Tm JOURNAL
OF BIOLOGICAL
CHEMISTRY
0 1994 by The American Society for Biochemistry and Molecular Biology, Inc

Vol. 269, No. 43, Issue of October 28,pp. 2713€-27142, 1994
Printed in U.S.A.

Human Cathepsin 0
MOLECULAR CLONING FROM A BREAST CARCINOMA, PRODUCTION OF THE ACTIVE ENZYME IN
ESCHERICHIA COLI, AND EXPRESSION ANALYSIS IN HUMAN TISSUES*
(Received for publication, May 11, 1994, and in revised form, July 29, 1994)

Gloria Velasco, AdolfoA. FerrandoS, XoseS. PuenteS, LuisM. Shchezs, and Carlos L6pez-Otinn
From the Departamento de Biologia Funcional, Universidad de Oviedo,33006 Oviedo, Spain

A cDNA encoding a novel member of the cysteine prolated and characterized at the amino acid sequence level: cafrom a human thepsin B (Chan et a l . , 19861, cathepsin L (Gal and Gottesman,
teinase familyof proteins has been cloned
breast carcinoma cDNA library, by using a polymerase 1988; Joseph et al., 19881, cathepsin H (Fuchs et al., 1988;
chainreaction-basedcloningstrategy.Theisolated
Ritonja et al., 1988), and cathepsin S (Wiederanders et a l . ,
cDNA containsanopenreadingframecodingfor
a 1992; Shi et al., 1992).All of them areglycoproteins and contain
polypeptide of321 amino acids that has been tentatively
an essential cysteine residue in their active site but differ in
called cathepsin0. This protein presents all the struc- some enzymaticproperties,including
substrate specificities
tural features characteristic of the different cysteine
and pH stability.
proteinases identified to date, including the active site
A comparison of structural characteristics of the different
cysteine residue thatis involved in covalent intermedi- members of the cysteine proteinase family reveals that they are
ate formation during peptide hydrolysis. The cathepsin
synthesized as preproenzymes, which are processed to the cor0 cDNAwasexpressed in Escherichia coli, and after responding proenzymes and targeted to the lysosomes by the
purification and refolding, the recombinant protein was
mannose 6-phosphate signal attached to them. The enzymes
able to degrade the synthetic peptides benzyloxycarare further processed to mature forms consisting of either a
bonyl-Phe-Arg-7-arnido-4-methylcoumarin
andbenzylsingle polypeptide chain ora two-chain formcomposed of heavy
oxycarbonyl-Arg-Arg-7-amido-4-methylcoumarin
widely andlightchainslinked
by a disulfide bond (Barrettand
used as substrates for cysteine proteinases. Cathepsin
0
Kirschke, 1981). However, in some cases, the precursors of
proteolytic activity was abolished by trans-epoxysuccinyl-~-leucylamido-(4-guanidino)butane
(E”), an inhib- these lysosomal proteinases escape from this processing pathitor of this subclassof proteolytic enzymes, thus provid-way and continue along the secretory route, entering storage
space.
ing additional evidence that the isolated
cDNA codes for granules andbeing finally releasedinto the extracellular
Thus, lysosomal cysteine proteinases have been found to be
an authentic cysteine proteinase. Northern blot analysis
of poly(A)+RNAs isolated from a variety of human tis- secreted by osteoclasts, by activated macrophages, or by fibrosues demonstrated that cathepsin0 is expressed in all blasts obtained from patients withI-cell disease (Kornfeld and
examined tissues, which is consistent with a putative Mellman,1989). In addition, numerous reports have shown
role of this proteinas a proteolytic enzyme involved in that several humancysteine proteinases like cathepsinsB and
L are overproduced and subsequently released by tumor cells
normal cellular protein degradation and turnover.
from different sources, thereby supporting the concept that
secreted lysosomal enzymes may have important functions in
the
development of malignant processes (Sloane et al., 1981;
The cysteine proteinases are a group of proteolytic enzymes
Recklies et a l . , 1982; Chauhan et al., 1991; Murnane et al.,
that play important roles in many normal cellular processes,
1991). A large number of studies on the potential role of these
includingprotein
degradationandturnover(Barrettand
secreted
cysteine proteinases in malignancy has been focused
Kirschke, 1981; Bond and Butler, 1987), bone remodeling (Deon
breast
cancer, a leading causeof death inwomen from Westlaisst5 e t al., 1984; Tezuka et a l . , 19941, and prohormone procern
countries
(Harriset al., 1992). However, since these carciessing (Krieger and Hook, 1991). In addition, cysteine proteinbiological and clinical
nomas display a wide variability in their
ases appear to
be involved in a variety of pathological processes
behavior, and considering that different tumors seem to use
such as rheumatoid arthritis (Mort et al., 19841, glomerulonephritis (Thomas and Davies, 1989),Alzheimer’s disease (Golde distinct proteinases or combinations of proteinases acting in
concert to invade adjacent tissues (Gottesman,1990), the poseta l., 1992), and cancerinvasion andmetastasis (Sloane,
sibility exists that besides cathepsins B and L, other cysteine
1990). To date four human cysteine proteinases have been isoproteinases may be overproduced by breast tumors. Theisolation and molecular characterization of these putative novel
* This work was supported by Grants SAL91-0617 and SAF94-0892 enzymes has proved to bevery difficult, due t o both the limited
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in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
pering the successive purification steps. In fact, over the last
The nucleotide sequence(s) reported in this paper hasbeen submitted several years, several groups have described the existence of
to the GenBankrMIEMBL Data
Bank with accession number(s) X77383. additional cysteine proteinases like cathepsins T and N that
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may contribute to tumor
invasion due to their ability to degrade
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several components of the extracellular matrix (Roughley and
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on PCR*cloning procedures, using degenerate oligonucleotides mM NaCl, 15 mM sodium citrate, pH 7.01,5 x Denhardt's (1 x = 0.02%
all known cysteine bovine serum albumin, 0.02% polyvinylpyrrolidone, 0.02% Ficoll), 0.1%
encoding structural motifs conserved among
proteinases. By using this strategy, Shi et al. (1992) have re- SDS, and 100 pg/ml denatured herring sperm DNA. The membranes
were washed twice for 1h at 60 "C in 1 x SSC, 0.1% SDS,and exposed
cently cloned a cDNA coding for human alveolar macrophage
to XAR-5 film (Kodak) at -70 "C with intensifylng screens. Following
cathepsin S, whereas Petanceskaand Devi (1992) have isolated plaque purification, the cloned insert was excised by EcoRI digestion
a cDNA for rat cathepsin S and some partial c D N h which and the resulting fragments subcloned into the EcoRI site of pEMBL19.
in rat brain.
could encode novel cysteine proteinases expressed
Nucleotide Sequence AmZysisSelected DNA fragments were inSimilarly, this procedure has allowed identificationof collagen- serted in thepolylinker regionof phage vector M13mp19(Messing and
ase-3, a new matrix metalloproteinase produced by breast car- Vieira, 1982) and sequenced by the dideoxy chain termination method
cinomas (Freijeet d., 1994), as well as a novel tissue inhibitor (Sanger et al., 1977)using either M13 universal primer or cDNAspecific
primers and the Sequenase Version 2.0 kit (U. S. Biochemical Corp.).All
of metalloproteinases denominatedTIMP-3 ( U n a et al., 1994).
nucleotides were identified in both strands. Sequence ambiguities were
In this work, and following our studies directed to evaluate solved bysubstituting dITP for dGTPin thesequencingreactions. Comthe putative role of proteolytic enzymes in the development of puter analysis of DNA and protein sequences was performed with the
breast cancer (Sanchezet al., 1992,1993;Diez-Itza et al., 19931, GCG software package of the University of Wisconsin Genetics Comwe have used a PCR-based homology cloning strategy to screen puter Group (Devereuxet al., 1984).
Expression in E. coli-A 930-bp DNA fragment containing the comthe presence of putative novel cysteine proteinases in breast
tumors. We report herein the molecular cloning and complete plete coding sequence for human cathepsin 0 was obtained byPCR
amplification of the isolated full-length cDNA with primers 5'-ATGnucleotide sequence of a cDNA coding for a novel member of
GACTCCCGCGCCCCC and 5'-CTGTCTCTTGATCTGCCCA. Due to
this proteinfamily,tentativelycalledcathepsin
0. We also the design of the 5'-primer, the amplified fragment contained the coding
show the bacterial expression
of this cDNA and the analysis of information for a methionine residue a t the N-terminal end. The PCR
the proteolytic activity of the purified recombinant protein.
reaction was carried out for 25 cycles of denaturation (95 "C, 1 rnin),
Finally we present evidence that cathepsin 0 is widely exannealing (50 "C, 1rnin), and extension (72 "C, 1mid. The PCR product
was phosphorylated with T4 polynucleotide kinase and ligated to the
pressed in human tissues.
expression vector pET3c (Rosenberg et al., 19871, previously treated
with NdeI and nuclease S1. The resulting plasmid, called pETH7, was
EXPERIMENTALPROCEDURES
Materials-A human breast carcinoma cDNA library constructed in transformed into E. coli strain BL21(DE3),and the transformed cells
hgtll and two Northern blots containing RNAs from many different were grown in LB broth containing 100 pg/ml ampicillin at 37 "C for
human tissues were purchased from Clontech (Palo Alto, CAI. Human about 16 h, diluted lil00 with the same medium and grown to an A,,
was added toa final
breast tumors were obtained from women who had undergone surgery of 1.0. Then, isopropyl-1-thio-p-D-galactopyranoside
, the incubation was continued for another 3
for primary breast carcinoma. The samples were immediately frozen in concentration of 1m ~and
liquid nitrogen and stored at -70 "C until used. Oligonucleotides were h. Cells were collectedby centrifugation, resuspended in 0.05 volumeof
synthesized by the phosphoramidite method in an Applied Biosystems PBS, lysedby using a French press, and centrifuged at 20,000 x g for 20
DNA synthesizer (model 381A), and used directly after synthesis. Re- min at 4 "C. The insoluble fraction of the extract was washed with the
striction endonucleases and other reagents used for molecular cloning same volume of 2 M urea in PBS and finally solubilized with 1volume
werefrom Boehringer Mannheim (Mannheim, Germany). Double- of 8 M urea in PBS and centrifuged again as before. The solubilized
stranded DNA probes wereradiolabeled with [32PldCTP(3000 Ci/mmol) protein was purified by preparative electrophoresis in 12% polyacrylfrom Amersham (Amersham, United Kingdom)using a commercial ran- amide gels as described previously(Lopez-0th et al., 1988). Theeluted
dom-priming kit purchased from Pharmacia LKB (Uppsala, Sweden). material from the polyacrylamide gelwas precipitated with cold acetone
The RNA-PCR kit used for the reverse transcription of total RNA and
and resuspended in 100 pl of 50 mM Tris buffer, pH 8.0, containing 8 M
cDNA amplification was obtained from Perkin-Elmer. Reagents for urea, 1 mM EDTA, and 10 mM dithiothreitol. After 2-h incubation at
amino acid sequencing were from Applied Biosystems
(Foster City, CA). room temperature, thesolubilized material was slowlyadded (1.5 mlh)
Synthetic peptides 2-Phe-Arg-AMC and 2-Arg-Arg-AMCwerefrom
into 250 volumes of the renaturation buffer (50 mM potassium phosBachem (Bubendorf, Switzerland) and proteinase inhibitor E-64 from
phate, pH 10.7, 5 mM EDTA, 1 mM reduced glutathione, and 0.1 mM
Sigma. Human cathepsins B and Lwere from Calbiochem.
oxidized glutathione) described by Smith and Gottesman (1989) and
Reverse Zkanscriptionand Polymerase Chain Reaction Amplification stirred overnight at 4 "C. The resulting solution was adjusted to pH 8.0
of Breast Carcinoma RNA-TotalRNA
was extracted from a breast
and concentrated 500-fold in an Amicon ultrafiltration system.
carcinoma as described by Chomczynski and Sacchi (1987)and used for
Enzyme Activity Assays-The enzymeactivity of purified cathepsin 0
cDNA synthesis with the RNA-PCR kit from Perkin-Elmer. After re- was measured using 20 p~ 2-Phe-Arg-AMCor 2-Arg-Arg-AMCas subverse transcription using 1 pg of total RNA and random hexamers as strates and following the procedure describedby Barrett and Kirschke
primer according t o the instructions of the manufacturer, the obtained (1981) with minor modifications. Assays were performed at 37 "C, in
material was directly used for PCR amplification with two degenerate
100 mM sodium phosphate buffer, pH 6.0,containing 1mM dithiothreitol
oligonucleotides. The nucleotide sequence of these primers was derived and 2 mM EDTA. Samples were preincubated for 30 min in assay buffer
from highly conserved sequences among the known human cysteine at room temperature before use. Substrate hydrolysis was monitored in
proteinases (5'-TG(TC)GGN(TG)CNTG(TC)TGGGCNTT
and 5'-CCAN- a Cytofluor 2350fluorometer (Millipore, Bedford,M A ) at excitation and
GA(GA)TT(CT)'ITNACNA(GT)CCA(AG)TA,
respectively).The PCR re- emission wavelengths of 360 and 460 nm, respectively. For inhibition
action was carried out in aTechne PHC-3 thermal cycler for 40 cyclesof assays, the reaction mixture was preincubated with 20 PM E-64 at 37 "C
denaturation (95 "C, 1 mid, annealing (45 "C, 1 min), and extension for 15 min, and the remaining activity was determined using the flu(72 "C, 1 rnin). The PCR products were phosphorylated with T4 orogenic substrate 2-Phe-Arg-AMCas above. The concentration of cyspolynucleotide kinase and the DNA band of the expected size(approxi- teine proteinases was determined by active site titrationwith E-64 and
SmaI site with 2-Phe-Arg-AMCas substrate according tothe procedure described
mately 0.5 kb) was gel-purified and ligated inthe
of pEMBL19.DNAfrom48
independent cloneswas isolated and by Barrett and Kirschke (1981).
sequenced.
Amino Acid Sequence-Recombinant cathepsin 0 was subjected to
Screening of a Human Breast Carcinoma cDNA Library-About 1 x
automatic Edman degradation following the method of Matsudaira
lo6 plaque-forming units of a commercially available human breast (1987). The bacterial extract containing the recombinant protein was
carcinoma cDNA library were plated using Escherichia coli Y1088 as subjected to SDS-polyacrylamide gelelectrophoresis, and subsequently,
host and analyzed according to standard procedures (Maniatis et al.,
the electrophoresed proteins were blotted onto an Immobilon transfer
1982) using as probe the partial cathepsin cDNA previously cloned by
membrane (Millipore).After staining with Coomassie Blue,the portion
reverse transcription PCR froma breastcarcinoma RNA. Hybridization of the membrane carrying the recombinant protein was placed directly
to the radiolabeled probe was carried out for 18 h in 6 x SSC (1x = 150 into the reaction chamber of a protein sequencer (model 477A; Applied
Biosystems) and subjected to automatic degradation using the Blott
The abbreviations used are: PCR, polymerase chain reaction; kb, program as recommended by the manufacturer (Applied Biosystems).
kilobase paids); bp, base paifis); E-64, trans-epoxysuccinyl-L-leucyl- The anilinothiazolinones were converted to phenylthiohydantoins in
amido-(4-guanidino)butane;
2-Phe-Arg-AMC, benzyloxycarbonyl-L- the conversion flask of the sequencer and quantified with an on-line
phenylalanyl-~-arginine-7-amido-4-methylcoumarin.
phenylthiohydantoin analyzer (model 120 A Applied Biosystems).
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RNA Analysis by Northern Blot Hybridization-Northern blots containing 2 pg of poly(A)t RNA of different humantissue specimens were
prehybridized at 42 “C for 3 h in 50%formamide, 5 x SSPE (1 x = 150
mM NaCI, 10 mM NaH,PO,, 1 m~ EDTA, pH 7.4), 10 x Denhardt’s, 2%
SDS, and 100 pg/ml of denatured herring sperm DNA and
then hybridizedwithradiolabeled cathepsin 0 cDNA (a 0.93-kb PCR fragment
extending from bp110to 1040) for 20 h under the same conditions.
Filters were washed with 0.1 x SSC, 0.1% SDS for 2 h at 50 “C and
exposed to autoradiography. RNA integrity and equal loading was assessed by hybridizationwith an actin probe as indicated by the manufacturer (Clontech). Densitometry of the x-ray films was carried out
with the Bio Image software (Millipore),

bic amino acidsclose to the initial
methionine strongly suggests
the presence of the signal peptide which is also present in the
remaining cysteine proteinases. This proposed leader sequence
contains a positively charged amino acid in the N-terminal
region (arginine a t position 4) that is also a typical feature of
signal sequences (von Hejne, 1985). On the other hand, and
considering that the eukaryotic cell signal peptidase usually
cleaves secretory preproteins at a position in thesequence having residues with small unchargedside chains in positions -3
and -1 from the cleavage site, processing of the above identified
protein might occur at position 23/24 (glycine and alanine at
positions -3 and -1, respectively). If this cleavage occurs, the
RESULTS AND DISCUSSION
corresponding protein would be composed of 298 amino acid
Molecular Cloning and Nucleotide Sequencing of a cDNA
residues with a predicted molecular mass of 33,265 Da.
Encoding Human Cathepsin 0-As a preliminarystepto
Pairwise comparisons for sequence similarities between the
search for new cysteine proteinases that could be produced by
identified amino acid sequence and those from other human
humanbreast
carcinomas, two degenerate oligonucleotide
cysteine proteinases showed that the percentage of identities
primers based on highly conserved amino acid sequences
ranged from 34.7% with procathepsin H to 27.1% with proamong the different members of this proteinase family were
cathepsin B. Similar percentages were obtained when the resynthesized. The first oligonucleotide corresponded to the remaining cathepsins were
compared between them.In addition,
gion containing the active site cysteine residue whereas the
when
this
amino
acid
sequence
comparison was extended to
antisense primer was selected from the amino acid sequence
origin, similar
et al., 1984, other cathepsinsfrom animal, plant, or parasite
around an essential asparagine residue (Kamphuis
degrees
of
identity
were
found,
the
largest
one
(34.1%) being
1985; Musil et al., 1991). These primers were then used for
a
cysteine
proteinase
from
Leishmania
mexicana
(Motwith
reverse transcriptionPCR experiments with total RNAisolated
from a single breast tumor (H77873). After amplification, a tram et al., 1992). Despite this overall limited sequence idenband of about 500 bp that presumably contained a portion of tity, the deduced amino acid sequence from the human cDNA
of
different cysteine proteinases was obtained and cloned in the isolated in thiswork, contains all the features characteristic
plasmid vector pEMBL19. DNA was then isolated from 48 in- the different members of the cysteine proteinase family of prodependent clones (H-1 toH-48) and their nucleotide sequences teins (Fig. 2). Thus, it contains the active site Cys residue at
determined. Analysis of the resulting sequences revealed that position 132 that is transiently acetylated during peptide hytwo of them corresponded to cathepsinB, 10 t o cathepsin L, and drolysis, as well as other residues proposed t o be important in
22 t o cathepsin S, whereas the remaining 14 clones had se- catalysis including His-269 and Asn-289 (Kamphuisetal.,
quences that did not seem to
correspond to any previously 1984, 1985; Musil et aE., 1991). The amino acid sequences surrounding these 3 residues are also very well conserved. Thus,
characterized cDNAs presentintheEMBUGenBankdata
bases. Interestingly, one of these isolated clones (H-35) showed the N-terminalregion contains the tryptophan residue and the
a nucleotide sequence similar to, but distinct from, the corre- hydrophobic segment immediately adjacent to thecysteine acspondingsequences of known human cysteine proteinases, tive site characteristic of cysteine proteinases. Similarly, the
thus suggesting that the selected breast tumor expressed a C-terminal region contains a series of conserved aromatic resiputative new member of this family of proteolytic enzymes. dues and the tripeptideAsn-Ser-Trp located in the active site
Since the limited amount of RNAavailable fromthis carcinoma ( M u d et al., 1991). FinalIy, the amino acid sequence deduced
precluded the construction of the cDNA library required to from the cDNA contains 6 cysteineresidues highly conserved in
obtain a full-lengthcDNAclone, we examined the possible pres- members of the cysteine proteinase family and that havebeen
ence of clones for this putative novel cysteine proteinase in found to form three disulfide bridges in papain (Kamphuis et
other available human breast carcinoma cDNA libraries. To do al., 1984, 1985). Taken together, these structural comparisons
that, two specific oligonucleotides (5”CCACTAGAGCAGTGAT- strongly suggest that the identified ORF codes for a putative
GCTG and 5’-AGCACAAAATGGTCTGTGCC) corresponding new member of the cysteine proteinase family of proteins that
to innersequences of the obtained nucleotide sequence for clone we propose to call cathepsin 0, since to our knowledge no cabeen proposed.
H-35 were synthesized and used for PCR amplification with thepsin with this name has yet
The alignment of cathepsin 0 with the remaining cysteine
DNA isolated from different cDNA libraries. A band of the expected size (200 bp) wasobserved in allcases, the most intense proteinases allows speculation about the putativecleavage site
being that amplified from a commercially available human of the proenzyme form of the molecule to render the mature
breast carcinoma cDNA library. Consequently, we were proteinase. As indicated in Fig. 2, the amino acid sequence
as starting material to attempt thecomparison shows that the N-terminal end of most mature
prompted to use this library
isolation of a full-length cDNA for the presumably novel human cysteine proteinases canbe precisely aligned, the second amino
active
cysteine proteinase. To do that, approximately 1 x lo6 plaque- acid being prolinein allcases. By analogy with them, the
forming units were plated and screened using the PCR-gener- processed form of cathepsin 0 would start at the leucine resiated cDNA as probe. Upon screening, a positive clone with an due located at position 108, with a predicted size of 23,400 Da.
insert of 1.7 kb was identified. This insert wassubcloned in a Cathepsin 0 contains two potential sites of N-glycosylation
plasmid vector, and its complete nucleotide sequence was de- (Asn-Ser-Thr and Asn-Val-Ser at positions 62 and 105, respectermined in both strands. Computer analysis of the obtained tively), both of them being located in the putativeproregion of
sequence (Fig. 1)revealed a n open reading frame 963 bp long, the enzyme. Since all mammalian cysteine proteinases characglycosylated, it is presumed that at least one
starting with an ATG codon at position 50 and ending witha terized to date are
TGA codon a t position 1013. Assuming that translation starts of these residues has attached the mannose 6-phosphatereccathepat this first ATG, the identified open reading frame codes for a ognition marker for lysosomal targeting. In this regard,
protein of 321 amino acids and a predicted molecular weightof sin 0 is closely related to cathepsin S, but clearly differs from
35,883. In thissequence, the presence of a stretch of hydropho- the remaining human cathepsins that contain glycosylation
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FIG.1. Nucleotide sequence of cathepsin 0 cDNA froma human breast
carcinoma. The deduced amino acid sequence is shown below the nucleotide sequence. Restriction sites relevant for subcloning in M13 are indicated.
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sites in the mature polypeptide (Wiederanders et al., 1992; Shi
et al., 1992). Consequently, it is tempting to speculate that
N-glycosylation of cathepsin 0 is not essential for the biological
function of the protein, since after removal of the propeptide in
the lysosomal compartment, the carbohydrates presumably
linked to the precursor will be lost.
Production ofActive Recombinant Cathepsin0 in E. coli-To
elucidate whether the isolated cathepsin 0 cDNA codes for a
biologically active cysteine proteinase, we tried to express the
cloned cDNA in E. coli. To do that, a 930-bp fragment containing the complete codingsequence for cathepsin 0 was inserted
in thepolylinker region of the expression vector pET3c (Rosenberg et al., 1987).The resulting plasmid, called pETH7, as well
as the original vector, were transformed into E. coli BL21(DE3),
and the transformed bacteria were induced with isopropyl-lthio-P-D-galactopyranoside.
Extracts were then prepared from
the induced bacteria and theirprotein composition analyzed by
SDS-polyacrylamide gelelectrophoresis.As can be seen in Fig.

3, the insoluble fraction of the bacteria transformed with the
recombinant plasmid contained a protein of about 33 kDa,
which was not present in the control extracts. In order to confirm that this polypeptide was human cathepsin 0, the insoluble fraction containing this 33-kDa protein was solubilized
with 8 M urea, electrophoretically transferred to a polyvinylidene difluoride membrane, and subjected to direct amino acid
sequence analysis. The sequence obtained (Met-Asp-Ser-ArgAla-Pro-Phe-Thr-Pro-Thr-Trp-Pro-kg-Ser)
correspondedexactly t o the one deduced for cathepsin 0 from the isolated
cDNA, with the exception of the first methionine residue introduced in therecombinant protein as a consequence of the cloning procedure. The recombinant cathepsin 0 was purified by
preparative electrophoresis (Fig. 3) and subjected to a renaturation process very similar to the one used for the recovery of
active human cathepsin L produced in E. coli (Smith and
Gottesman, 1989). In order to examine the enzymatic activity
of the resulting cathepsin 0, we investigated its degrading
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FIG.2. Alignment of the amino acid sequenceof cathepsin 0 with otherhuman cysteine proteinases. The amino acid sequencesof
previously known human cysteine proteinases were extracted
from the SwissProt data base, and the multiple alignment was performed with the
common to all sequences are marked withasterisk.
an
Gaps are
PILEUP programof the GCG package (Devereuxet al., 1984). Residues which are
indicated by hyphens.
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FIG.3. Isolation of recombinant cathepsin 0 produced in E.
coli BLZl(DE3). 5-pl aliquots of soluble ( S F : ) and insoluble ( 2 3 )
fractions of the bacterial extracts, well
as as of proteins solubilized with
the indicated concentrationsof urea, and 4 pg of purified cathepsin 0
(Cuth0)were analyzedby SDS-polyacrylamide gel electrophoresis. The
size in kilodaltons of the molecular size markers ( M W M ) is shown at
right of figure.

activity against specific substrates for cysteine proteinases, including 2-Phe-Arg-AMC and 2-Arg-Arg-AMC. Asshown in Fig.
4, cathepsin 0 displayed proteolytic activity on the synthetic
peptide 2-Phe-Arg-AMC, whichis an optimal substrate for different cysteine proteinases (Mason et al., 1985). In addition,
this proteolytic activity was abolished by E-64, a widely used
inhibitor of this subclass of proteolytic enzymes but not by
inhibitors of serine-proteinases (phenylmethylsulfonyl fluoride), aspartyl-proteinases (pepstatin A), and metalloproteinases (EDTA)(Fig. 4 and datanot shown).Taken together, these
preliminary functional analyses indicate that thecloned cDNA
codes for an authentic cysteine proteinase with the substrate
specificity and sensitivity toward inhibitors characteristic of
this family of proteolytic enzymes. Then, and in order to compare the enzymatic activity of cathepsin 0 with that corre-
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FIG.4. Enzymatic activity of recombinant cathepsin 0 (Cuth
0 ) .Recombinant human cathepsin 0 was preincubated in 100
mM
sodium phosphate buffer, pH 6.0, containing 1 mM dithiothreitol and 2
mM EDTA. After 30 min at room temperature, 20 p~ 2-Phe-Arg-AMC
was added to the reaction mixture, and the substrate hydrolysis
at
37 "C was monitored in the presence
(0)
or in the absence(asterisk) of
20 p~ E-64, a t t h e indicated times. Arbitrary fluorescence units
at
excitation and emission wavelengths of 360 and 460 nm are indicated.

sponding to other human cysteine proteinases, we performed a
comparative analysis of specific activities of recombinant cathepsin 0, cathepsin B, and cathepsin L against the above
mentioned substrates. According to the obtained results, the
three enzymes exhibit different activities toward these fluorogenic substrates. Results for cathepsin B and L were in line
with those reported previously (Kirschke et al., 1982;
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FIG.5. Northern blot analysis of cathepsin 0 mFtNA in human
tissues.A, about 2 pg of poly(AY RNAfrom the indicated tissues were
analyzed by hybridization with the cDNA for human cathepsin 0. The
positions of RNA size markers are shown. Filters were subsequently
differences
hybridized to a human actin probe in order to ascertain the
in RNA loading among the different samples. B, suitably exposed autoradiograms were scanned by using a densitometer and the signals
obtained for cathepsin 0 correlated to the signalsobtained for actin in
the corresponding samples. The resultsare expressed as relative to the
cathepsin 0 mRNA level in leukocytes.

Maciewicz and Etherington, 1988). Cathepsin 0 activity
against 2-Phe-Arg-AMC and 2-Arg-Arg-AMC (0.25 and 0.19
mol/min/mol) was considerably lower than that observed for
cathepsin B (310 and 185 mol/min/mol) and cathepsin L (770
and 18 mol/min/mol), suggesting that these fluorogenic substrates are not the optimal ones for this novel enzyme. However, the possibility that the protein produced in bacteria may
be only partially functional, as found for cathepsin L produced
and refolded with the same procedure used here for cathepsin
0,cannot be ruled out at present (Smith and Gottesman, 1989).
Further studies will be required to precisely establish its activity against different natural substratesas well as the ability
of the different human cystatins to inhibit its proteolytic
activity.
Expression Analysis of Cathepsin 0 in Human Tissues--In
order to analyze the expression of the cathepsin 0 gene in
human tissues, two Northern blots containing poly(A)+RNAs
extracted from a wide variety of human tissue specimens (leukocytes, colon, small intestine, ovary, testis, prostate, thymus,
spleen, pancreas, kidney, skeletal muscle, liver,lung, placenta,
brain, and heart) were hybridizedwith the full-length cathepsin 0 cDNA. This Northern blot analysis revealed the presence
in all tissues examined of a single transcript of about 2.5 kb
(Fig. 5). In addition, a minor band of about 5.0 kb could be
detected in some tissues and probably correspondsto an alternative transcript generated by differential post-transcriptional

processing of the mRNA for cathepsin 0.A similar situation has
already been described for other mammalian cathepsins, including cathepsins B and S from rat, murine, and human tissues (Qian et al., 1989;Murnane et al., 1991; Sloaneet al., 1992;
Petanceska and Devi, 1992; Chambers et al., 1992; Gonget al.,
1993).The occurrence of cathepsin 0 in all these tissues seems
to indicate that this enzyme could play a role in the intracellular protein degradation that takes place in lysosomes. However, it should be noted that some differences in the relative
levels of cathepsin 0 expression in these human tissues were
detected. Thus, the levels werehigh in ovary, kidney, liver,and
placenta. By contrast, the levels werelow in thymus and skeletal muscle (Fig. 5). Similar variations have been described in
the expression of other cysteine proteinases and specially in the
case of cathepsin S. The wide variability detected in cathepsin
S expression has led to the suggestion that, in addition to its
housekeeping roleas a lysosomal digestive enzyme,
it may play
a highly specific role in those tissues like ovary and uterus in
which its relative levels are very high (Petanceska and Devi,
1992). This situation somewhat parallels to that described
herein for cathepsin 0 and opens the possibility that this novel
human cysteine proteinase could play someadditional and specialized activity in those tissues in which it is overexpressed.
The availability of active recombinant cathepsin 0 will be very
helpful to examine these questions as well as to study its potential role in the pathological protein breakdown occurringin
degradative and invasive processes. Similarly,it will be of interest to examine the possibility that alterations in expression,
intracellular trafficking, and/or secretion of cathepsin 0 may
correlate with malignancy, as already found for other human
cysteine proteinases (Sloane, 1990).
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