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ABSTRACT: The single Trp of human cystatin C, Trp-106, is located in the second hairpin loop of the
proteinase binding surface. Substitution of this residue by Gly markedly altered the spectroscopic changes
accompanying papain binding and reduced the affinity for papain, actinidin, and cathepsins B and H by
300-900-fold. The decrease in affinity indicated that the side chain of Trp-106 contributes a similar free
energy,-14 to -17 kJ‚mol-1, to the binding to all four cysteine proteinases, corresponding to about
20-30% of the total binding energy. Replacement of Trp-106 by Phe led to a smaller (30-120-fold)
decrease in affinity for the four enzymes than Gly substitution. The binding energy of the Phe residue
corresponded to 20-45% of that of Trp, showing that a phenyl group can only partly substitute for the
indole ring. The reduced affinities of the cystatin C Trp-106 variants for all proteinases studied were due
almost exclusively to increased dissociation rate constants. The second hairpin loop thus contributes to
the binding primarily by keeping cystatin C anchored to the proteinase once the complex has been formed.
This role is partly in contrast to that of the N-terminal region, which increases the affinity of cystatin C
for cathepsin B by increasing the association rate constant. Removal of the N-terminal region of the
Trp-106fGly variant by proteolytic cleavage substantially weakened the binding to papain and cathepsin
B. The resulting affinity indicated that the first hairpin loop (the “QVVAG-region”), which is the only
region of the proteinase binding surface remaining intact in the truncated variant, contributes 40-60% of
the total free energy of binding of cystatin C to both proteinases.

Cystatin C is the predominant mammalian low-molecular-
mass extracellular inhibitor of cysteine proteinases. Together
with other members of the cystatin superfamily of cysteine
proteinase inhibitors, it serves to protect the organism against
undesirable proteolysis by endogenous or exogenous en-
zymes. Cystatins inactivate their target proteinases by
trapping them in a reversible, tight equimolar complex. The
crystal structures of chicken cystatin and of a complex
between cystatin B (also called stefin B) and papain have
provided considerable information on the nature of these
interactions (Bode et al., 1988; Stubbs et al., 1990). The
structures show that the inhibitors have a wedge-shaped
binding surface composed of three segments of the polypep-
tide chain, viz., a flexible amino-terminal region, a first
hairpin loop in the middle of the chain, and a second hairpin
loop close to the carboxy-terminal end. The crystal struc-
tures, together with modeling studies, further indicate that
the tight binding of target proteinases is due to this wedge
interacting in a highly complementary fashion with the
active-site cleft of the enzymes.

The contributions of the amino-terminal region and the
first hairpin loop of cystatin C or the homologous inhibitor,
chicken cystatin, to the interaction with target proteinases
have been characterized in detail by proteolytic truncation
and by deletion and site-directed mutagenesis (Abrahamson
et al., 1987, 1991; Machleidt et al., 1989; Auerswald et al.,
1992, 1994, 1995; Hall et al., 1993, 1995; Bjo¨rk et al., 1994,
1995). The proposal that the second hairpin loop participates
in the binding has been verified by chemical modification
and deletion mutagenesis of chicken cystatin (Nycander &
Björk, 1990; Auerswald et al., 1995). Moreover, initial
studies by site-directed mutagenesis of cystatin C have
indicated that Trp-106 of this loop is involved in the binding
(Hall et al., 1995). In this work, we have characterized the
contribution of Trp-106 of cystatin C to the inhibitory activity
by spectroscopic, equilibrium, and kinetic studies of the
interactions between a series of cysteine proteinases and
cystatin C variants having this residue replaced by Phe or
Gly.

MATERIALS AND METHODS

Proteins. Cystatin C variants in which Trp-106 was
replaced with Phe or Gly (W106F- and W106G-cystatin C,1

respectively) were produced byEscherichia coliexpression.
The appropriate genes were created by a general mutagenesis
protocol detailed earlier (Hall et al., 1995). Plasmid pHD313
(Abrahamson et al., 1988), containing a full-length cDNA
encoding human cystatin C and modified to include theE.
coli outer membrane protein A signal peptide to direct the
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recombinant protein to the bacterial periplasm, was the
starting material. Unique recognition sites in pHD313 for
BglII andEcoRI were used to excise a 357 bp fragment that
included the coding sequence for cystatin C residues 101-
120 and the 3′ noncoding region. In two separate reactions,
an upstream mutagenesis primer (5′-TTCCAGATCTACGCT-
GTGCCTTTTCAGGG-3′ for W106F-cystatin C or 5′-
TTCCAGATCTACGCTGTGCCTGGGCAGGG-3′ for
W106G-cystatin C), designed to include theBglII site and
span over the codon for cystatin C residue 106, was used
for PCR with pHD313 as template. The same downstream
primer (5′-CGACGTTGTAAAACGACGGC-3′), correspond-
ing to a vector sequence downstream from theEcoRI site,
was used in both reactions. The PCR amplifications were
done in a Perkin-Elmer Cetus DNA Thermal Cycler with
reagents from the AmpliTaq kit (Perkin-Elmer Cetus, Nor-
walk, CT), primers at 0.6µM concentration, and 0.6 ng of
uncleaved pHD313 DNA as template in a reaction volume
of 100µL. The PCR cycle (94°C, 1 mins60 °C, 1 mins72
°C, 1 min) was repeated 30 times. The purified PCR
products were cleaved withBglII/EcoRI (Life Technologies,
Gaithersburg, MD), and ligated intoBglII/EcoRI cut and
dephosporylated pHD313. The expression plasmids mutated
in this manner were introduced inE. coli strain MC1061,
and the constructs were verified by DNA sequencing of
plasmids isolated from bacterial subclones. To this end, a
569 bp segment including the entire coding sequence for
cystatin C was amplified and sequenced as described earlier
(Hall et al., 1995). The conditions for expression of the two
cystatin C variants and the osmotic shock procedure used to
collect the periplasmic fraction containing the recombinant
proteins were as for expression of wild-type cystatin C
(Lindahl et al., 1992a).
The two cystatin C variants and recombinant wild-type

human cystatin C (Abrahamson et al., 1988) were purified
by ion-exchange chromatography on Q-Sepharose (Pharma-
cia Biotech, Uppsala, Sweden), followed by gel chromatog-
raphy on Sephadex G 75 (Pharmacia Biotech), as detailed
earlier (Abrahamson et al., 1988; Lindahl et al., 1992a; Hall
et al., 1995). Forms 1 and 2 of chicken cystatin were
obtained from egg white (Anastasi et al., 1983; Lindahl et
al., 1988).
An N-terminally truncated form of W106G-cystatin C with

Gly-11 as the N-terminal residue (Gly11-W106G-cystatin C)
was obtained by digestion with neutrophil elastase (Abra-
hamson et al., 1991). The digestion product had the expected
N-terminal sequence and showed only one band with an
apparent molecular weight only slightly lower than that of
the intact protein in SDS-PAGE under reducing conditions,
indicating that no internal cleavages had occurred.
The purification and activation of papain (EC 3.4.22.2),

actinidin (EC 3.4.22.14), and recombinant rat cathepsin B
(EC 3.4.22.1), expressed in yeast, have been reported
elsewhere (Lindahl et al., 1988; Bjo¨rk & Ylinenjärvi, 1990;
Björk et al., 1994). These studies showed that the enzyme
preparations were essentially fully active in binding to wild-

type cystatin C. Cathepsin L (EC 3.4.22.15) was from sheep
liver (Mason, 1986). Human liver cathepsin H (EC 3.4.22.16)
was purchased from Calbiochem (San Diego, CA); its
specific activity was 0.2 unit/mg of protein withL-arginyl-
2-naphthylamide as substrate at 40°C, pH 6.8. The
inactivated papain forms,S-(methylthio)papain,S-(carbam-
oylmethyl)papain, andS-(carboxymethyl)papain, were ob-
tained as in previous work (Bjo¨rk & Ylinenjärvi, 1989;
Lindahl et al., 1992a).
Spectroscopy.Near-ultraviolet absorption difference spec-

tra, near-ultraviolet circular dichroism spectra, and fluores-
cence emission spectra of W106G-cystatin C, papain, and
the inhibitor-proteinase complex were measured as de-
scribed previously (Lindahl et al., 1988, 1992a). Difference
spectra were calculated from measured circular dichroism
and fluorescence emission spectra as in Lindahl et al. (1988).
Titrations of active papain andS-(methylthio)papain with

the two cystatin C variants for determination of binding
stoichiometries and ofS-(carbamoylmethyl)- andS-(car-
boxymethyl)papain with the variants for affinity measure-
ments were monitored by the changes of fluorescence
emission intensity induced by the binding (Lindahl et al.,
1992a,b; Bjo¨rk et al., 1995). The stoichiometry titrations
were done at papain concentrations of 1µM, whereas
concentrations comparable to the dissociation constants were
used in the affinity titrations. Stoichiometries and dissocia-
tion constants were obtained by nonlinear least-squares
regression analysis of the titration curves (Bjo¨rk et al., 1995).
Inhibition Constants.Inhibition constants for the interac-

tion of wild-type cystatin C and the two cystatin C variants
with actinidin or cathepsins B, H, and L were obtained from
the equilibrium rates of cleavage of a fluorogenic substrate
by the enzyme at increasing concentrations of the inhibitor,
as detailed earlier (Bjo¨rk et al., 1994, 1995; Pol et al., 1995).
The substrate was carbobenzoxy-L-phenylalanyl-L-arginine
4-methylcoumaryl-7-amide (Peptide institute, Osaka, Japan)
for actinidin and cathepsin L, carbobenzoxy-L-arginyl-L-
arginine 4-methylcoumaryl-7-amide (Peptide Institute) for
cathepsin B, andL-arginine 4-methylcoumaryl-7-amide
(Bachem, Bubendorf, Switzerland) for cathepsin H. The
substrate concentrations were 5-20µM; substrate hydrolysis
never exceeded 5%. The inhibitor concentration was varied
frome0.5Ki,app. (the apparent inhibition constant) tog4Ki,app.,
except in the studies with cathepsin L. The lowest inhibitor
concentration that could be analyzed with this enzyme was
still well aboveKi,app., and only upper limits for the inhibition
constants could therefore be obtained. The enzyme concen-
tration was at least 10-fold lower than that of the inhibitor
in all experiments. Product formation was monitored
continuously in the fluorometer, in most cases until equi-
librium was reached. For the slowest reactions, however,
the equilibrium rates of substrate hydrolysis were obtained
by nonlinear regression analysis of the progress curves (Bjo¨rk
et al., 1994). TheKm values used for correction of the
apparent inhibition constants for substrate competition have
been reported elsewhere (Schwartz & Barrett, 1980; Mason,
1986; Lindahl et al., 1992b; Bjo¨rk et al., 1994, 1995).
The inhibition constants for the interaction of Gly11-

W106G-cystatin C with papain, cathepsin B, and cathepsin
L were determined in essentially the same manner. However,
carbobenzoxy-L-arginine 4-methylcoumaryl-7-amide (Sigma,
St. Louis, MO) was used as substrate for papain and
cathepsin B, and carbobenzoxy-L-arginyl-L-arginine 4-

1 Abbreviations: DTT, dithiothreitol; E-64, 1-[[N-(L-3-trans-car-
boxyoxirane-2-carbonyl)-L-leucyl]amino]-4-guanidinobutane; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
W106F- and W106G-cystatin C, cystatin C variants in which Trp-106
is replaced with Phe and Gly, respectively; Gly11-W106G-cystatin C,
a truncated form of W106G-cystatin C having Gly-11 as its N-terminal
amino acid.
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methylcoumaryl-7-amide was used for cathepsin L. These
less efficient substrates allowed the molar ratio of inhibitor
to enzyme to be fixed at 10:1 throughout the concentration
range covered, thus minimizing the effect of a possible small
contamination of intact W106G-cystatin C in the preparation
of the truncated form. The low affinity of Gly11-W106G-
cystatin C for cathepsin B precluded analyses at higher
inhibitor concentrations than aboutKi,app. TheKm values used
for correction of the apparent inhibition constants are from
previous work (Roberts et al., 1986; Dalet-Fumeron et al.,
1991; Hasnain et al., 1992).
Association Kinetics.The kinetics of binding of the two

cystatin C variants to active papain orS-(methylthio)papain
were studied by stopped-flow fluorescence measurements
under pseudo-first-order conditions in an Applied Photo-
physics (Leatherhead, U.K.) SX-17MV instrument, es-
sentially as in Bjo¨rk et al. (1989). The inhibitor concentration
was varied between 0.5 and 6µM, and the enzyme
concentration was maintained 10-fold lower.
The rate of binding of wild-type cystatin C and the cystatin

C variants to cathepsins B and L was analyzed under pseudo-
first-order conditions by continuous measurements of the loss
of enzyme activity in the presence of a fluorogenic substrate,
essentially as in earlier work (Bjo¨rk et al., 1994, 1995; Pol
et al., 1995). The substrates, their concentrations, and
maximal substrate hydrolysis were the same as in the
measurements of inhibition constants. The inhibitor con-
centration was maintained at least 10-fold higher than that
of the enzyme and was varied from 0.5 to 2.5µM for
cathepsin B and from 0.2 to 2 nM for cathepsin L. The
reactions with cathepsin L were monitored by conventional
fluorometry, whereas the reactions with cathepsin B had to
be analyzed by stopped-flow fluorometry, due to higher rates
caused by a higher dissociation rate constant. Pseudo-first-
order rate constants were evaluated by nonlinear regression
analysis of the progress curves (Bjo¨rk et al., 1994). The
apparent second-order rate constants were corrected for
substrate competition as described for the determination of
inhibition constants.
Dissociation Kinetics.The rate of dissociation of com-

plexes between the two cystatin C variants and papain was
evaluated by trapping the enzyme dissociated from the
complex (10µM) by an excess (100-200 µM) of chicken
cystatin (form 2), as in previous studies with wild-type
cystatin C (Lindahl et al., 1992a). The dissociation rate
constant was obtained from the initial rate of appearance of
the complex between the displacing cystatin 2 and the
liberated papain, monitored by chromatography on a Mono-Q
(Pharmacia Biotech) ion-exchange column.
The kinetics of dissociation of complexes between the

cystatin C variants andS-(methylthio)papain were analyzed
by similarly trapping the inactivated enzyme liberated from
1 µM complex by 2-12µM chicken cystatin (form 1). The
rate of the reaction was monitored by the decrease of
tryptophan fluorescence caused by the tight binding of the
displacing chicken cystatin to the liberatedS-(methylthio)-
papain, as in previous work (Pol et al., 1995).
Experimental Conditions and Protein Concentrations.All

analyses were done at 25.0( 0.2°C. Reactions with active
papain, inactivated papains, and actinidin were analyzed in
0.05 M Tris-HCl, pH 7.4, 0.1 M NaCl, and 100µM EDTA.
The buffers in studies of reactions with other enzymes were
as follows: for cathepsin B, 0.05 M Mes, pH 6.0, 0.1 M

NaCl, 100µM EDTA, 0.5 mM DTT, and 0.1% (w/v) poly-
(ethylene glycol); for cathepsin H, 0.1 M sodium phosphate,
pH 6.0, 1 mM EDTA, and 1 mM DTT; for cathepsin L, 0.1
M sodium acetate, pH 5.5, 1 mM EDTA, 1 mM DTT, and
0.005% (w/v) Brij 35.
Protein concentrations were obtained by absorption mea-

surements at 280 nm. A molar absorption coefficient of 1.11
× 104 M-1 cm-1 was determined previously for wild-type
cystatin C (Lindahl et al., 1992a). A molar absorption
coefficient of 5.4× 103 M-1‚cm-1 was calculated for
W106F-, W106G-, and Gly11-W106G-cystatin C from this
value by subtracting the molar absorption coefficient of one
tryptophan residue (Gill & von Hippel, 1989). Molar
absorption coefficients of 5.59× 104, 4.98× 104, and 6.34
× 104 M-1‚cm-1 were used for papain, actinidin, and
cathepsin B (Lindahl et al., 1988; Bjo¨rk & Ylinenjärvi, 1990;
Björk et al., 1994). The concentration and relative molecular
mass of human cathepsin H were provided by the manufac-
turer. The molar concentration used for sheep cathepsin L
was determined by active site-titration with E-64 (Mason,
1986).

RESULTS

The importance of the second hairpin loop of cystatin C
for target enzyme binding was elucidated by studies of two
inhibitor variants with the conserved Trp-106 residue re-
placed with Phe or Gly, produced by site-directed mutagen-
esis andE. coliexpression. Sequencing of the entire coding
region of the expression vectors verified that the correct
mutations and no other sequence alterations had been
introduced. The purified proteins showed only one band in
SDS-PAGE under reducing conditions (not shown).
Stoichiometry of Binding of Cystatin C Variants to Papain

and Spectroscopic Characterization of the Interaction.Ti-
trations of active papain and its inactive derivative,S-
(methylthio)papain, with the two cystatin C variants for
determination of binding stoichiometries were monitored by
the changes in intrinsic fluorescence accompanying the
interaction (see below). Stoichiometries of 1.08( 0.03 (SE;
n ) 4) and 1.04( 0.04 (n ) 4) were obtained for W106F-
and W106G-cystatin C, respectively, showing that both
variants were essentially fully active in binding proteinases.
The changes of near-ultraviolet absorption, circular dichro-

ism, and fluorescence induced by the binding of wild type
and W106G-cystatin C to papain were compared (Figure 1).
Both the ultraviolet absorption difference spectrum and the
near-ultraviolet circular dichroism difference spectrum for
the W106G-cystatin C-papain interaction were markedly
different from the corresponding spectra for wild-type
cystatin C. The fluorescence emission difference spectra for
the variant and wild-type inhibitors also differed, although
to a lesser extent. The fluorescence emission spectra of both
W106F- and W106G-cystatin C showed maxima around 310
nm, confirming the absence of tryptophan residues.
Equilibrium and Kinetic Characterization of Interactions

of Cystatin C Variants with Cysteine Proteinases.Dissocia-
tion equilibrium constants, as well as association and
dissociation rate constants, were measured for the binding
of W106F-, W106G-, and Gly11-W106G-cystatin C to several
cysteine proteinases (Table 1). Most dissociation equilibrium
constants were determined as inhibition constants. However,
the dissociation constants for the tight binding to papain were
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not measured directly but were calculated from separately
determined association and dissociation rate constants.
Moreover, only upper limits for the inhibition constants for
cathepsin L could be estimated, owing to the tight interaction.
Temporary inhibition, as reported for variants of chicken
cystatin with the second hairpin loop deleted (Machleidt et

al., 1995), was not apparent for any of the enzymes.
Association rate constants for reactions with papain were
monitored by tryptophan fluorescence in a stopped-flow
instrument. The corresponding rate constants for reactions
with cathepsin B and cathepsin L were obtained from the
loss of enzyme activity in the presence of a fluorogenic
substrate, analyzed by stopped-flow fluorometry for cathepsin
B and by conventional fluorometry for cathepsin L. Rate
constants for reactions with actinidin or cathepsin H could
not be obtained by either method, due to low affinities of
the interactions, the lack of sufficiently good substrates for
the enzymes, and, in the case of cathepsin H, also to the
small amounts of enzyme available. Most dissociation rate
constants were calculated from measured dissociation equi-
librium and association rate constants. Dissociation rate
constants for the tight interactions with papain, however,
were measured by trapping the dissociated enzyme with an
excess of chicken cystatin and monitoring the appearance
of trapped enzyme. The amounts of cathepsin L at hand
were insufficient to allow similar measurements for interac-
tions with this enzyme.
Interaction of Cystatin C Variants with InactiVated Pa-

pains. Dissociation equilibrium constants for the binding
of the cystatin C variants toS-(methylthio)papain were
calculated from association constants, measured by stopped-
flow fluorescence, and dissociation constants, measured by
a displacement technique (Table 2). Dissociation equilibrium
constants for the weaker interactions of the variants with
S-(carbamoylmethyl)- andS-(carboxymethyl)papain could be
measured directly by titrations monitored by the decrease
of tryptophan fluorescence induced by the binding (Table
2). The dissociation constant for the binding of wild-type
cystatin C toS-(carboxymethyl)papain, needed for compari-
son (Table 2), is not available in the literature and was found
to be of a magnitude such that it could not be determined
by any of the methods used for other interactions.

DISCUSSION

The markedly altered spectroscopic changes on papain
binding that resulted from substitution of the single Trp
residue of cystatin C, Trp-106, by Gly show that this residue
is involved in the interaction with the proteinase, in agree-
ment with previous evidence (Lindahl et al., 1988; Bode et
al., 1988; Nycander & Bjo¨rk, 1990). Only a small change
of near-ultraviolet circular dichroism was induced by the Gly
variant, showing that the circular dichroism changes ac-
companying the binding of the wild-type inhibitor arise
predominantly from Trp-106 (Lindahl et al., 1988, 1992a).
The nature of the spectroscopic changes caused by the
binding of the Gly variant indicates that also these changes
arise predominantly from Trp residues. These tryptophans
must be located in papain, likely candidates being Trp-177
and Trp-69 near the active site of the enzyme, consistent
with previous suggestions (Lindahl et al., 1988; Bode et al.,
1988). The spectroscopic changes induced by binding of
the Gly variant to papain were highly similar to those induced
by the related cystatin, cystatin A (Pol et al., 1995), which
also lacks tryptophan. This observation indicates that most
of the binding surfaces of cystatins A and C interact with
papain in a similar overall manner.
Substitution of Trp-106 of cystatin C by Phe was found

to lead to a marked loss of the affinity of the inhibitor for

FIGURE 1: Spectroscopic changes on the interaction of wild-type
or W106G-cystatin C with papain. (A) Near-ultraviolet absorption
difference spectra. (B) Near-ultraviolet circular dichroism difference
spectra. (C) Fluorescence emission difference spectra. (s) Wild-
type cystatin C; (---) W106G-cystatin C. The papain concentrations
were 15µM in (A) and (B) and 1µM in (C). The molar ratio of
cystatin to papain was 1.5, giving>99% saturation of the enzyme.
The unit on the ordinate in (B) is the difference in molar ellipticity.
The data for wild-type cystatin C, shown for comparison, are from
Lindahl et al. (1992a).
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cysteine proteinases,∼30-fold for cathepsin H,∼70-fold for
papain, and∼120-fold for actinidin and cathepsin B.
Substitution by Gly lead to a further, although substantially
smaller, decrease in affinity,∼2.5-fold for actinidin and
cathepsin B,∼10-fold for papain, and∼20-fold for cathepsin
H. The Gly mutant had a 300-900-fold lower affinity for
the enzymes than the wild-type inhibitor, in reasonable
agreement with earlier work (Hall et al., 1995). Unitary free
energy changes (i.e., the free energy changes after elimination
of the decrease in entropy resulting from two molecules
forming one; Gurney, 1953; Karush, 1962) were calculated
for the different interactions from the measured dissociation
equilibrum constants. These values indicate that the side
chain of Trp-106 contributes a similar free energy,-14 to
-17 kJ‚mol-1, to the binding to all four cysteine proteinases
for which data could be obtained. This free energy corre-
sponds to about 20-30% of the total energy of binding of
cystatin C to the proteinases, which ranges from-90
kJ‚mol-1 for papain to-54 kJ‚mol-1 for actinidin. The
similar contribution from Trp-106 shows that these latter
differences in binding energies originate from other interac-
tions than those involving this residue. Comparison with
previous data for intact and N-terminally truncated cystatin
C (Björk et al., 1994) indicates that Trp-106 provides about
half the free energy of the N-terminal region in the binding
of papain. In contrast, Trp-106 and the N-terminal region
contribute comparable binding energies to the interactions

with actinidin or cathepsin B, in agreement with previous
results (Hall et al., 1995).
The calculations of unitary free energy changes also show

that, in contrast to the comparatively constant binding energy
arising from Trp-106, a Phe residue in this position contrib-
utes a varying, but considerably smaller, energy of binding
to the four proteinases studied, about-2.5 kJ‚mol-1 for
actinidin and cathepsin B and about-7 kJ‚mol-1 for papain
and cathepsin H. Depending on the enzyme, these free
energies correspond to only 20-45% of the binding energy
of a Trp residue, the largest contribution being apparent for
cathepsin H. Hydrophobic interactions involving a phenyl
group thus cannot substitute for those involving an indole
ring in position 106, although they can provide part of the
binding energy of the latter.
Characterization of the binding of the cystatin C variants

to inactivated papains revealed a similar pattern. By
analogous free energy calculations, Trp-106 was found to
contribute-17 to -20 kJ‚mol-1 to the interaction with
S-(methylthio)- andS-(carbamoylmethyl)papain, i.e., about
25% of the total energy of binding of cystatin C to these
inactivated enzymes. In contrast, a Phe residue contributes
only -5 to -7 kJ‚mol-1, corresponding to about 30% of
the binding energy of tryptophan. An inctivating group on
the active-site cysteine of papain, although reducing the
overall affinity for cystatins (Bjo¨rk & Ylinenjärvi, 1989),
apparently does not appreciably alter the interactions between

Table 1: Dissociation Equilibrium Constants (Kd), Association Rate Constants (kass), and Dissociation Rate Constants (kdiss) for the Interactions
of Wild-Type, Trp-106 Variants, and an N-Terminally Truncated Trp-106 Variant of Cystatin C with Papain, Actinidin, and Cathepsins B, H,
and La

proteinase cystatin C form Kd (M) kass(M-1‚s-1) kdiss (s-1)

papain wild-type 1.1× 10-14 b 1.1× 107 b 1.3× 10-7 b

W106F 7.5× 10-13 c (3.6( 0.4)× 106 (n) 8) (2.7( 0.3)× 10-6 (n) 3)
W106G 9.6× 10-12 c (2.8( 0.1)× 106 (n) 9) (2.7( 0.1)× 10-5 (n) 3)
Gly11-W106G (9.0( 0.8)× 10-9 (n) 6) ND ND

actinidin wild-type 1.9× 10-8 b 2.4× 106 b 4.6× 10-2 b

W106F (2.5( 0.2)× 10-6 (n) 9) ND ND
W106G (6.6( 0.6)× 10-6 (n) 11) ND ND

cathepsin B wild-type 3.2× 10-10b 1.1× 106 b 3.5× 10-4 b

W106F (3.9( 0.1)× 10-8 (n) 9) (9.7( 0.2)× 105 (n) 5) 3.8× 10-2 c

W106G (9.7( 0.3)× 10-8 (n) 9) (1.2( 0.1)× 106 (n) 5) 0.12c

Gly11-W106G (1.1( 0.2)× 10-5 (n) 5) ND ND
cathepsin H wild-type (4.2( 0.3)× 10-10 (n) 14) ND ND

W106F (1.3( 0.1)× 10-8 (n) 12) ND ND
W106G (2.6( 0.1)× 10-7 (n) 16) ND ND

cathepsin L wild-type <5× 10-12 (2.3( 0.2)× 107 (n) 10) <1× 10-4 c

W106F <5× 10-12 (1.2( 0.1)× 107 (n) 10) <6× 10-5 c

W106G e5× 10-12 (7.8( 0.6)× 106 (n) 10) e4× 10-5 c

Gly11-W106G (7.8( 0.5)× 10-9 (n) 7) ND ND
a The values for wild-type cystatin C, some of which are from previous work (Lindahl et al., 1992a; Bjo¨rk et al., 1994), are shown for comparison.

Values measured in this work are given with their standard errors and the number of measurements in parentheses. ND, not determined.b From
previous work.cCalculated value.

Table 2: Dissociation Equilibrium Constants (in M) for the Interactions of Wild-Type and Trp-106 Variants of Cystatin C with Inactivated
Forms of Papaina

inactivating group

cystatin form none S-(methylthio) S-(carbamoylmethyl) S-(carboxymethyl)

wild-type 1.1× 10-14 b 2.2× 10-13 b 8.3× 10-11 b ND
W106F 7.5× 10-13 c 5.5× 10-11 d (1.0( 0.2)× 10-8 (n) 3) 3.6× 10-7 (n) 1)
W106G 9.6× 10-12 c 8.7× 10-10 e (8.5( 1.1)× 10-8 (n) 4) 1.6× 10-6 (n) 1)

a The values for wild-type cystatin C, which are from previous work (Lindahl et al., 1992a; Bjo¨rk et al., 1995), and the values for active papain
(from Table 1) are shown for comparison. Values measured in this work are given with their standard errors, if more than one measurement was
made, and with the number of measurements in parentheses. ND, not determined.b From previous work.c From Table 1.dCalculated from an
association rate constant of (3.6( 0.2)× 106 M-1‚s-1 (n ) 6) and a dissociation rate constant of (2.0( 0.3)× 10-4 s-1 (n ) 5). eCalculated from
an association rate constant of (3.1( 0.3)× 106 M-1‚s-1 (n ) 7) and a dissociation rate constant of (2.7( 0.1)× 10-3 s-1 (n ) 5).
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the second hairpin loop of the inhibitor and the enzyme.
The decreased affinities between the cystatin C Trp-106

variants and all active or inactivated enzymes investigated
were due almost exclusively to increased dissociation rate
constants, the association rate constants being minimally
affected. This behavior is in contrast to that observed for
substitutions in the N-terminal regions of cystatin C or
chicken cystatin and for truncation of these regions by
proteolysis (Abrahamson et al., 1991; Bjo¨rk et al., 1994,
1995). Such changes reduced the affinity of the inhibitors
for proteinases by increasing the dissociation rate constants
for most enzymes, but by decreasing the association rate
constants for cathepsin B. These and other observations
indicate that the N-terminal region and the second hairpin
loop of cystatin C both contribute to the affinity for most
enzymes primarily by keeping enzyme and inhibitor attached
in the complex, the rate of association being largely diffusion-
controlled (Björk et al., 1989, 1994, 1995; Bjo¨rk & Ylinen-
järvi, 1990; Lindahl et al., 1992a; Figure 2, left). In contrast,
the two regions appear to have different functions in the
interaction of cystatin C with cathepsin B (Bjo¨rk et al., 1994,
1995). The main role of the N-terminal region thus
presumably is to bind to this proteinase before the remainder
of the binding surface of the inhibitor and to properly orient
the latter with respect to the enzyme (Bjo¨rk et al., 1994;
Figure 2, right). In this way, the rate of the reaction is
increased by the inhibitor being able to rotate and tilt in such
a manner that it can efficiently displace the "occluding loop",
which partially restricts the access to the active site of
cathepsin B (Musil et al., 1991). Once the complex with
cathepsin B has been formed, however, the N-terminal region
does not contribute appreciably to its stability (Bjo¨rk et al.,
1994). The second hairpin loop, on the other hand, appears
to function primarily by keeping cystatin C anchored to
cathepsin B in the complex in a similar manner as in the
case of interactions with other proteinases. The first hairpin
loop, i.e., the “QVVAG-region”, presumably stabilizes
proteinase complexes analogous to the second hairpin loop
(Auerswald et al., 1995), although sufficient kinetic data to
fully verify this conclusion are lacking.

As expected (Abrahamson et al., 1987, 1991; Lindahl et
al., 1992b; Bjo¨rk et al., 1994), removal of the N-terminal
region of the Trp-106fGly variant by proteolytic cleavage
resulted in a substantial decrease in the affinity of this variant
for the three enzymes tested, papain, cathepsin B, and
cathepsin L. The unitary free energy of binding of the
truncated Gly variant to both papain and cathepsin B was
about 60% of that of the wild-type; the decrease for cathepsin
L could not be quantified, due to lack of a value for the
affinity of the wild-type inhibitor for this enzyme. Pro-
teolytic truncation of the N-terminal region of cystatin C and
chicken cystatin has been shown previously essentially to
eliminate all interactions of this region with proteinases,
without appreciably affecting the binding of the other parts
of the binding surface (Lindahl et al., 1992b; Bjo¨rk et al.,
1994). Similarly, substitution of Trp-106 by Gly may
eliminate most or all interactions of the second hairpin loop,
while minimally interfering with the binding of the remainder
of the inhibitor. Such an assumption leads to the conclusion
that the first hairpin loop (the “QVVAG-region”), which
would then be the only region of the N-terminally truncated
Gly variant interacting with the proteinase, is responsible
for about 60% of the energy of binding of cystatin C to both
papain and cathepsin B. This value agrees well with the
contribution by the first hairpin loop to cathepsin B binding
of about 60% estimated from the binding energy of the wild-
type inhibitor and the independently evaluated binding
energies of the N-terminal region (Bjo¨rk et al., 1994) and
Trp-106. However, the value for papain is higher than that
of about 40% estimated for this enzyme in the same manner.
Certain interactions with papain involving the second hairpin
loop may thus remain on Trp-106 substitution, or the first
hairpin loop may bind somewhat differently to papain in the
absence of the other two binding regions.
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