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Native Y-trace, a small basic protein present in high concentration in
cerebrospinal fluid, semen and neurocendocrine cells, but of unknown biological
function, is shown to be a potent inhibitor of the cysteine proteinases
papain, ficin, and human cathepsins B, H and L. It proves to be the tightest=-
binding protein inhibitor of cathepsin B so far discovered. The name cystatin
C is proposed for Y~trace to reflect the many similarities in activity and
structure to chicken egg-white cystatin and mammalian cystatins A and B. The
inhibition constants of cystatin C, taken together with its widespread distri=-
bution in human tissues and extracellular fluids, suggest that a physiological
function could well be the regulation of cysteine proteinase activity.

Human Y-trace, also called post-Y-globulin, is a protein of low M,
(13,260) first described in 1961 as a constituent of normal cerebrospinal
fluid, and urine from patients with renal failure (1-3). The protein is
particularly abundant in neuroendocrine cells (4~8), and high extracellular
concentrations have also been detected in cerebrospinal fluid (9) and semen
(10). Although the primary structure of Y-trace has been determined (7), its
biological role is unknown.

Very recently, a cysteine proteinase inhibitor from pathological human
sera was shown to have an N-terminal amino acid sequence matching that of Y-
trace, and it was suggested that the proteins are probably identical (11). In
the present study we confirm and extend that report, suggesting that the
physiological function of the protein may well be the local regulation of
cysteine proteinase activity. We propose the name (human) cystatin C for the
protein that has been called Y-trace or human cystatin (11), and emphasize its

relationship to egg~white cystatin (12) and cystatins A and B (13,14).

MATERIALS AND METHODS

Human Y=trace (cystatin C)., The protein was isolated from urine of
patients with renal failure as described (8). No contamination of the
preparation could be detected by agarose gel electrophoresis, SDS/poly-
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acrylamide gel electrophoresis or immunoelectrophoresis developed with
polyvalent antisera against human plasma and urinary proteins. The N-terminal
amino acid sequence was that of the undegraded protein, Ser-Ser-Pro-Gly-Lys-
Pro-Pro-Arg-Leu-Val-Gly-Gly- (15).

Other cystatins. Chicken egg-white cystatin and human cystatins A and B
were isolated as previously described (12,13).

Enzymes. Human cathepsins B, H and L, papain, ficin, bromelain and
dipeptidyl peptidase I were obtained as described previously (13). The
calcium—dependent cysteine proteinase, calpain II, was purified from chicken
gizzard smooth muscle by a method similar to that of Hathaway et al. (16).

Enzyme assays, active site titration, determination of kidEEiE_constants,
and stability. These were as reported previously (13). Values of ky; and k_,
were determined as described (17,18).

Immunological methods. Antisera were prepared in our laboratories (8,12-
14). Immunodiffusion and immunoelectrophoresis were as described (19).

RESULTS

Stoichiometry of interaction with papain. Titration of papain with

cystatin C, as described for egg-white cystatin (20), showed that enzymic
activity decreased as a linear function of the amount of cystatin C. On the
basis ofﬂr 13,260 and protein concentration (Lowry), the freeze-dried protein
was 57% active., Purified egg-white cystatin also shows only 50 - 60% activity
in such titrations (12), but it is known that complex formation has equimolar
stoichiometry (18).

Kinetics of inhibition of proteases. K; values for papain, three human

lysosomal cysteine proteinases and the exopeptidase dipeptidyl peptidase I are
given in Table 1, together with values for other cystatins that have been
reported earlier. Ficin also showed tight-binding inhibition, but bromelain
was not inhibited by 3 uM, or calpain II by 1.8 uM, cystatin C.
Values of k; and k_; were determined as 3.1 x 100 1s~1 and 8.1 x 107%s71
for cathepsin B, and 2.4 x 107m~1s™! and 6.8 x 107357 for cathepsin H.
Stability to heat and pH. Cystatin C was completely stable to 80°C for 10

min (pH 6.5), as had been found previously for the serum inhibitor (11), and
was stable to pH 2.0 at 25°C for 10 min in 0.10 M glycine/HCl buffer.

Table 1. Comparison of inhibition constants for cystatin C with published
values for other cystatins (13). The figures are K; values (nanomolar)

Egg-white Human Human Human

cystatin cys%atin cysgatin cysEatin
Papain <0.005 0.019 0.12 <0.005
Cathepsin B 1.7 8.2 73 0.25
Cathepsin H 0.064 0.31 0.58 0.28
Cathepsin L 0.019 1.3 0.23 <0.005
Dipeptidyl
peptidase I 0.35 33 0.23 3.5
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Fig. 1. Immunodiffusion and immunoelectrophoresis of human cystatins. I. Non-
identity of human cystatins A, B and C in double immunodiffusion, The centre
well contained a mixture of antisera to the three proteins, and the outer
wells contained cystatins A, B and C, as marked. It can be seen that all of
the precipitin lines crossed in reactions of non-identity. II. Relative
mobilities of cystatins A, B and C in immuncelectrophoresis. The well
contained a mixture of human cystatins A, B and C, and the trough contained
the mixed antisera (as in I). The three arcs (identified in separate
preliminary runs) show that the proteins decreased in anodal mobility in the
order A, B, C.

Immunological comparison with the other cystatins. Cystatin C showed no

cross-reaction with human cystatins A or B in immunodiffusion or
immunocelectrophoresis (Fig. 1). Nor was there any cross-reaction with egg-

white cystatin (not shown), despite the similarities in sequence (Fig. 2).

(a) iil-
(b)

(c) -A
(d) -A-1-
(a) -DtL
(b) -N4{L
{c) -H+L
(d) -H4{L
(a) -Q-1-
(b) -T-M-
(c) -D-D-
(d) “H-D-

Fig. 2. An alignment of sequences of cystatins. The sequences are those of (a)
egg-white cystatin (22,23), (b) human cystatin C (Y-trace) (7,11), (c) human
cystatin A (24), and (d) rat (liver) cystatin A (25), The locations of the
gaps, which were not unequivocal, were suggested to us by inspection of output
from the ALIGN program, kindly provided by Dr W.C Barker (National Biomedical
Research Foundation, Georgetown University Medical Center, Washington DC,
USA). Boxed residues are those that are identical between the other proteins
and cystatin C. We use the numbering system of egg-white cystatin, since that
was the first reported.
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Immunoelectrophoresis showed the very different electrophoretic mobilities of

the three human cystatins.

DISCUSSION

Like the other cystatins that have so far been studied in detail,
cystatin C is a tight-binding inhibitor of papain, ficin and the homologous
lysosomal cysteine proteinases., All three human cystatins bind cathepsin H
with K; about 0.5 nM, but they vary enormously in affinity for cathepsin B,
cystatin C having by far the greatest affinity (Table 1). Indeed, cystatin C
is most unusual amongst protein inhibitors in inhibiting cathepsin B about as
strongly as cathepsin H.

The kinetic constants for iphibition of lysosomal cysteine proteinases by
cystatin C allow us to use the approach of Bieth (21) to decide whether this
protein has the potential to be a physiologically significant inhibitor. The
concentrations of cystatin C in plasma, seminal fluid and cerebrospinal fluid
have been found to be 0.08, 3.8 and 0.4 uM, respectively (9,10). Thus,
assuming an inhibitor concentration of 1 uM at a site of action, we can
calculate that the '"delay time" for 977% inhibition of equimolar proteinase is
1.5 s, and the minimum time for 13% dissociation of the complex is 170 s. The
corresponding values for cathepsin H would be 0.2 s and 20 s, and the control
of cathepsin L would be far more rigorous still. For these reasons, we
suggest that cystatin C probably contributes to the physiological inhibition
of any cysteine proteinases that pass from the lysosomal system to
extracellular fluid, and also to the cytoplasm in some cells., In addition,
we have found (A.J. Barrett and G.H. Coombs, unpublished results) that
cystatin C is a powerful inhibitor of the cysteine proteinase of the protozoan

parasite, Leishmania mexicana, so an additional defensive role is possible.

Our characterization of cystatin C has confirmed that the proteins we
know as cystatins have important properties in common. These may be
summarized by saying that cystatins inhibit papain, ficin, cathepsins B, H and
L, and dipeptidyl peptidase I, but not bromelain or calpain. In addition to
active proteinases, inactive derivatives such as S—-carboxymethylated papain
are bound. All the cystatins are non-~glycosylated proteins of M, about 13,000.
They are very stable to extremes of pH and heat, and the amino acid sequences
show sufficient similarities to indicate that the proteins are homologous.
Fig. 2 shows an alignment of the four available sequences, with insertion of
some gaps. From the point of view of looking for a conserved sequence that
might represent the active site of the inhibitors, we are particularly struck
by the conservation of identity, or at least type, of residues in the segment
51-67.

We consider that the similarities between the cystatins are such that it

is hest to think of them as a single sroup of related proteins, despite the
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fact that there are marked differences in amino acid composition and sequence,
and isoelectric point. The mean pI values range from the acidic for cystatin A
through the approximately neutral cystatin B to the basic cystatin C, but each
cystatin has multiple forms, so that ion—exchange chromatography seldom
affords clean separations.

The difficulties of distinguishing the cystatins have .led to confusion in
the literature, and it is not possible to attribute the described activities
to individual members of the group., Cystatin-like inhibitors have been
detected in serum of rat, cattle and man (26-29), but they generally differ
from cystatin C in being weak inhibitors of cathepsin B, and one human
inhibitor has been reported not to affect papain or ficin (28). Even allowing
for species differences, it is likely that cystatin C is not the only protein
of this type to be found in extracellular fluids.

The most promising approach to resolving the cystatins is the use of
immunological methods, and these have already given information about the
intracellular distribution of the human proteins. Thus, cystatin A occurs in
epidermal cells (30) and polymorphonuclear leucocytes (31,14), and cystatin B
in squamous epithelial cells (32) and lymphocytes (14). Cystatin C is
particularly abundant in cells of the adrenal medulla, pancreatic islets,
thyroid gland and adenohypophysis (4-7), and has also been localized to
certain brain cortical neurons (8). These differences in distribution may
well reflect differences in function of the proteins despite their similar

properties.

ACKNOWLEDGEMENTS

Part of this work was supported by the Swedish Medical Research Council
(Project BB84-13%-05196-07C), Greta och Johan Kocks Stiftelser, Kungliga
Fysiografiska S#llskapet i Lund and by the Medical Faculty, University of
Lund. We thank Dr Catherine Parkes for the assays with calpain II, and Mrs
Molly Brown for her expert technical assistance.

REFERENCES

1. Clausen, J. (1961) Proc. Soc. Exp. Biol. Med. 107, 170-172.

2. MacPherson, C.F.C. and Cosgrove, J.R. (1961) Can. J. Biochem. 39, 1567~
1574,

3. Butler, E.A. and Flynn, F.V. (1961) J, Clin. Pathol, 14, 172-178.

4. LBfberg, H., Nilsson, K.E., Str8mblad, L.-G., Lasson, 8. and Olsson, S.-0.
(1982) Acta Endocrinol. (Copenh,) 100, 595-598.

5. LYfberg, H., StrBmblad, L.-G., Grubb, A.0. and Olsson, S.-0. (1981)
Biomed. Res. 2, 527-535.

6. LYBfberg, Y., Grubb, A., Navidsson, T., “jellander, R.,, Str8mblad, L.-G.,
Tibblin, S. and Olsson, S.-0. (1983) Acta Endocrinol. (Copenh.,) 104, 69-
76.

7. Grubb, A, and LBfberg, H. (1982) Proc. Natl. Acad. Sci. USA 79, 3024-3027.

8. Lbfberg, H., Grubb, A.0. and Brun, A. (1981) Biomed. Res. 2, 298-306.

9. LBfberg, J. and Grubb, A.0. (1979) Scand. J. Clin. Lab. Invest. 39, 619-
626.

10. Grubb, A.0., Weiber, H. and LBfberg, H. (1983) Scand. J. Clin. Lab.
Invest. 43, 421-425,

635



Vol. 120, No. 2, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

11, Brzin, J., Popovie, T., Turk, V., Borchart, U, and Machleidt, W. (1984)
Biochem. Biophys. Res. Commun. 118, 103-109.

12. Anastasi, A., Brown, M,A., Kembhavi, A.A., Nicklin, M.J.H., Sayers, C.A.,
Sunter, D.C. and Barrett, A.J. (1983) Biochem. J. 211, 129-138,

13. Green, G.D.J., Kembhavi, A.A., Davies, M.E. and Barrett, A.J. (1984)
Biochem. J. 218, 939-946.

14. Davies, M.E. and Barrett, A.J. (1984) Histochemistry, in the press.

15. Tonnelle, C., Colle, A., Fougereau, M. and Manuel, Y. (1979) Biochem.
Biophys. Res. Commun, 86, 613-619.

16. Hathaway, D.R., Werth, D.,K. and Haeberle, J.R. (1982) J, Biol. Chem. 257,
9072-9077.

17. Baici, A. and Gyger-Marazzi, M. (1982) Eur. J. Biochem. 129, 33-41.

18. Nicklin, M.J.H. (1984) Ph.D Dissertation, University of Cambridge.

19, Barrett, A.J. (1974) Biochim. Biophys. Acta 371, 52-62.

20. Barrett, A.J., (1981) Methods Enzymol. 80, 771-778.

21, Bieth, J. (1980) Bull, Eur, Physiopath, Resp, 16 (Suppl.), 183-195,

22. Turk, V., Brzin, J., Longer, M., Ritonja, A., Eroplin, M., Borchart, U,
and Machleidt, W. (1983) Hoppe-Seyler’s Z. Physiol. Chem. 364, 1487-1496.

23. Schwabe, C., Anastasi, A., Crow, H., McDonald, J.K. and Barrett. A.J.

(1984) Biochem. J. 217, 813-817..

Machleidt, W., Borchart, U., Fritz, H., Brzin, J., Rinonja, A, & Turk, V.

(1983) Hoppe-Seyler’s Z. Physiol. Chem. 364: 1481-1486.

25. Takio, K., Kominami, E., Wakamatsu, N., Katunuma, N. & Titani, X. (1983)
Biochem. Biophys. Res. Commun. 115: 902-908.

26, Iwata, D., Hirado, M., Niinobe, M, and Fujii, S. (1982)

Biochem. Biophys. Res. Commun. 104, 1525-1531.

Hirado, M., Niinobe, M. and Fujii, S. (1983) Biochim. Biophys. Acta 757,

196-201,

28. Lenney, J.F., Liao, J.R., Sugg, S.L. Gopalakrishnan, V., Wong, H.C.H.,
Ouye, K.H. and Chan, P.W.H. (1982) Biochem. Biophys. Res. Commun. 108,
1581-1587.

29. Gauthier, ¥., Pagano, M., Esnard, F., Mouray, H. and Engler, R, (1983)
Biochem. Biophys. Res. Commun. 110, 449-455,

30, J4rvinen, M. and Rinne, A, (1982) Biochim. Biophys. Acta 708,210-217

31. Brzin, J., Kopitar, M., Turk, V. & Machleidt, W. (1983) Hoppe-Seyler’s Z.
Physiol. Chem. 364, 1475-1480.

32, Jdrvinen, M., Pernu, H., Rinne, A., Hopsu-Havu, V.K. & Altonen, M. (1983)
Acta Histochem. 73, 279-282,

24

27

636



