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Interaction of human cathepsin C with chicken cystatin
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Abstract Cathepsin C was purified from human spleen by a
rapid procedure, which included homogenization, ammonium
sulfate precipitation, gel filtration on Sephacryl S-200 and finally
affinity chromatography on chicken cystatin-Sepharose. The
interaction between cathepsin C and chicken cystatin was further
characterized. It was found to be accompanied by a maximum
decrease in fluorescence emission intensity at 330 nm. Fluores-
cence titration showed that human cathepsin C can bind four
chicken cystatin molecules. The 4:1 binding stoichiometry was
confirmed by titration monitored by the loss of enzyme activity.
A non-competitive-competitive type of inhibition was determined
from a double-reciprocal Lineweaver-Burk plot with a K; value of
0.22 nM for the non-competitive inhibition.
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1. Introduction

Cathepsin C or dipeptidyl aminopeptidase I (EC 3.4.14.1) is
a lysosomal cysteine proteinase and belongs to the papain
family [1]. Like other cysteine proteinases cathepsin C is in-
volved in intracellular protein degradation [2] and is found in
a variety of human and rat tissues [3]. Cathepsin C is an
oligomeric enzyme, consisting of four identical subunits,
each consisting of a heavy and a light chain and a large pro-
region part, thus differing from other papain-like cysteine
proteinases [4]. It is active in the pH range between 3.5 and
8.0 [5] and cleaves peptides and proteins with an unsubstituted
amino terminus [6-11], as well as certain synthetic substrates
with a blocked amino terminus [12].

Cathepsin C is inhibited by stefins A and B [13-15] and
chicken cystatin [13,16], three protein inhibitors of cysteine
proteinases from the cystatin superfamily [17]. All inhibitors
were shown to be of the competitive, reversible type, with
stefin A being the weakest by 2-3 orders of magnitude [13-
16]. However, the mechanism of interaction between cathepsin
C and cystatins is not known.

Herein we describe a new, efficient method for isolating
cathepsin C, based on the interaction between the enzyme
and chicken cystatin. A further goal was to determine the
binding stoichiometry between these two proteins, since cathe-
psin C is an oligomeric enzyme.
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Abbreviations: 4MBNA, 4-methoxy-B-naphthylamide; -BNA, -B-
naphthylamide.

2. Materials and methods

2.1. Materials

Sephacryl S-200, activated CH-Sepharose 4B and low molecular
mass standards were from Pharmacia (Sweden), Ser-Tyr-BNA and
Gly-Phe-4MBNA were from Bachem (Switzerland), and DTE and
EDTA were from Serva (Germany). Stock solutions of substrates
were prepared in dimethylsulfoxide (Merck, Germany). Chicken cy-
statin was purified [18] and titrated with active-site titrated papain
[19]. Chicken cystatin-Sepharose 4B affinity chromatography gel was
prepared using activated CH-Sepharose 4B following the manufac-
turer’s instructions. Protein concentrations were determined by the
Bio-Rad (USA) Protein Assay [20]. All other chemicals were of ana-
lytical grade. All the kinetic experiments were performed in 100 mM
phosphate buffer, pH 6.0, containing 100 mM NaCl, 1 mM EDTA
and 2 mM DTE, at 25°C.

2.2. Purification procedure

Human cathepsin C was purified from human spleen by a proce-
dure modified from that reported previously for purification from
human kidney, which included homogenization, ammonium sulfate
precipitation, ion-exchange chromatography on CM Sephadex C-50
column, gel filtration on Sephacryl S-200 column, affinity chromato-
graphy on thiol-Sepharose 4B and ion-exchange chromatography on a
Q-Sepharose FF column [4]. Following homogenization and ammo-
nium sulfate precipitation, the sample was directly applied on a Se-
phacryl S-200 (Pharmacia, Sweden) column (3 140 c¢m). Cathepsin
C-containing fractions were pooled, concentrated and then applied to
a chicken cystatin-Sepharose column (1.5X 10 cm), equilibrated with
100 mM piperazine buffer pH 5.0 containing 100 mM NaCl and 1 mM
EDTA. After thorough washing of the column with the same buffer,
cathepsin C was eluted with 5 mM citric acid, pH 3.5. 5-ml fractions
were collected and the pH immediately adjusted to pH 6.0 with 1 M
Bis-Tris buffer (pH 6.0). Fractions with A.g > 0.05 were pooled, con-
centrated and dialyzed against 100 mM acetate buffer, pH 5.0 con-
taining 300 mM NaCl and 1 mM EDTA. Cathepsin C was stored at
4°C.

2.3. SDS-PAGE
SDS-PAGE was performed on a PhastSystem (Pharmacia, Sweden)
using an 8-25% gradient gel following the manufacturer’s instructions.

2.4. Fluorescence measurements

Fluorescence measurements were performed in a Perkin-Elmer LS-
50 spectrofluorimeter (UK) using an excitation wavelength of 280 nm.
Cells with 1 cm path lengths were used. The excitation and emission
bandwidths were 5 and 10 nm, respectively. Titration of cathepsin C
with chicken cystatin was performed as described previously for other
cysteine proteinase-cystatin interactions [21,22] by monitoring the de-
crease in fluorescence emission intensity accompanying the interaction
at 330 nm, where the maximum fluorescence change was observed (see
Section 3). The final concentration of cathepsin C was 11.5 nM. The
binding curve was analysed by non-linear regression analysis to the
equilibrium binding equation [23].

2.5. Titration of cathepsin C by the loss of enzymatic activity
Enzymatic titrations of cathepsin C with chicken cystatin were per-
formed similarly to the procedure described earlier [19]. Cathepsin C
(11.5 nM final concentration) was added to 200 wl of reaction buffer,
followed 5 min later by the addition of 300 ul of chicken cystatin
(various concentrations) in the same buffer. After 30 min of incuba-
tion at 25°C, 100 ul of 150 uM Ser-Tyr-BNA in the same buffer were
added. The release of product was monitored with a Perkin-Elmer
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spectrofluorimeter. Residual activities were determined by linear re-
gression analysis and the binding stoichiometry was then determined
by non-linear regression analysis of the data to the theoretical binding
equation [24].

In order to determine inhibition constants and type of inhibition,
experiments were performed essentially as described above, except
that cathepsin C and chicken cystatin were used at much lower con-
centrations (0.01 and 0-0.088 nM final concentrations, respectively).
In addition, substrate concentration was varied (1-120 uM final con-
centration).

3. Results and discussion

Cathepsin C was purified to homogeneity from human
spleen by a simple and rapid method based on affinity chro-
matography on immobilized chicken cystatin. After solubili-
zation of lysosomal enzymes, the high-molecular mass cathe-
psin C (200 kDa) was separated from other lower molecular
mass proteins. In the final step active cathepsin C was sepa-
rated by affinity chromatography. A product gave a pattern
on SDS-PAGE (Fig. 1) which was identical with that obtained
for the enzyme prepared by using the earlier method [4], in-
dicating that the isolated enzyme was pure. Cathepsin C is an
oligomeric enzyme, each subunit consisting from three differ-
ent polypeptide chains [4]. From 500 g of spleen we obtained
8 mg of cathepsin C. This is a much higher yield than those
obtained by other methods, which included several chroma-
tography steps [4,25,26]. The main advantage of this proce-
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Fig. 1. SDS-PAGE of human cathepsin C after the affinity chroma-
tography step. Lanes: 1, standards; 2, human cathepsin C under re-
ducing conditions; 3, human cathepsin C under nonreducing condi-
tions.
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Fig. 2. Fluorescence emission spectra of chicken cystatin (- - - ), hu-
man cathepsin C (- - - ), the complex between cathepsin C and cy-
statin ( ), and the sum of spectra for cathepsin C and cystatin
(- * +). The concentrations of cathepsin C and cystatin were 11.5 and
46 nM, respectively.

dure, however, is its rapidity, which allows larger quantities of
the enzyme to be purified in a short time. Since chicken cy-
statin is known as a good inhibitor of various cysteine pro-
teinases, this method may well serve as a tool for the rapid
purification of other papain-like cysteine proteinases.

We have studied the mechanism of interaction between
chicken cystatin and cathepsin C by various methods. Binding
of chicken cystatin to cathepsin C resulted in a decrease of
fluorescence emission intensity (Fig. 2). The largest decrease
of intensity due to complex formation was observed between
330 and 340 nm. This suggests that some of the Trp residues
of enzyme and inhibitor are involved in the interaction. From
previous studies it is known that Trp!® of chicken cystatin
and Trp?, Trp® and Trp!”" of papain [21,27,28] are involved
in the enzyme-inhibitor interaction. However, the fluorescence
intensity accompanying the interaction decreased only by 28%
(at 330 nm), which is substantially less than for the chicken
cystatin/papain interaction [21]. Nevertheless, the value is
comparable to those of other chicken cystatin/cathepsin inter-
actions (B. Turk, unpublished results). This difference could
be explained by Trp®Tyr and Trp%Tyr substitutions (papain
numbering) in cathepsin C [29].

Fluorescence titration of cathepsin C with chicken cystatin,
standardized with highly active papain, gave an apparent
chicken cystatin/cathepsin C binding stoichiometry of
3.410.1 (Fig. 3a). The result thus indicates four inhibitor
binding sites on each cathepsin C molecule, in agreement
with the previous study [4], which showed four substrate bind-
ing sites on each cathepsin C molecule. The observed binding
stoichiometry most likely reflects the presence of some inactive
material in the cathepsin C preparation. Despite the low pro-
tein concentrations used, it was impossible to determine the
K4 values with good precision. Nevertheless, from the shape
of the curve it can be concluded that the Ky values are =<2
nM, although it is impossible to distinguish between the Ky
values for individual binding sites.

To confirm the above results, titration of cathepsin C with
chicken cystatin was monitored by the loss of enzymatic ac-
tivity against synthetic substrates. As can be seen in Fig. 3b,
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3.5+0.1 mol of inhibitor were needed to saturate 1 mol of
cathepsin C, in agreement with the results on fluorescence
titration.

In order to determine the type of inhibition of cathepsin C
by chicken cystatin, their interaction was studied at different
substrate and inhibitor concentrations. The rates of product
formation are shown in double-reciprocal Lineweaver-Burk
plots (Fig. 4). Lines 1-3 show non-competitive inhibition (in-
tercept on the baseline) and lines 3-5 exhibit competitive in-
hibition (intercept on the vertical axis). For reasons of clarity
all the data have not been presented in Fig. 4. All the plots of
Ilv vs. [I] (Dixon plot) exhibited a downward curvature at
higher inhibitor concentrations (not shown). According to
Dixon [30], such an inhibition type can be described as a
non-competitive-competitive one, i.e. non-competitive at low
and competitive at high ligand concentrations. Under non-
competitive conditions, an approximate K; value of 0.22 nM
was determined for the human cathepsin C-chicken cystatin
interaction from the plot of //v vs. 1/[S] [30]. At higher sub-
strate and inhibitor concentrations, however, the system be-
comes too complex to allow determination of individual Ky
values for the other binding sites.

In conclusion, cathepsin C was purified from human spleen
by a modified method, where the most important step is affin-
ity chromatography on immobilized chicken cystatin. Various
titrations showed that one molecule of human cathepsin C can
simultaneously bind four chicken cystatin molecules. The type
of inhibition was determined to be non-competitive-competi-
tive.
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Fig. 3. Titration of human cathepsin C (11.5 nM) with chicken cy-
statin. (A) Monitored by measurements of tryptophan fluorescence.
F,, fluorescence of added chicken cystatin; Fy, fluorescence of ca-
thepsin C; F, fluorescence of cystatin-cathepsin C mixture. Fitted
curve was generated by nonlinear regression analysis [23]. (B) in the
presence of substrate, monitored by measurements of the loss of en-
zyme activity. Fitted curve was generated by nonlinear regression
analysis [24].
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Fig. 4. Lineweaver-Burk plots for the inhibition of human cathepsin
C with chicken cystatin. Line 1 represents cathepsin C activity (0.01
nM) in the absence of inhibitor. Lines 2-5 show the enzyme activity
in the presence of 0.011, 0.022, 0.066, and 0.088 nM cystatin, re-
spectively.

Acknowledgements: The authors would like to thank Dr. Roger H.
Pain for valuable discussions and critical reading of the manuscript.
This work was supported by the Ministry of Science and Technology
of the Republic of Slovenia and by the Swedish Medical Research
Council (project no. 4212). The manuscript was finished when L.D.
and B.T. were supported by a Max-Planck Gesellschaft Stipendium
and a long-term FEBS Fellowship, respectively.

References

[1] Rawlings, N.D. and Barrett, A.J. (1993) Biochem. J. 290, 205-
218.

[2] McDonald, J.K. and Schwabe, C. (1977) in: Proteinases in Mam-
malian Cells and Tissues (Barrett, A.J. ed.) pp. 311-391, North-
Holland, Amsterdam.

{3] Vanka-Perttula, T. and Kalliomaki, J.L. (1973) Clin. Chim. Acta
44, 249-258.

[4] Dolenc, I., Turk, B., Pungercic, G., Ritonja, A. and Turk, V.
(1995) J. Biol. Chem. 270, 21626-21631.

[5] McDonald, J.K., Callahan, P.X., Zeitman, B.B. and Ellis, S.
(1969) J. Biol. Chem. 244, 6199-6208.

[6] Izumiya, N. and Fruton, J.S. (1956) J. Biol. Chem. 218, 59-76.

[7] Planta, R.J. and Gruber, M. (1961) Biochim. Biophys. Acta 53,
443-444.

[8] Planta, R.J., Gorter, J. and Gruber, M. (1964) Biochim. Biophys.
Acta 89, 511-519.

[9] McDonald, J.K., Ellis, S. and Reilly, T.J. (1966) J. Biol. Chem.
241, 1494-1501.

[10] McDonald, J.X., Zeitman, B.B., Reilly, T.J. and Ellis, S. (1969)
J. Biol. Chem. 244, 2693-2709.

[11] Metrione, R.M. and MacGeorge, N.L. (1975) Biochemistry 14,
5249-5252.

[12] Kuribayashi, M., Yamada, H., Ohmori, T., Yanai, M. and Im-
oto, T. (1993) J. Biochem. 113, 441449,

[13] Green, G.D.J. and Shaw, E. (1981) J. Biol. Chem. 256, 1923—
1928.

[14] Nikawa, T., Towatari, T. and Katanuma, N. (1992) Eur. J. Bio-
chem. 204, 381-393.

[15] Pol, E., Olsson, S.L., Estrada, S., Prasthofer, T.-W. and Bjork, 1.
(1995) Biochem. J. 311, 275-282.

[16] Nicklin, M.J.H. and Barrett, A.J. (1984) Biochem. J. 223, 245-
253.

[17] Turk, V. and Bode, W. (1991) FEBS Lett. 285, 213-219.

[18] Turk, V., Brzin, J., Longer, M., Ritonja, A., Eropkin, M.,
Borchart, U. and Machleidt, W. (1983) Hoppe-Seyler’s Z. Phys-
iol. Chem. 364, 1487-1496.



280

[19] Turk, B., Krizaj, 1., Kralj, B., Dolenc, 1., Popovic, T., Bieth, J.G.
and Turk, V. (1993) J. Biol. Chem. 268, 7323-7329.

[20] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.

[21] Lindahl, P., Alriksson, E., Jornvall, H. and Bjork, I. (1988) Bio-
chemistry 27, 5074-5082.

[22] Turk, B., Stoka, V., Bjork, I., Boudier, C., Johansson, G., Do-
lenc, L., Colic, A., Bieth, J.G. and Turk, V. (1995) Protein Sci. 4,
1874-1880.

[23] Olson, S.T., Halvorson, H.R. and Bjork, 1. (1991) J. Biol. Chem.
266, 6342-6352.

[24] Bieth, J.G. (1984) Biochem. Med. 32, 387-397.

[25] McGuire, M.J., Lipsky, P.E. and Thiele, D.L. (1992) Arch. Bio-
chem. Biophys. 295, 280-288.

I Dolenc et al./IFEBS Letters 392 (1996) 277-280

[26] Liao, J.C.R. and Lenney, J.F. (1984) Biochem. Biophys. Res.
Commun. 124, 909-916.

[27] Nycander, M. and Bjork, I. (1990) Biochem. J. 271, 281-284.

[28] Bode, W., Engh, R., Musil, D., Thiele, U., Huber, R., Karshi-
kov, A., Brzin, J., Kos, J. and Turk, V. (1988) EMBO J. 7, 2593~
2599.

[29] Paris, A., Strukelj, B., Pungercar, J., Renko, M., Dolenc, 1. and
Turk, V. (1995) FEBS Lett. 369, 326-330.

[30] Dixon, M. and Webb, E.C. (1979) Enzymes, Academic Press
Inc., New York.



