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1. Introduction 

Cathepsin B (CB), the most intensively studied 
lysozomal thiol endopeptidase, plays an important 
role in intracellular protein catabolism [1,2]. Pig liver 
CB exists in the single-chain (M) and two-chain form. 
The latter consists of a light (L-) and a heavy (H-) 
chain and most likely is the result of proteolytic 
cleavage in the N-terminal part of the molecule of the 
M-form [3,4]. The active cysteine is localized in the 
L-chain. Rat liver CB exists in the two-chain form 
only. The primary structure of its L-chain and of the 
N-terminal part of its H-chain have been determined [5]. 

The enzymatic characteristics of bovine spleen CB, 
its interaction with protein inhibitors, and its similar- 
ity with papain have been studied [6-9].  We have 
found that spleen CB exists in both forms. This paper 
describes the determination of the primary structure 
of the L-chain and the identification of active cyste- 
ine. The behavior of 3 other half-cystines present in 
the structure of the L-chain as well as the manner in 
which the L- and H-chain are joined one to another 
have been elucidated. The similarity between CB and 
papain is discussed. 

2. Materials and methods 

CB was isolated from fresh bovine spleen by a 
slight modification of our original procedure [6]. 

Abbreviations: RAE-, reduced and aminoethylated-; dansyl-, 
l-dimethylaminonaphthalene-5-sulfonyl-; DABTH-, 4-N,N- 
dimethylaminoazobenzene-4'-thiohydantoin derivative; PTH-, 
phenylthiohydantoin derivative; HPLC, high-performance 
liquid chromatography; EDTA, ethylenediamine tetraacetic 
acid; DTNB, 5,5'-dithiobis (2-nitrobenzoic acid); DTT, 
dithiothreitol; SDS-PAGE, sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis 

Chromatography on DEAE-Sephadex A-50 was 
effected by an elution gradient of 0-0.5 M NaC1. For 
final purification of the enzyme chromatography on 
CM-Sephadex C-50 [1] was used. All buffers con- 
tained 1 mM EDTA and were free of exogeneous thiol 
compounds. Sephadex G-25, G-75, CM-Sephadex 
C-50 and DEAE-Sephadex A-50 were from Pharmacia, 
iodo [14C] acetic acid (22.6 Ci/mol) and the NCS solu- 
bilizer from Amersham. Pepsin and TPCK-trypsin 
were products of Worthington. 

Peptic and tryptic digestions were done (E/S 
1:20, 2 h, 40°C) in 0.2 M formic acid and 0.1 M 
N-ethylmorpholine acetate (pH 8.1), respectively. 
The peptides were isolated by peptide mapping [ 10]. 
The amino acid analyses were made in a Durrum 
D-500 analyzer [ 10]. Cysteine was determined after 
conversion into carboxymethyl-cysteine, aminoethyl- 
cysteine, or cysteic acid in standard runs. The reduc- 
tion and aminoethylation of CB was done as in [ 11 ]. 

The N-terminal amino acids were determined as 
dansyl or DABTH derivatives [ 12,13]. Manual degra- 
dation was by the DABITC-Edman procedure [ 13 ]. 
The automatic version of the Edman degradation 
[14] was effected in Beckman 890 C Amino Acid 
Sequenator. The PTH-amino acids were identified by 
thin layer chromatography [15] or by HPLC [16]. 

Native CB (22.5 mg, 0.8/amol), dissolved under 
N2 in 20 ml 0.2 M phosphate buffer (pH 6.5) con- 
taining 1 mM EDTA, was carboxymethylated by 
iodo[14C]acetic acid (50 ~uCi, 22.2/amol) at 22°C for 
30 rain. Less than 1% of the original activity, mea- 
sured as in [6] was found in the product which was 
desalted and lyophilized. 

In experiments aimed at the localization of the 
disulfide bond in the L-chain the free SH-group of CB 
was first carboxymethylated; the L-chain separated 
under the conditions in fig.2 and subjected to tryptic 
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and peptic digestion. The peptides were separated 
on a 0.5 X 170 cm column of Sephadex G-25 in 2% 
acetic acid and the effluent was tested for the pres- 
ence of disulfide bridges by DTNB according to [ 17]. 
The cystine peptides were separated by peptide map- 
ping l 10]. 

Sugar analyses were done as in [10]. The determi- 
nation of the free SH-groups by DTNB [ 18] in native 
CB was performed in 0.2 M phosphate buffer con- 
taining 1 mM EDTA under N2. The concentration of 
pure CB was estimated from its 280 nm absorbance 
:E1% 20 or from ~t~280 = ) its amino acid analysis (10 phenyl- 
alanines/mol CB). The purity of  the preparations was 
checked by SDS-PAGE in 10% cylindric gels [ 19]. 
The radioactivity was measured in Tricarb-300 scintil- 
lation counter (Packard) in the Brej-dioxane scintilla- 
tor. The desalting was effected on Sephadex G-25 
fine in 30% acetic acid. 

3. Results 
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Fig.1. S D S - P A G E  of  [14C]CB. A quant i ty  of  150 #g RAE- 
[14C]carboxymethyl-CB was applied to the gel. The latter 
was cut to slices which were solubilized in the NCS solubilizer 
and counted. A separate gel was subjected to protein staining. 
Arrows M, H, L = positions of M-form, H- and L-chain, respec- 
tively, in the gel. 

Bovine spleen CB contained two N-terminal amino 
acids, Leu and Val, usually at a ratio of 2:1. SDS-  
PAGE showed the presence of chains o f M  r 28 000 
(M-form), 22 500 (H-chain) and 6500 (L-chain). The 
M-form and the L-chain eluted from the gel were 
N-terminated with leucine, and valine was N-terminal 
in the H-chain. CB is a glycoprotein containing 2 resi- 
dues of glucosamine and 4 residues of mannose. 
According to the specific glycoprotein staining of the 
SDS-PAGE gels the sugar moiety is localized in the 
H-chain. 

CB contains 14-15 half-cystines, of that number 
in native state at pH 6.5, 0.3-0.5 mol of a DTNB- 
titratable SH-group. This finding agrees well with the 
carboxymethyl-cysteine content (0.3-0.5 mol/mol) 
determined by amino acid analysis or by radiochemi- 
cal titration of iodo [14C] acetate-inactivated CB. 
According to SDS-PAGE, the radioactivity was fully 
incorporated into the L-chain and the M-form (fig.I). 
The active cysteine was localized in the primary struc- 
ture of the L-chain which we had isolated by gel fil- 
tration (fig.2). Its amino acid analysis, i.e., 

Asps.2, Thrl.2, Ser4.6, Glus.9, Pro2.a, GIy3.s, Ala3.9, 
Cys3.4, Val 1.1, Ile4.o, Leu 1.1, Phe2.0, Hiso.7, Trp 1.7, 
Lysl.2, Arg2n, 

is in perfect agreement with the sequence determined 
(fig.3). One peptide only, P-3, was detected by auto- 
radiography of the peptic digest map of the 14C-labeled 
L-chain. Tryptic digestion of aminoethylated peptide 
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Fig.2. Isolation o f  L-chain o f  CB on  Sephadex G-75 equili- 
brated with 8 M urea in 2% acetic acid (pH 3.9). RAE-CB 
(5 mg) was dissolved in 0.1 M phosphate  containing 6 M 
guan id ine -HCl  (final pH 6.0) and boiled 3 min at 100°C. 
The pH was subsequent ly  adjusted to 3.9 by acetic acid. The  
same procedure was employed when  active cysteine was 
being sought  yet  C B was inactivated by iodo [ t4 C] acetic acid 
before the  aminoethyla t ion.  The same pat tern  was obtained 
in bo th  cases. Abscissa L-chain-containing fractions.  
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Fig.3. Primary structure of the L-chain of bovine CB. The structure was determined both by automatic Edman degradation and 
by the manual DABITC-Edman degradation of peptides from the peptic (P) and tryptic (T) digest of L-chain of RAE-CB. Cys-14 
and Cys-43 form an intrachain S-S-bridge, Cys-26 is involved in the interchain S-S-bridge; x-radioactive residue. The sequence of 
the L-chain of rat CB [5] differs from the structure shown above in Ser-12, Ala-18, Met-38, and Thr-46. The one-letter symbols 
for amino acids are according to [20]. 

P-3 at aminoethyl-cysteine - 26 afforded radioactive 
peptide PT (fig.3). When the latter was subjected to 
Edman degradation 70% of  radioactivity was found in 
the 3rd step (Cys-29). Moreover, the peptide digest of  
the L-chain o f  RAE- [14C] carboxymethyl-CB con- 
tained a peptide whose sequence was identical with 
that of  P-3, with a cysteic acid residue in position 29, 
however. 

Of the remaining half-cystines, Cys-14 and Cys-43 
(fig.3) are joined one to another by a bridge, detected 
in one peptide only, isolated from the tryptic-peptic 
digest. The behavior o f  the last half-cystine (Cys-26), 
non-reactive to carboxymethylation, was elucidated 
by SDS-PAGE.  Unmodified CB denatured at 0°C in 
the absence o f  SH-compounds afforded one diffuse 
band in the region of  the M-form (fig.4a). In the pres- 
ence o f  2-mercaptoethanol (fig.4b) the same pattern 
(fig.4d) as that observed under standard conditions 
[19] was obtained. Likewise, an identical pattern was 
obtained also after CB had been denatured at 100°C 
in the absence of  thiol compounds (fig.4c). It follows 
therefore that Cys-26 is involved in a thermally labile 
S-S-bond joining together the L- and H-chain of  the 
double-chain form of  CB. 

4.  Discuss ion 

We have shown that bovine spleen CB, like pig 
liver CB, exists in the single- and double-chain form. 
By contrast, the double-chain form of  CB only was 
isolated from rat liver; this finding, however, does not 
eliminate the possibility of  existence of  the single- 
chain form. The L-chain of  bovine and rat CB is com- 
posed of  47 residues and ---42 residues are postulated 
in pig CB [4]. Moreover, the N-terminal amino acid of  
the H-chains of  all the CB's mentioned above is valine. 
This indicates that the double-chain form arises in dif- 

. . . . . . . . . . .  
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Fig.4. SDS-PAGE of CB subjected to various conditions of 
denaturation. CB was denatured: (a) at 0°C; (b) at 0°C in 2% 
2-mercaptoethanol; (c) 2 min at 100°C; (d) 2 min at 100°C 
in 2% 2-mercaptoethanol. 
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ferent tissues to a different degree from the M-form 
by the action of  a proteolyt ic  system of the same 
type.  A similar processing has been detected in in vivo 
experiments with lysozomal cathepsin D, an aspartate 
proteinase [21]. 

L-Chain of  rat CB is homologous with papain [5]. 
The same holds for the L-chain of  bovine CB which 
differs from rat CB in 4 positions only (fig.3). The 
neighborhood of  Cys-29, i.e., of  the active site residue 
according to our results, is highly conservative, thus 

resembling the sequence around Cys-25 in papain. 
Like in the latter [22], the active site cysteine of  CB 
also readily undergoes oxidat ion;  this is shown by the 
isolation o f  a peptide analogous to P-3 yet  containing 
cysteic acid in posit ion 29, and by the low titratabil- 
ity of  the SH-group of  the active enzyme. 

Addit ional  structural homologies between CB and 
papain exist around the S - S  bridges. The interchain 
bridge Cys-26-Cys-(H-chain) which we have not  iden- 
tified so far except for the indirect proof  obtained by 
SDS-PAGE,  is analogous to the Cys-22-Cys-63 
bridge of  papain. This bridge has not been found 
before because of  its thermal lability and it has been 
assumed that  the H- and L-chain are non-covalently 
l inked [3,4]. The intrachain bridge of  the L-chain has 
no counterpart  in papain. The three-dimensional fold- 
ing of  papain [23], however, when compared with the 

homologous structure of  the L-chain of  CB, does not  
exclude the possible existence of  such an intrachain 
bridge. 

When studying the effect of  thiol compounds on 
the activity of  CB we found by DTNB ti trat ion that  
1.3 mM DTT (a concentrat ion used in the standard 
assay o f  CB [ 1 ]) preferentially reduces one disulfide 
bridge whereas 7 mM cysteine is without effect. 
Papain behaves similarly [24] and it has been postu- 
lated that  the Cys-22-Cys-63 bridge is reduced. 
Therefore, it is possible that it is the interchain S - S -  
bridge of  CB which is preferentially reduced. This 
exceptional tendency of  one of  the S-S-br idges  of  
CB to reduction is important  in view of  the fact that 
some of  the protein inhibitors of  CB seem to act via 
thiol-disulfide interchange [25,26]. 
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