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ABSTRACT The amino acid sequences of rat liver lysosomal
thiol endopeptidases, cathepsins B and H, are presented and com-
pared with that of the plant thiol protease papain. The 252-res-
idue sequence of cathepsin B and the 220-residue sequence of
cathepsin H were determined largely by automated Edman deg-
radation of their intact polypeptide chains and of the two chains
of each enzyme generated by limited proteolysis. Subfragments
of the chains were produced by enzymatic digestion and by chem-
ical cleavage of methionyl and tryptophanyl bonds. Comparison
of the amino acid sequences of cathepsins B and H with each other
and with that of papain demonstrates a striking homology among
their primary structures. Sequence identity is extremely high in
regions which, according to the three-dimensional structure of pa-
pain, constitute the catalytic site. The results not only reveal the
first structural features of mammalian thiol endopeptidases but
also provide insight into the evolutionary relationships among plant
and mammalian thiol proteases.

Cathepsin B was originally the name coined for the enzyme in
bovine spleen that hydrolyzes benzoylarginine amide in the
presence of cysteine. For a long time, it had been thought to
be the only lysosomal thiol endopeptidase (1, 2). However, Otto
et al. (3-5) have shown that more than one enzyme displays this
activity. They isolated a major thiol endopeptidase from rat liver
lysosomes with a Mr of 25,000 and renamed it cathepsin B1.
More extensive studies of thiol endopeptidases of rat liver ly-
sosomes by Kirschke et aL (6-8) have led to the identification
of two thiol proteases, cathepsins H and L. At the same time,
Towatari et al. (9, 10) independently isolated a new thiol en-
dopeptidase from cathepsin B1 preparations, which was later
established to be identical to cathepsin L of Kirschke et al.
Cathepsin B was crystallized by Towatari et al. as spindle-form
crystals (11). More recently, several workers have reported the
presence of additional thiol endopeptidases in lysosomes-e.g.,
cathepsins T, N, P, and S (12-15)-but their amounts appear
to be very low. These lysosomal thiol endopeptidases are con-
sidered to play an important role in intracellular protein deg-
radation and possibly in post-translational processing of some
biologically important substances such as endorphin (16) and
insulin (14, 17).
We have recently isolated three major proteases from rat liver

lysosomes, cathepsins B, H, and L, and purified them to a ho-
mogeneous state in terms of enzymatic activities, substrate
specificities, and antigenic specificities (10, 11, 18). Crystalline
cathepsin B is a mixture of a single-chain and a two-chain form
of the enzyme (19). It is not known yet whether the proteolytic
cleavage takes place before or after incorporation into lysosome
or during its isolation. Some cathepsin B preparations contain

only the single-chain form of the enzyme, suggestive of arte-
factual limited proteolysis. The protease responsible for this
limited proteolysis has not been identified. We also reported
that the amino-terminal sequence of cathepsin B has a striking
resemblance to that of the plant thiol endopeptidase papain (19).
We now present the complete amino acid sequences of rat

liver cathepsins B and H and show that these two mammalian
thiol proteases are homologous both to each other and to the
plant thiol endopeptidases papain and actinidin, suggesting that
all four enzymes have evolved from a common ancestral pro-
tein. This homology allows us to predict that the polypeptide
chain folding of the mammalian enzymes will be found to be
similar to that of papain (20) and actinidin (21).
The experimental details of the sequence analysis of cathep-

sins B and H will be published elsewhere.

MATERIALS AND METHODS
Crystalline rat liver cathepsin B was prepared as described (11).
Cathepsin H was prepared by the method of Schwartz and Bar-
rett (22). The intact chain and the two polypeptide chains of
each enzyme, generated by proteolytic cleavage, were sepa-
rated on a Sephacryl S-200 column after S-carboxymethylation
of reduced disulfide bonds as reported (19). Trypsin treated
with L-1-p-tosylamino-2-phenylethyl chloromethyl ketone
(TPCK-trypsin) and Staphylococcus aureus V8 protease were
obtained from Worthington and Miles, respectively. Gel fil-
tration media were products of Pharmacia.

Chemical cleavages by cyanogen bromide (Eastman) and by
2 - (2 - nitrophenylsulphenyl) - 3 - methyl - 3'- bromoindolenine
(BNPS-skatole) (Pierce) were carried out by methods of Gross
and Witkop (23) and of Omenn et al. (24), respectively.

Peptides were purified by gel filtration or by reversed-phase
HPLC, or both, which was carried out with a Varian 5000 liquid
chromatograph on columns of ,uBondapak C18 or CN (Waters
Associates) or SynChropak RP-P (SynChrom) by using a tri-
fluoroacetic acid/acetonitrile elution system (25, 26).

Amino acid compositions were analyzed with a Dionex D500
amino acid analyzer. Edman degradations were performed with
a Beckman Sequencer 890C according to Edman and Begg (27)
by using a program adapted from Brauer et al. (28) in the pres-
ence of Polybrene (29). Phenylthiohydantoin derivatives were
identified in a semiquantitative manner by two HPLC systems
(30, 31).
A search for a homologous sequence was carried out with a

VAX/VMS computer by using a "protein sequence database"
of the Atlas of Protein Sequence and Structure (version 4, April
30, 1982) obtained from the National Biomedical Research

Abbreviations: TPCK-trypsin, trypsin treated with L-1-p-tosylamino-2-
phenylethyl chloromethyl ketone; BNPS-skatole, 2-(2-nitrophenylsul-
phenyl)-3-methyl-3'-bromoindolenine.
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Foundation. The alignment of sequences was determined with
a PDP-12 and a VAX/VMS computer by applying the sequence
comparison program of de Hain et al. (32) along with scoring
matrices of McLachlan (33) and Dayhoff et aL (34).

RESULTS AND DISCUSSION
Cathepsin H was isolated as an approximately 50:50 mixture of
the single- and two-chain forms of the enzyme, as was crys-
talline cathepsin B. We took advantage of the limited prote-
olysis that occurred with both enzymes to determine their amino
acid sequences. The heavy and light chains of each enzyme (and
the intact chain also in the case of cathepsin H) were separated
after cleavage of disulfide bonds that still held the two chains
together in the native forms. The intact chain of cathepsin B
was not completely separated from the heavy chain by gel fil-
tration. The separated chains were then subjected to automated
sequence analysis.

Analysis of the light chain of cathepsin B has been reported
(19). From the cyanogen bromide digest of the heavy chain of
cathepsin B, four major fragments (residues 48-129, 130-159,
160-194, and 195-252) and two minor overlapping fragments
(residues 48-159 and 160-252) were isolated (Fig. 1). Cleavage
with TPCK-trypsin after citraconylation (35) yielded five major
fragments (residues 48-83, 84-200, 201-233, 234-250, and 251-
252) and two minor fragments (residues 84-149 and 150-200),
resulting from abnormal cleavage of a Tyr-Ser bond. To com-
plete the sequence, these fragments were further digested with
staphylococcal protease or cleaved with BNPS-skatole.
The amino acid sequence of cathepsin H was similarly de-

termined from digests of both chains with cyanogen bromide,
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trypsin, and staphylococcal protease. BNPS-skatole was also ef-
fectively utilized to prepare subfragments. In most cases, di-
gests were separated by reversed-phase HPLC and then sub-
jected to automated sequence analysis on a semimicro scale (1-
10 nmol). These techniques have greatly facilitated sequence
analysis of the two enzymes, which could only be obtained in
rather small quantities (6 mg/kg of rat liver).
The 252-residue sequence of cathepsin B and the 220-resi-

due sequence of cathepsin H are shown in Figs. 2 and 3, re-
spectively. Though the site of limited proteolysis is near the
amino terminus in cathepsin B, it is near the carboxyl terminus
in cathepsin H. Both sites are found to involve an asparaginyl
bond. Both enzymes are glycoproteins (11, 22), but cathepsin
B contains less carbohydrate than the other cathepsins and does
not bind to a concanavalin A column (22). With each enzyme,
it is likely that the entire carbohydrate moiety is linked to a sin-
gle asparaginyl residue: residue 111 in cathepsin B and residue
115 in cathepsin H. In the analysis of cathepsin B, only residue
111 failed to yield an identifiable phenylthiohydantoin deriv-
ative, although amino acid analysis of a small peptide (residues
108-120) generated by staphylococcal protease yielded 1 mol
of aspartic acid per mol of peptide. Similarly, no phenylthiohy-
dantoin derivative could be identified at residue 115 of cathep-
sin H, even though a small peptide (residues 112-121) clearly
contained one extra aspartic acid residue by composition. How-
ever, due to the lack of direct evidence these glycosylation sites
must be considered tentative and need to be confirmed. In the
absence of direct evidence for overlaps between heavy and light
chains (between residues 47 and 48 in cathepsin B and between
residues 177 and 178 in cathepsin H), the sites of connections
of the two chains must also be regarded as tentative. The Mrs
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FIG. 1. Diagrams indicating the origins of the primary and secondary fragments of cathepsins B and H and their relationship to each other.
The length of each bar is proportional to the length of the fragment. The top bars represent the single chain enzymes and indicate the location of
arginine (o) and methionine (A) residues. Also indicated are the sites of glycosyl attachment (circled CHO) and of limited proteolysis (arrows).
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COMPOSITION

Ala A 14 Gin Q 5 Leu L 9 Ser S 20
Arg R 8 Glu E 18 Lys K 10 Thr T 12
Asn N 14 Gly G 33 Met M 4 Trp W 7
Asp D 12 His H 8 Phe F 8 Tyr Y 12
CySH C 14 Ile 1 16 Pro P 12 Val V 16

FIG. 2. Complete amino acid sequence of rat liver cathepsin B. Cir-
cled letters C and H indicate by analogy with papain the active site cys-
teine and histidine residues, respectively. Boxed letter N indicates the
site ofglycosyl attachment and an arrow, the site oflimited proteolysis.
Molecular weights: without carbohydrate, Mr 27,411; including car-
bohydrate, Mr 29,000 (by NaDodSO4/polyacrylamide gel electropho-
resis).

of cathepsins B and H, omitting glycosyl groups, calculated from
these sequences are 27,411 and 24,000, respectively.

In Fig. 4, the sequences of cathepsins B and H are compared
with each other and also with that of papain (36, 37), which has
already been shown to be homologous to that of another plant
thiol proteinase, actinidin (38). The sequences are aligned so as
to achieve maximal similarity by applying the comparison pro-
gram of de Haen et al. (32).

It is obvious that the three proteins have a relatively high
degree of identity in the amino- and carboxyl-terminal regions
but rather less in the central region. The comparison of the three
proteins in Fig. 4 is thus facilitated by arbitrarily dividing the
sequences into three regions-an amino-terminal (or active site
cysteinyl) region, a central, and a carboxyl-terminal (or active
site histidyl) region. The amino-terminal region comprises 77
residues of the single-chain cathepsin B. In this region, the three
proteins are aligned with only one insertion and two deletions
to show 31-48% identity (Table 1). Significantly, an almost
identical 11-residue sequence is found in the three enzymes in
the vicinity of the active site cysteinyl residues (residue 29 in
cathepsin B). It is of interest that, in this region, homology be-
tween cathepsin B and H is the lowest (31% identity), whereas
it is highest when cathepsin H is compared to the plant enzyme
papain (48% identity).

The sequences in the central region (residues 78-152 in
cathepsin B) are more difficult to align because identity is low
(<25% identity), in spite of rather liberal placement of gaps.
In fact, the alignment in Fig. 4 in this region is statistically sig-
nificant only by applying the mutation data matrix of Dayhoff
et al. (34) and any alignment between cathepsin B and the other
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Ala A 20
Arg R 2
Asn N 20
Asp D 6
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Leu L 12
Lys K 14
met M 8
Phe F 9
Pro P 9

Ser S 17
Thr T 7
Trp W 5
Tyr Y 12
Val V 19

FIG. 3. Complete amino acid sequence ofrat liver cathepsin H. Cir-
cled letters C andH indicate by analogy with papain the active site cys-
teine and histidine residues, respectively. Boxed letterN indicates the
site of glycosyl attachment and an arrow, the site of limited proteolysis.
Molecular weights: without carbohydrate, Mr 24,000; including car-
bohydrate, Mr 26,000 (by NaDodSO4/polyacrylamide gel electropho-
resis).

three thiol proteinases in this region is not statistically signif-
icant when the McLachlan scoring matrix (33) is applied. Per-
haps a single large (ca. 30 residues) insertion resulted from in-
corporation of an intron into an exon during the long process
of divergent evolution. The functional significance of the cen-
tral region is not clear, even in papain, where the three-di-
mensional structure is established.
The degree of identity among the three sequences is very

high in the carboxyl-terminal region (residues 153-252 in ca-
thepsin B). Only in this region cathepsin H shows comparable
identity to cathepsin B (40% identity) on the one hand and to
papain (43%) on the other. In contrast to the regions surround-
ing the active site cysteinyl residues, the sequences around the
active site histidyl residues (residue 197 in cathepsin B) have
a lower degree of identity although homology is evident, par-
ticularly between cathepsin H and papain. Cathepsins B and H
also share with papain and actinidin the three-residue sequence
Asn-Ser-Trp (residues 217-219 in cathepsin B). According to
the x-ray structure of papain, asparagine is hydrogen-bonded
to the active site histidine and tryptophan acts to stabilize that
bond (20). Glycine-205 in cathepsin B is found in cathepsin H
and also in actinidin in the region corresponding to the only
discrepancy between the reported chemical sequence (Asn-Pro-
Gly) and the x-ray sequence (Gly-Pro-Asn) (20). Overall, the
sequence of rat liver cathepsin H is more closely related to those
of the plant enzymes papain and actinidin than to that of rat
liver cathepsin B, suggesting that cathepsin B diverged from
the common ancestral gene long before cathepsin H.
The amino acid sequences of cathepsins B and H were fitted

to the known three-dimensional structure of papain (20) by us-
ing the alignments shown in Fig. 4. Almost all of the insertions
and deletions were found to be in surface loops without af-
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FIG. 4. Comparison of the amino acid sequences of cathepsins B and H and papain. Gaps are indicated by dashes. Residues common to two or
more sequences are enclosed in boxes. The residue numbers are those of cathepsin B.

fecting the fundamental structure of papain. Fig. 5 compares
in a schematic, simplified fashion the folding of the peptide
chains, the sites of glycosyl attachment, active site residues, the
sites of limited proteolysis, the location of the cysteinyl resi-
dues, and the assumed disulfide bonds of cathepsins B and H.
It is impossible to draw a meaningful conformation for the cen-
tral region of the cathepsin B from the present results because
of the rather large and somewhat arbitrary insertions and the
very limited homology to papain. Prediction of secondary
structures by the method of Chou and Fasman (39) suggested
that the central region of cathepsin B has rather extended struc-
tures. For this reason, the pairing of the disulfide bonds in this
region is highly conjectural.

There is no evidence even that lysosomal cathepsins contain
disulfide bonds. Most intracellular proteins contain free SH
groups in the form of cysteinyl residues, but the intralysosomal
environment may be more oxidative and favor the formation of
disulfide bonds. Fittings of the cathepsin sequences to papain
suggest that most of the cysteinyl residue pairs would be ad-
jacent to each other and could form disulfide bonds without
changing the native conformations of the proteins. Alterna-
tively, if within the lysosome all the cysteinyl residues existed
in the reduced form, they could have become oxidized to di-
sulfide bonds during the isolation procedures. Pohl et al. (40)
recently reported a disulfide bond in the light chain of bovine
spleen cathepsin B although compelling evidence was not pre-

Table 1. Identity of the amino acid sequences of
thiol endopeptidases

Amino- Carboxyl- Whole
Region of comparison terminal Central terminal protein

Residues in cathepsin B 1-77 78-152 153-252 1-252
Cathepsin B/cathepsin H 31.1 13.6 39.8 31.5
Cathepsin B/papain 43.7 13.0 28.4 30.2
Cathepsin H/papain 47.9 21.4 42.9 40.2

Identity (%) was calculated from the sequence alignment of Fig. 4.

FIG. 5. Schematic comparison of the hypothetical polypeptide chain
foldings of cathepsins B and H with that ofpapain (double broken line).
Letters N and C indicate the amino and carboxyl termini, respectively.
Circles, double circles, and squares indicate cysteinyl, active site cys-
teinyl, and active site histidyl residues, respectively. A circledCHO in-
dicates the site ofattachment ofthe glycosyl moiety. Arrows denote the
sites of limited proteolysis. Hypothetical disulfide bonds are indicated
by broken lines between adjacent circles. The central regions are in-
dicated by bold broken lines.
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sented. Their result agrees with one of our hypothetical di-
sulfide bonds in rat liver cathepsin B (Cys-14-Cys-43). Of the
14 cysteinyl residues, 2 must exist as free SH groups, 1 at the
active site and the other probably at the surface of the right
lobe, which corresponds to 1 involved in disulfide pairing in
papain. Also in cathepsin H, there must be two free SH groups
in addition to the three conserved disulfide bonds that corre-
spond to those of papain and actinidin. It is not clear yet whether
free SH groups in regions other than the active site contribute
to the mode of action of the enzymes.
The glycosylated residues appear to be located on a rather

loose surface loop in the left lobe (cathepsin B) and on an ex-
tended structure connecting the right and left lobes (cathepsin
H). The sites of limited proteolysis are also found at surface
loops far from the catalytic sites; hence, the impact of limited
proteolysis on catalytic activity may be minimal or absent. It is
not known yet whether limited proteolysis is an endogenous
process or whether it involves extraneous enzymes.

Cathepsins B and.H not only act as endopeptidases but also
as a peptidyl dipeptidase (41) and an amino peptidase (42), re-
spectively. The positively charged guanidino group of arginine-
200 in cathepsin B may conceivably be the carboxyl binding site
for the peptidyl dipeptidase activity. This residue is separated
by two residues from the active site histidine-197 and the cor-
responding alanyl residue in papain extends its side chain into
the active site groove.
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