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Recombinant human cystatin C and two of its mutants were expressed in Escherichia coli. The
recombinant inhibitor was found to be identical to authentic cystatin C as judged by isoelectric
focusing (pl 9.2) and kinetics of inhibition of papain and human cathepsins B, H and L.
N-terminal truncation of 8 residues resulted in a decrease of isoelectric point (pl 7.8), but the
inhibitory properties were similar to those of recombinant cystatin C, suggesting that Leu9 is a
critical residue for the inhibition. The mutation of Trpl06 to Ser, however, resulted in a
decreased affinity of the inhibitor for the enzymes tested, with the largest effect on cathepsin B
inhibition {~100-fold increase in K;}.
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INTRODUCTION

Human cystatin C is the representative of the cystatin family and, together
with other evolutionarily related inhibitors of cysteine proteinases, belongs
to the cystatin superfamily.* Cystatin C is a non-glycosylated basic protein
containing 120 amino acid residues and two disulphide bonds.** It is a tight
binding inhibitor of papain-like cysteine proteinases® and is found in nM
concentrations in various body fluids.® It appears to be the physiologically
most important extracellular inhibitor of papain-like cysteine proteinases.

Based on the 3-D structures of chicken cystatin and of the stefin B-papain
complex three regions of the inhibitor interact with the enzyme: the N-ter-
minal part and two hairpin loops, the major contribution being from the
first loop containing the QVVAG motif.”® Deletion up to eleven residues
in the N-terminal part of cystatin C from different species results in affini-
ties for the target proteinases which are lower by several orders of magni-
tude.® !’ By contrast, removal of first 6 residues in chicken cystatin has only
a minor effect on papain inhibition.'"'” Furthermore, a variant of cystatin
C, isolated from the urine of patients with nephrological disorders and lack-
ing the 8 N-terminal residues, showed no significant differences in inhibition
of cysteine proteinases compared to the full-length form.!®

Our study was aimed at elucidating the role of a truncation shorter
than 10 N-terminal residues in the proteinase inhibition and verifying
the importance of the second hairpin loop in cystatins, which has been pre-
viously demonstrated by both chemical modification'®?® and site-directed
mutagenesis.'®2' 2

MATERIALS AND METHODS

Production and Purification of Recombinant Human Cystatin C Variants

The chemically synthesized cystatin C gene, with or without W106S sub-
stitution, was cloned in the pUC 18 cloning vector between BamHI and Sall
restriction sites.”* Both inserts with the verified DNA sequence were sub-
cloned into the pMS103 expression vector by the same pair of enzymes.
Cystatin C was expressed under the control of the Escherichia coli alkaline
phosphatase signal sequence and secreted into the periplasmic space of the
bacteria. E. coli DHS«a harbouring expression plasmid was propagated in a
101 fermenter containing 20 ug/ml ampicillin. The complex medium (pH
7.2) was composed of 1% yeast extract, 1% casein hydrolysate, 2% Na
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lactate, and 0.1% antifoaming agent. Stirring (400rpm) and aeration
(11/min) at 37°C were kept constant. Expression of the inhibitor was
induced by addition of IPTG (0.1 mM final concentration) when the culture
reached an Aggo of 0.6.

The scheme outlined in Table I represents the main steps of the purifica-
tion procedure. If not otherwise specified all steps were performed at 4°C.
Bacteria were harvested from the fermentation broth by centrifugation and
suspended in an equal volume of 0.2 M Tris buffer, pH 9.0, containing 20%
(w/v) sucrose and 0.1 M EDTA. After 30 min of incubation on ice the peri-
plasmic cell lysate was obtained by centrifugation. Nucleic acids and some
bacterial proteins were removed by precipitation with 0.3% (w/v) poly-
ethyleneimine. The inhibitory active material was separated from non-
inhibitory proteins by affinity chromatography on a CM-papain Sepharose
column. Concentrated and dialysed samples (0.02 M piperazine buffer, pH
9.1) were chromatographed on DEAE-cellulose (Whatmann, USA), equili-
brated with the same buffer. Two peaks were eluted with the starting buffer.
The first peak was the recombinant cystatin C with N-terminus elongated
for Gly-Ser-Met segment. The second peak was L9-cystatin C, truncated
form of cystatin C starting with Leu in position 9. Both forms were the
result of the construction of the expression vector.?* W106S-cystatin C was
expressed and purified in the same way.

Homogeneity of the proteins was analysed by isoelectric focusing,
performed on the PhastSystem (Pharmacia LKB), and by automated
N-terminal sequencing (Applied Biosystems protein sequencer).

Proteins

Human cathepsin B (EC 3.4.22.1), human cathepsin H (EC 3.4.22.16), and
human cathepsin L (EC 3.4.22.15) were purified as described previously.?>2¢
Twice recrystallized papain (EC 3.4.22.2; Sigma) was further purified by

TABLE 1 Production and purification of recombinant cystatin C variants

Periplasmic cell lysate from 11 E. coli culture 912mg*
| precipitation, centrifugation

Supernatant 153 mg*
| affinity chromatography

Inhibitory active fractions 62 mg®
| ion exchange chromatography

(a) recombinant cystatin C 6mg”

(b) L9- cystatin C 0.3mg"

“Protein concentration determined according to Lowry et al.™®
Protein concentration estimated from Asgo.
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affinity chromatography.?” Bovine L10-cystatin C variant was purified as
described.?® The active concentrations of enzymes and inhibitors were deter-
mined by titration with Ep-47S (Peptide Research Institute) and active-site
titrated papain, respectively.”’

Kinetic Measurements

The kinetics of inhibition were studied at 25°C under pseudo-first-order
conditions by continuous fluorimetric assay as described previously.?
Papain and cathepsin B were assayed in 0.1 M phosphate buffer, pH 6.0,
cathepsin H in 0.1 M phosphate buffer, pH 7.0, and cathepsin L in 0.34M
acetate buffer, pH 5.5. All buffers contained 1.5mM EDTA and 2mM
dithiothreitol. Five uM Z-Phe-ArgNMec (Peptide Research Institute) was
used to assay papain and cathepsins B and L, and 10uM ArgNMec
(Bachem) was used for cathepsin H.

RESULTS AND DISCUSSION

Recombinant cystatin C, which differs from the authentic protein by an N-
terminal extension of 3 amino acid residues (Gly-Ser-Met), and its two
mutants (L9-cystatin C, W106S-cystatin C) were expressed in E. coli as
secreted proteins under the control of tac promoter and alkaline phospha-
tase signal sequence.** The inhibitors were isolated from bacterial lysates by
a relatively simple procedure including precipitation by polyethyleneimine,
and affinity and ion exchange chromatographies (Table I). The method
took advantage of periplasmic expression, high affinity of recombinant
products for papain and their basic isoelectric points.® The purity and iden-
tity of the proteins were confirmed by SDS-PAGE, isoelectric focusing and
N-terminal amino acid sequencing (not shown).

The kinetics of inhibition of papain and cathepsins B, H and L with the
three human cystatin C mutants were studied under pseudo-first-order con-
ditions (Table IT). All progress curves showed an exponential approach to a
final linear rate and were analysed by the least-squares fitting of the appro-
priate integrated rate equation’' to the experimental data. The enzymes
were stable during the experiments, as judged on the basis of linearity of
product formation in separate experiments without inhibitors. A linear
dependence of the observed pseudo-first-order rate constant on inhibitor
concentration was observed for all enzyme-—inhibitor pairs investigated
(Figure 1), consistent with a simple, competitive inhibition mechanism."'
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TABLE II Kinetic and equilibrium constants for the interaction between recombinant
cystatin C variants and bovine L10-cystatin C, and papain and cathepsins B, H and L at
25°C. The values are given together with their standard errors N.D., not determined.

Enzyme Inhibitor ko x 1070 M71s7Y) kg x 104 (s7H K (pM)
Papain Rec. Cystatin C 324436 31409 943
L9-Cystatin C 544149 6.0+2.0 1144
W106S-Cystatin C 9.610.5 68122 71 £26
L10-Cystatin C (bov.) N.D. N.D. N.D.
Cathepsin B Rec. Cystatin C 2.1+0.1 7.840.2 380 + 30
L9-Cystatin C 36102 9.54+04 270+ 25
W 106S-Cystatin C 0.036 £ 0.001 8.5+0.9 23500 + 3100
L10-Cystatin C (bov.) 0.013+0.001 5.94:0.7 45700 + 8900
Cathepsin H Rec. Cystatin C 241130 30.64:3.5 127+29
L9-Cystatin C 27.5+0.8 82421 30+8
W106S-Cystatin C 0.7+£0.08 N.D. > 500
L10-Cystatin C (bov.) 23104 410450 1790 £ 530
Cathepsin L Rec. Cystatin C >50 N.D. <5
L9-Cystatin C > 50 N.D. <5
W106S-Cystatin C > 50 N.D. <S5
L10-Cystatin C (bov.) 180+ 1.1 N.D. <20
0.030
0.025 -
0.020
:_; -
=, 0.015
K A
0.010 |-
0.005 r
0.000 s (VI R U S R T N
0 2 4 6 8 10/ 12 14
Cystatin C [nM]

FIGURE 1 Dependence of the observed pseudo first-order rate constant (kons) on the
inhibitor concentration for the interaction between recombinant cystatin C and human
cathepsin B. Experimental conditions are described in Materials and Methods. The solid line
was generated using the best estimate for apparent k, and ks obtained by linear regression
analysis according to Morrison.

Apparent second-order association rate constants, k., were obtained from
the slopes of these plots. The k,s, value for papain was corrected for sub-
strate competition with the use of a K, of 65uM,*? whereas no correction
for substrate concentration was necessary for cathepsins B and H, as the
substrate concentrations were much lower than the corresponding K,
values for these two enzymes (150 and 115 uM, respectively).>**
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K; values were calculated by linear regression analysis of the initial (v,)
and steady state (v,) rates of substrate hydrolysis obtained at different inhi-
bitor concentrations according to Morrison.*' All plots of (v,/vs~1) versus
[I,] gave straight lines. The kg;ss values were calculated from K; and kg
values (kgiss = K - kags). Due to extremely tight and rapid interaction of the
inhibitors with cathepsin L all the values are only approximate (lower limits
for k,e and K;). All kinetic and equilibrium constants are given in Table II.

Recombinant cystatin C inhibits all four proteinases with constants
similar to those of authentic and recombinant cystatin C produced in other
expression systems. 5101314183435 The N_terminal extension therefore has
no effect on the inhibitory activity of recombinant cystatin C. Similar
constants were obtained for the inhibition of tested cysteine proteinases by
L9-cystatin C, but the K; for the inhibition of cathepsin H was ~ 4-fold
lower, reflecting the decreased kg;.. Our results are in agreement with those
obtained with bovine parotid cystatin C, which has an N-terminal leucine,
which corresponds to Leu9 in human cystatin C.*® Bovine parotid cystatin
C was shown to have affinities for papain and cathepsin B that are similar to
full-length chicken and human cystatin C.'*!” The alteration of the inhibi-
tion profile of cystatin C was observed also by different amino acid substitu-
tions of 9 and 10 N-terminal residues, which are proposed to bind in the S3
and S2 substrate-binding pockets respectively of the enzymes.** Moreover, a
differently truncated variant of bovine cystatin C, starting with Leul0
(human cystatin C numbering) is seen to have a substantially decreased
affinity for cathepsin B (~100-fold; K;=45nM) and a smaller decrease in
affinity for cathepsin H (< 10-fold; K;=1.8nM) (Table II). On this basis
Leu9 in cystatin C is a crnitical residue for the inhibition of papain-like
cysteine proteinases. Any further truncation does result in a substantial
loss of affinity. This is also supported by the X-ray structures of chicken
cystatin’ and the stefin B-papain complex,® which show that the two resi-
dues preceding the highly conserved Gly (Gly!1 in human cystatin C) form
numerous interactions with the putative S2 and S3 sites of the enzyme.

Replacement of the evolutionarily conserved Trpl106, located in the sec-
ond hairpin loop, with Ser resuited in approximately 4—100-fold lower affi-
nity for the enzymes, cathepsin B inhibition being the most affected. This
reduction in affinity for proteinases on Trpl06 substitution is in agreement
with results on other Trp106 cystatin C mutants, confirming the importance
of this residue in the interaction with target proteinases.'®?%? W106S-
cystatin C demonstrates a lower k4 in the inhibition of papain and cathe-
psins B and H which probably is a consequence of unfavourable interaction
of Ser with the enzyme active site. Trpl06 namely hies in a hydrophobic
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environment stacked on the side chains of Trp177 and Trp181 of the enzyme
(papain numbering)’ and a replacement of Trp with a hydrophilic residue
could therefore substantially weaken the interaction. However, a local con-
formational change in the mutant cannot be excluded, since the stability of
this mutant was higher than that of the recombinant cystatin C and no
changes in the global tertiary structure were observed from the far and near
UV CD spectra.’’

In conclusion, recombinant cystatin C and two of its mutants were
expressed in E. coli. Recombinant cystatin C exhibits closely similar bio-
chemical properties to the authentic inhibitor. Trpl06 of the inhibitor is
confirmed as being important for the interaction with target enzymes,
whereas Leu9 appears to be a critical residue in the interaction between
cystatin C and its variants and papain-like cysteine proteinases.

Acknowledgements

We would like to thank Dr. Anka Ritonja for the N-terminal sequence
analyses and to Prof. Dr. Roger H. Pain for the critical reading of the
manuscript. The work was supported by the Ministry of Science and
Technology of Slovenia.

References

[1] Turk, V. and Bode, W. (1991) FEBS Lett., 285, 213-219.
[2] Turk, B., Turk, V. and Turk, D. (1997) Biol. Chem., 378, 141-150.
[3] Grubb, A. and Lofberg, H. (1982) Proc. Natl. Acad. Sci. USA,79, 3024-3027.
[4] Brzin, J., Popovi¢, T. and Turk, V. (1984) Biochem. Biophys. Res. Commun., 118, 103-109.
{5] Barrett, A.J., Davies, M.E. and Grubb, A. (1984) Biochem. Biophys. Res. Commun., 120,
631-636.
[6] Abrahamson, M., Barrett, A.J., Salvesen, G. and Grubb, A. (1986) J. Biol. Chem., 261,
11282-11289.
{7] Bode, W., Engh, R., Musil, D., Thiele, U., Huber, R., Karshikov, A., Brzin, J., Kos, J. and
Turk, V. (1988) EMBO J., 7, 2593-2599.
[8] Stubbs, M.T., Laber, B., Bode, W., Huber, R., Jerala, R., Lenar¢ic, B. and Turk, V. (1990)
EMBO J., 9, 1939--1947.
[9] Abrahamson, M., Ritonja, A., Brown, M.A., Grubb, A., Machieidt, W. and Barrett, A.J.
(1987) J. Biol. Chem., 262, 9688-9694.
[10] Lindahl, P., Abrahamson, M. and Bjork, 1. (1992) Biochem. J., 281, 49-55.
[11] Lindahl, P., Nycander, M., Ylinenjirvi, K., Pol, E. and Bjork, 1. (1992) Biochem. J., 286,
165-171.
[12] Lindahl, P., Rippol, D., Abrahamson, M., Mort, J.S. and Storer, A.C. (1994) Biochem-
istry, 33, 4384-4392.
[13] Bjork, 1., Pol, E., Raub-Segall, E., Abrahamson, M., Rowan, A.D. and Mort, J.S. (1994)
Biochem. J., 299, 219-225.
[14] Bjork, L., Brieditis, 1. and Abrahamson, M. (1995) Biochem. J., 306, 513-518.
[15] Hall, A., Dalboge, H., Grubb, A. and Abrahamson, M. (1993) Biochem. J., 291, 123-129.

RIGHTS

i,



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by HINARI on 12/18/11

For personal use only.

174 N. CIMERMAN et al.

{16] Hall, A., Hakansson, K., Mason, R W., Grubb, A. and Abrahamson, M. (1995) J. Biol.
Chem., 270, 5115-5121.

[17] Machleidt, W, Thiele, U., Laber, B., Assfalg-Machleidt, 1., Esterl, A., Wiegand, G., Kos, ],
Turk, V. and Bode, W. (1989) FEBS Leit., 243, 234-238.

[18] Popovi¢, T., Brzin, J., Ritonja, A. and Turk, V. (1990) Biol. Chem. Hoppe-Seyler, 371,
575-580.

[19] Lindahl, P., Alriksson, E., Jornvall, H. and Bjérk, 1. (1988) Biochemistry, 27, 5074--5082.

{20} Nycander, M. and Bjork, 1. (1990) Biochem. J., 271, 281-284.

{21] Auerswald, E.A., Nigler, D.K., Assfalg-Machleidt, 1., Stubbs, M.T., Machleidt, W. and
Fritz, H. (1995) FEBS Lett., 361, 179-184.

{22} Bjork, 1., Brieditis, 1., Raub-Segall, E., Pol, E., Hakansson, K. and Abrahamson, M.
(1996) Biochemistry, 35, 10720-10726.

[23] Mason, R.W_, Sol Church, K. and Abrahamson, M. (1998) Biochem. J., 330, 833-838.

[24] Strauss, M., Baitsch, F.O., Stoliwerk, J., Trstenjak, M., Bohning, A., Gassen, H.G.,
Machleidt, W. and Turk, V. (1988) Biol. Chem. Hoppe-Seyier, 369, 209-218.

[25} Popovic, T., Brzin, J., Kos, J., Lenar¢ic, B., Machleidt, Ritonja, A., Hanada, K. and Turk,
V. (1988) Biol. Chem. Hoppe-Seyler, 369, 175-183.

[26} Turk, B., Dolenc, L., Turk, V. and Bieth, J.G. (1993) Biochemistry, 32, 375-380.

[271 Blumberg, S., Schechter, 1. and Berger, A. (1970) Eur. J. Biochem., 15, 97-102.

{28] Turk, B., Ritonia, A., Bjork, L., Stoka, V., Dolenc, 1. and Turk, V. (1995) FEBS Lett., 360,
101-105.

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

[30] Cimerman, N. (1993) Ph.D. Thesis, University of Ljubljana, Slovenia.

{31] Morrison, J.F. (1982) Trends Biochem. Sci., 7, 102-105.

[32] Zucker, S., Buttle, D.J., Nicklin, J.H. and Barrett, A.J. (1985) Biochim. Biophys. Acta, 828,
196-204.

{33} Barreit, A.J. and Kirschke, H. (1981) Methods Enzymol., 80, 535-561.

[34] Barrett, A.J., Rawlings, N.D., Davies, M., Machleidt, W, Salvesen, G. and Turk, V. (1986)
Proteinase inhibitors, (A.J. Barrett and, G., Salvesen (Eds)), pp. 515-569. Amsterdam:
Elsevier.

[35] Abrahamson, M., Mason, R.W., Hansson, H., Buttle, D.J., Grubb, A. and Ohlsson, K.
(1991) Biochem. J., 273, 621-626.

[36] Cimerman, N., Drobni¢ Ko$orok, M., Korant, B.D., Turk, B. and Turk, V. (1996) Biol.
Chem. Hoppe-Seyler, 377, 19-23.

[37] Zerovnik, E., Cimerman, N., Kos, J., Turk, V. and Lohner, K. (1997) Biol. Chem., 378,
1199-1203.

[38] Lowry, O.H., Rosenbourgh, N.J., Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem., 193,
265--275.

RIGHTS

i,



