 hour, lane 5 for 2 hours, lane 6 for 4 hours,
lane 7 for 8 hours, lane 8 for 12 hours, and lane 9 for 24 hours.
Mixtures of 50 ng of purified cathepsin L (lane 1) and 25ml of each
sample were fractionated by SDS–PAGE in 15% polyacrylamide gels
and subjected to immunoblot analyses with (A) anti-mouse cathepsin
L (2.5mg/ml), (B) anti-EPLML antibody (2.5 mg/ml), (C) anti-LKIPK
antibody (2.5 mg/ml), or (D) anti-IPKSV antibody (2.5 mg/ml). Arrow-
heads indicate molecular mass markers (Bio-Rad prestained molec-
ular markers): phosphorylase B at 106.0 kDa, bovine serum albumin
at 80.0 kDa, ovalbumin at 49.5 kDa, carbonic anhydrase at 32.5 kDa,
soybean trypsin inhibitor at 27.5 kDa, and lysozyme at 18.5 kDa.
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contain procathepsin L, the single chain form of ca-
thepsin L, and part of the two-chain form of cathepsin
L. The anti-EPLML antibody bound to 31 kDa proteins
in both the light density fractions and the microsomes
of mouse liver, but there were no reactive proteins in
the heavy density fractions of the Percoll density gra-
dient (Fig. 3B). Figure 3C shows that 30kDa proteins
were recognized by the anti-LKIPK antibody in both
the light density fractions and the microsome fractions
but not in the heavy density fractions. As shown in Fig.
3D, the anti-IPKSV antibody reacted with 25kDa pro-
teins in the heavy fractions and with both 30 kDa and
25 kDa proteins in the light density fractions. These
proteins were also recognized by this antibody in the
microsome fractions of mouse liver. These results sug-
gest that there is a two-chain form of cathepsin L with
an amino terminal sequence of IPKSV in both the
heavy and light density fractions; in contrast, the other
forms, including procathepsin L and the single chain
forms with amino terminal sequences EPLML and
LKIPK, only in the light density fractions.

We used an immunofluorescence histochemical tech-
nique to analyze the intracellular localization of the
single chain form with an amino terminal sequence of

EPLML. Fluorescence immunohistochemistry with
anti-cathepsin L antibody showed the signal to be lo-
calized in the perinuclear area of mouse liver paren-
chymal cells (Fig. 4A). Since immunohistochemical
studies showed cathepsin L to be detectable mainly in
lysosomes, this perinuclear profile represents the lyso-
somal localization of cathepsin L. As shown in figure
4B, the anti-EPLML fluorescence signals were also
localized in the perinuclear area in mouse liver. With
unknown reason, neither the anti-LKIPK antibody nor
the anti-IPKSV antibody gave a fluorescence signal in
these studies (data not shown). These results suggest
that the 31kDa form of cathepsin L with the amino
terminal amino acid sequence EPLML is localized in
lysosomes.

DISCUSSION

We generated three species of peptidic antibodies:
anti-EPLML, LKIPK, and IPKSV antibodies. These
antibodies bound specifically to the three forms of ca-
thepsin L with molecular masses around 30 kDa. Pre-
viously we reported that an antibody raised by immu-
nizing rabbit with purified cathepsin L reacted with

FIG. 2. Intracellular forms of cathepsin L in liver, kidney, and skin. Aliquots of the immunoprecipitants obtained with anti-rat cathepsin
L antibody (5mg/samples) from microsomes prepared from mouse liver (lanes 1), kidney (lanes 2), and skin (lanes 3) were fractionated by
SDS–PAGE in 15% polyacrylamide gels and immunoblotted with (A) anti-mouse cathepsin L antibody (2.5mg/ml), (B) anti-EPLML antibody
(2.5mg/ml), (C) anti-LKIPK antibody (2.5g/ml) or anti-IPKSV antibody (2.5g/ml). Arrowheads to the left indicate molecular masses markers
as described in the legend to figure 2. Arrows with IgG-HC and Cath-L indicate immunoglobulin heavy chain and cathepsin L, respectively.
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procathepsin L, and with the single chain form and
two-chain form of the mature enzyme (17). The results
of pulse-chase analyses in hepatocytes, macrophages,
and NIH3T3 cells showed that the intracellular pro-
cessing of procathepsin L to the mature forms occurs

within 1 hour (2,3,20). Nishimura et al. suggested that
the proteolytic processing of procathepsin L is accom-
plished after arrival in the lysosomes because of the
chloroquine sensitivity. Chloroquine affects not only
the pH of lysosomes but also that of transport vesicles

FIG. 3. Immunoblot analyses in Percoll density fractionated organelles from mouse liver. Microsome fractions prepared from mouse liver
were fractionated in 40% Percoll density gradients at 57,400 3g for 45 min. The fractions from bottom to top were numbered from 1 to 15
and they and the microsome fraction (lane 16) were subjected to SDS-PAGE and analyzed with anti-mouse cathepsin L (A), anti-EPLML (B),
anti-LKIPK (C), or anti-IPKSV (D) antibodies. The arrows to the right side indicate procathepsin L, 31kDa and 30kDa processed forms, and
the heavy chain of the two chain form of cathepsin L, respectively. The arrowheads to the left indicate molecular mass markers:
phosphorylase B at 97.4 kDa, bovine serum albumin at 66.0 kDa, ovalbumin at 45.0 kDa, carbonic anhydrase at 31.0 kDa, and soybean
trypsin inhibitor at 21.5 kDa.

FIG. 4. Fluorescence immunohistochemistry by anti-cathepsin L antibody (A) and anti-EPLML antibody (B) in mouse liver. The liver from a
C57 mouse was fixed and immunostained with 12.5mg/ml of anti-mouse cathepsin L antibody (A) or 12.5mg/ml of anti-EPLML antibody (B).
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to the endosomes (21). Thus, the processing site for
procathepsin L in situ has remained ambiguous. Im-
munohistochemical analyses with anti-cathepsin L an-
tibody showed that cathepsin L is localized in lyso-
somes (22, 23). These reports suggest that intracellular
procathepsin L transferred to the Golgi apparatus can
not be detected by the immunogold technique in part
because of the small amount of procathepsin L in the
Golgi area. Our previous study with an anti-pro-
cathepsin L-specific antibody that recognized only pro-
cathepsin L and not the mature enzyme forms showed
that procathepsin L colocalizes with the cation-
independent mannose 6-phosphate receptor, a marker
protein for late endosomes in NIH3T3 cells, but failed
to identify the exact processing site in situ since the
disappearance of procathepsin L in situ has not been
identified (13). In addition, in fluorescence cytochemi-
cal analyses, the three peptidic antibodies failed to
bind to the corresponding forms of cathepsin L in
NIH3T3 cells (data not shown). In this study, we show
that the 31kDa form of cathepsin L with the amino
terminal amino acid sequence EPLML, which appears
first after the processing of procathepsin L, is colocal-
ized with the signal for the anti-cathepsin L antibody
in mouse liver. Thus, the site of procathepsin L pro-
cessing in situ was identified as the lysosome itself.
The data presented in this report are summarized in
Fig. 5 as a scheme. Further analyses are necessary to
identify lysosomal components that participate in the
processing of procathepsin L by far western blot anal-
yses with procathepsin L and its processed forms.
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FIG. 5. Schematic illustration for intracellular processing of pro-
cathepsin L. Present results in vitro and in vivo suggest that newly
synthesized procathepsin L is processed into the mature single chain
form through the intermediates (31 kDa form and 30 kDa form). The
mature single chain form is processed further into the two chain form.
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