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Evidence for the Interaction of Valine-10 in Cystatin C with the S, Subsite of
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ABSTRACT: The interactions between wild-type or mutant recombinant forms of human cystatin C and rat
cathepsin B were characterized by measuring progress curves for substrate hydrolysis in the presence of
inhibitor. The investigation was guided by the use of computer modeling and explores the possibility that
amino acid residues in the N-terminal region of cystatin C interact with substrate-binding regions in the
target enzyme. With cystatin C that has Val-10 replaced by an Arg residue (VallOArg cystatin C), the
inhibition constant, K, increased 31-fold if the isosteric substitution Glu-245 to Gin was made in cathepsin
B. When the wild-type form of the inhibitor was used, the corresponding effect on K; was less than 2-fold.
Inasimilar study, using cathepsin B in which the substitution to Gln is instead at Glu-171, no such difference
in how K; is affected was observed. Both Glu-245 and Glu-171 are located in the S; subsite of cathepsin
B. The observed effects on Kj indicate that the additional positive charge introduced in Vall0Arg cystatin
Cisinteracting with the negative charge on Glu-245 in cathepsin B when these two proteins form a complex;
the cystatin variant is thus binding in a substratelike manner with this region of the enzyme. Indirectly,
these results suggest that when native cystatin C and cathepsin B form a complex, Val-10 in the inhibitor
interacts with the S; subsite of the enzyme. A K, value of 0.13 nM was obtained for the interaction of
Vall0Arg cystatin C with papain. Compared to the dissociation equilibrium constant for wild-type cystatin
C and papain, this value represents a 12 000-fold decrease in affinity. The corresponding effect with
cathepsin B was only 15-fold, which presumably reflects the importance of the P, position in binding of

the N-terminal region of cystatin C to different cysteine proteinases.

The low molecular weight cystatins are small, nonglyco-
sylated proteins (M; ~11 000~14 000) present in both tissues
and body secretions. They belong to the cystatin superfamily
of cysteine proteinase inhibitors, in which they comprise
families I and IT. Family I cystatins (also called stefins) are
polypeptides of about 100 residues without disulfide bridges,
whereas family II cystatins have about 120 residues and 2
disulfide bridges (Barrett et al., 1986). Cystatins inactivate
papain-like cysteine proteinases such as cathepsins B, H, L,
and S, and are thought to be the main regulators of these
enzymes. In addition to preventing unwanted endogenous
cysteine proteinase activity, they may also have a defensive
role against cysteine proteinases that pathogens and parasites
may use in entering the body (North, 1982).

The predominant family II cystatin in mammalian organ-
isms is cystatin C. It is present in most body fluids, including
blood plasma, and appears to be physiologically the most
important inhibitor of endogenous cysteine proteinases (Abra-
hamson et al., 1986). Human cystatin C and its avian
homologue, chicken cystatin, are the best characterized family
II cystatins. Most studies on their mechanism of inhibition
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have been carried out using plant proteinases, structurally
similar tothe mammalian lysosomal cysteine proteinases. Thus,
the two inhibitors form tight (Ky ~ 10 fM—20 nM) equimolar
complexes with papain and actinidin, blocking the active site
of the enzymes (Anastasi et al., 1983; Nicklin & Barrett,
1984; Abrahamson et al., 1987; Lindahl et al., 1988, 1992a;
Bjork & Ylinenjérvi, 1990). Thekinetics of these interactions
are consistent with the complexes being formed by simple,
reversible, bimolecular reactions, with association rate con-
stants approaching those of a diffusion-controlled rate (Bjork
etal., 1989; Bjork & Ylinenjarvi, 1990; Lindahl et al., 1992a).
A computer docking model based on the X-ray crystal structure
of chicken cystatin and papain (Bode et al., 1988) suggests
that the reactive site of the inhibitor comprises the N-terminal
region around Gly-9, the Gln-Leu-Val-Ser-Gly segment at
the middle of the sequence, and the region around Trp-104,
in agreement with earlier proposals (Ohkubo et al.,, 1984;
Barrett et al., 1986; Abrahamson et al., 1987; Lindahl et al.,
1988). These threeregions, which are evolutionarily conserved
in most cystatins, form a wedge-shaped edge of the inhibitor
that fits into the active-site cleft of papain. Minimal
conformational adjustments of either protein are needed, in
agreement with the observed kinetics. The general features
of this model are confirmed by X-ray crystallographic studies
on a family I cystatin, human cystatin B, in complex with
papain (Stubbs et al., 1990).

Compared to family I cystatins, members of family II are
characterized by fairly long N-terminal regions; i.e., the
conserved Gly residue mentioned above is preceded by some
10 amino acid residues. Before the chicken cystatin structure

0006-2960/94,/0433-4384804.50/0 Published 1994 by the American Chemical Society



Interaction of Cystatin C with Cathepsin B

was elucidated, indirect evidence for the importance of these
residues in binding to cysteine proteinases had been reported;
e.g., for both human cystatin C and chicken cystatin, it had
been shown that cleavage C-terminal to the conserved Gly
residue (Gly-9 in chicken cystatin, Gly-11 in cystatin C)
resulted in at least 1000-fold decreased affinity for papain
(Abrahamson et al., 1987). The information provided by the
crystallographic studies encouraged more detailed studies on
the role of this region in inhibition. Thus, although the
structure of chicken cystatin was solved for an N-terminally
truncated form of the inhibitor, starting at Gly-9, the computer
docking experiments with papain suggested that the preceding
residues, Leu-8 and Leu-7, may bind to enzyme subsites S,
and Ss, respectively (Bode et al., 1988, 1990). Thesuggestion
received strong support from inhibition studies of V-terminally
truncated forms of chicken cystatin with papain, which showed
that there is a dramatic decrease in affinity if truncation
includes Leu-8 and/or Leu-7 (Machleidt et al., 1989). More
extensive studies (Lindahl et al., 1992b) concluded that of the
residues located N-terminal to Ala-10 both Leu-7 and Leu-8
are of major importance for the binding, but also that Gly-9
and amino acids preceding Leu-7 contribute to the interaction.
The study also showed that the reduced binding affinities of
the N-terminally truncated forms of the inhibitor to papain
result from markedly increased dissociation rate constants.
Detailed studies such as these have not been carried out for
human cystatin C. However, inhibition studies with N-ter-
minally truncated forms of this inhibitor are consistent with
one or several of the residues preceding its conserved Gly at
position 11 contributing to the binding to cysteine proteinases
(Popovic et al., 1990; Abrahamson et al., 1987, 1991; Hall et
al., 1993). In addition, peptidyldiazomethanes based on
residues 8-11 in cystatin C, i.e., Argg-Leu-Val-Gly;;, have
been shown to be efficient cysteine proteinase inhibitors
(Abrahamson et al., 1991; Hall et al., 1992).

The studies described above comprise extensive evidence
for the contribution of residues in the N-terminal region of
family I1 cystatins in binding to cysteine proteinases. However,
it has not been possible to confirm that these interactions
actually take place at the unprimed substrate-binding subsites
of the proteinase, as was suggested. Most of the detailed
studies have used an avian inhibitor (chicken cystatin) and a
plant proteinase (papain) as a model for the interaction. The
proposed interaction at subsites implies that the specificity of
cystatins for their different target enzymes is partly determined
by the NV-terminal region of the inhibitor, and if this particular
question is to be addressed directly, the use of a physiologically
more relevant system would be preferable. Of the lysosomal
cysteine proteinases, cathepsin B is the most abundant and
the most thoroughly studied. It is involved in intracellular
protein turnover, but has also been implicated in tumor
metastasis (Sloane, 1990) and inflammatory processes (Mort
etal,, 1984). Its X-ray crystal structure was recently published
(Musil et al., 1991). Cystatin C is the human cystatin that
has the highest affinity for cathepsin B, and the presence of
the N-terminal region of cystatin C has also been shown to
be crucial for the inhibitor to play a physiologically significant
rolein inhibiting this enzyme (Abrahamsonetal., 1991). With
the availability of expression systems for both recombinant
human cystatin C and rat cathepsin B, there was an opportunity
toapply protein engineering to both proteins as a tool to further
elucidate the functional role of N-terminal residues in cystatins.
The investigation described in this report, based on computer
modeling in combination with the use of recombinant variants
of both cystatin C and cathepsin B, indirectly provides evidence
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that Val-10 in the /V-terminal region of cystatin C interacts
with the S, subsite in cathepsin B when the two proteins form
a complex.

MATERIALS AND METHODS

Model Building. As a starting point for the computer
modeling, a model representing a complex between chicken
cystatin and papain was kindly provided by Dr. Irena Ekiel
and Dr. Shi Yi Yue at this laboratory (BRI). To generate
this model, the a-carbon coordinates for an N-terminally
truncated form of chicken cystatin (starting with Gly-9) had
been reconstructed by digitalization of a structure stereo
drawing [Figure 5 in Laber et al. (1989)]. Based on
information of the crystal structure (Bode et al., 1988) and
with the software Xplor (Briinger et al., 1987), a full structure
could then be built. The model was refined using molecular
dynamics, mainly with hydrogen bond constraints. Using the
papain coordinates deposited at the Brookhaven Protein Data
Bank (Kamphuis et al., 1984), the cystatin molecule was
docked with papain as described in Bode et al. (1988).

Using this three-dimensional information, and the software
Sybyl (Tripos Inc., St. Louis, MO), the chicken cystatin
residues were exchanged for human cystatin C residues by
comparing the aligned sequences (Barrett et al., 1984).
Subsequently, the N-terminal portion was elongated by 10
residues to form the full-length inhibitor, and, using infor-
mation in Bode et al. (1988, 1990) and also from the crystal
structure of the complex of human cystatin B with papain
(Stubbs et al., 1990), residues 9-12 were modeled to form a
type II B-turn and also a series of hydrogen bonds with the
enzyme. In this process, constrained energy-minimization
was performed, in which the force field provided with Sybyl
was used and the electrostatic contributions to the potential
energy were excluded. Finally, based on information on the
structure of human liver cathepsin B (Musil et al., 1991) and
with the aligned sequence of rat cathepsin B as a reference
(Chanetal., 1986), residues in the papain structure comprising
the S, subsite were exchanged for rat cathepsin B residues.
The final structure was subjected to energy-minimization to
eliminate any atomic overlap the mutation process may have
caused.

The docked cystatin model served mainly as an anchor point
for building the N-terminal segment, thereby localizing its
possible interactions with the enzyme to the unprimed subsites.
Similarly, the manipulated papain structure was used as a
guiding tool to define and locate the S; subsite of cathepsin
B as it might occur when this enzyme is in complex with
cystatin C. Therationality for this may be questionable, since
the presence in cathepsin B of the so-called “occluding loop”,
which partly shields the active site, does not allow cystatin to
bind to cathepsin B as it does to papain (Musil et al., 1991).
However, it is suggested that most of the potential steric
hindrance is evaded if the inhibitor is bound slightly tilted and
rotated relative to the active-site cleft, as compared to the
situation when it is bound to papain. While this difference
in the binding mode would involve the position of the “first
and second hairpin loops” (Bode et al., 1988), the manner by
which the V-terminal region interacts with the two proteinases
is probably very similar.

Proteins. Native human cystatin C, expressed in Escher-
ichia coli (Abrahamson et al., 1988; Dalboge et al., 1989),
was purified asin Lindahl et al. (1992a). However, no freeze-
drying took place before storage. The VallQArg variant of
the inhibitor was generated by oligonucleotide-directed mu-
tagenesisin a PCR procedure, which will be described in detail
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elsewhere (M. Abrahamson and A. Hall, unpublished
experiments). Briefly, a Clal-Ncol fragment containing the
coding sequence for the OmpA signal peptide and cystatin C
residues 1-15 was removed from the expression vector
pHD313, which has previously been used for production of
native cystatin C with full biological activity in E. coli
(Abrahamson et al., 1988). The intact pHD313 was used as
a template for a PCR using a primer pair corresponding to
sequences upstream of the Clal site and encompassing the
Ncol site, respectively. The downstream primer also encom-
passed the codon for residue 10, thereby allowing exchange
of the normal Val-10 codon within the amplified fragment for
an Arg codon. The PCR product was cleaved with Clal/
Ncol and ligated into the Clal/Ncol-cut plasmid. The
mutation introduced thereby was verified by nucleotide
sequencing of both strands of the cystatin C gene insert, in
the expression plasmid present in the E, coli MC1061 subclone
selected for VallOArg cystatin C expression after CaCl,-
mediated transformation. The cystatin variant was produced
and purified as described for the native form above.

Recombinant wild-type, Glu245Gln, and Glul71Gln rat
cathepsins B (EC 3.4.22.1) were expressed in yeast as a-factor
fusion constructs (Rowan et al., 1992) and purified from the
culture medium using an agarose—aminohexyl-Gly-Phe-Gly-
semicarbazone resin (Rich et al., 1986; Fox et al., 1992). All
constructs used contained the mutation Serl15Ala which
removes the consensus sequence for V-linked oligosaccharide
substitution in the active enzyme. Site-directed mutagenesis
was carried out by the method of Kunkel (1987). The
preparation of mutation Glu245GIn has been described
previously (Hasnainetal., 1993). Forthechange Glul71Gin,
the oligonucleotide CAAAAATGGCCCAGT
CCAAGGTGCTTTTACTG was used, where the altered
bases are underlined. This modification introduces a Styl
site which was used to screen for mutant clones. The three
purified enzyme variants were stored at 4 °C as 2,2’-dipyridyl
disulfide inactivated forms, and were reactivated at room
temperature 15 min prior to use by diluting stock enzyme into
buffer containing 1 mM dithiothreitol.

Papain (EC 3.4.22.2) was purified from 2X crystallized
papain (type III; Sigma, St. Louis, MO) by affinity chro-
matography on a mercurial agarose column (Sluyterman &
Wijdenes, 1970), and was activated with 8-mercaptoethanol
following gel chromatography on Sephadex G-15 (Pharmacia-
LKB, Uppsala, Sweden). The preparations had a thiol content
of 0.9-1.0 mol/mol of enzyme, as determined by reaction
with 5,5’-dithiobis(2-nitrobenzoic acid) (Ellman, 1959; Blum-
berg et al., 1970).

Equilibrium and kinetic measurements were performed at
25.0 £ 0.1 °C in a SPEX Fiuorolog-2 spectrofluorometer
F111AI(SPEX Industries, Inc., Edison, NJ). Cellswith 1-cm
path lengths were used.

Titrations of active papain with recombinant cystatin C
forms, for the determination of binding stoichiometries, were
monitored by the decrease of fluorescence emission intensity
accompanying the interactions and have been described
previouslyin Lindahl et al. (1988, 1992a). Successive volumes
(5 uL) of 45-47 uM cystatin C were added to 1 uM papain
(2.5 mL) in 0.1 M NaHPO,/0.025 M NaCl, pH 6.0,
containing 1 mM ethylenediaminetetraacetic acid (EDTA),!

! Abbreviations: EDTA, ethylenediaminetetraacetic acid; PAGE,
polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate; Z-Phe-
Arg-MCA, carbobenzoxy-L-phenylalanyl-L-arginine 4-methylcoumarinyl-
7-amide.

Lindahl et al.

and fluorescence was measured at the wavelength of the
maximum change (350 nm).

Equilibrium and kinetic data for the interactions between
wild-type or mutant forms of cystatin C and wild-type or
mutant forms of cathepsin B or native papain were obtained
by measuring progress curves for substrate hydrolysis in the
presence of inhibitor. In experiments with cathepsin B
variants, a 15 uM sample of the fluorogenic substrate Z-Phe-
Arg-MCA (Peptide Institute, Osaka, Japan) in 0.1 M Na,-
HPO,/0.025 M NaCl, pH 6.0, containing 1 mM EDTA, 3%
dimethyl sulfoxide, 1 mM dithiothreitol, and 0.01% poly-
ethylene glycol was mixed with different concentrations (0.25—
250nM) of inhibitor ina final volume of 2.5mL. Thereactions
were started by addition of 25-200 pM enzyme ([E] <« [I])
in a negligible volume. In experiments with papain, 10 uM
Z-Phe-Arg-MCA in 0.05 M Na,HPOQ,/0.2 M NaCl, pH 6.5,
containing 5 mM EDTA, 10% acetonitrile, 100 uM dithio-
threitol, and 0.01% polyethylene glycol reacted with 20-25
pM enzyme in the presence of 0.28-2.5 nM inhibitor ([E] «
{I]). After the reactions were started, product formation was
monitored by fluorescence, the excitation and emission
wavelengths being 380 and 440 nm and the corresponding
bandwidths 1.9 and 1.9-19 nm, respectively. In all experi-
ments, measurements started about 10 s after enzyme addition,
and continued until >90% of the reaction had taken place.
For each experiment, this was checked in retrospect by
calculation from the observed pseudo-first-order association
rate constant (see below). The rate decrease due to enzyme
instability or substrate depletion was never more than 2%, as
deduced from appropriate blank samples, i.e., from reactions
performed without inhibitor.

Estimates of vg and vy, the initial and final rates of substrate
cleavage, and kqs, the observed pseudo-first-order association
rate constant for the inhibition, were obtained by nonlinear
least-squares regression (using Enzfitter, Elsevier-Biosoft,
Cambridge, U.K.) of the progress curve data (approximately
200 data points/curve) (Cha, 1975) to

[P] = vt + (vy - v)(1 —e o) K,

in which [P] is the concentration of product formed and ¢ is
time. The experiments were all conducted with [S] « Kp,,
and therefore correction terms for substrate competition could
be omitted in the equations used to further evaluate the data.
By fitting of the parameters obtained to

vo/vs— 1 = [1]/K;

where [I] denotes the molar concentration of the inhibitor,
values of K;, the inhibition constant, could be obtained
(Morrison, 1982). For all interactions studied, vy was
independent of inhibitor concentration and equal to the rate
obtained in the absence of inhibitor. Also, kobs was linearly
dependent on inhibitor concentration. These observations
indicate that under the conditions used, the interactions
followed the mechanism E + [ = EI; i.e., the combination of
enzyme and inhibitor occurred as a simple, reversible,
bimolecular reaction (Morrison, 1982). According to this
mechanism, the linear dependence of kg, on inhibitor
concentration is described by

Kops = k_y + ki (1]

obs

from which k_; and k41, the dissociation and association rate
constants, respectively, could be obtained.
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Data for estimation of the Michaelis constant, Kp,, of the
cathepsin B variants for the substrate under the experimental
conditions used were obtained by measurements without
inhibitor and with substrate concentrations varying from 0 to
100 uM. Nonlinear least-squares regression (using Enzfitter)
to the Michaelis—Menten equation gave values >150 uM for
all cathepsin B forms. For papain, a K, value of 89 uM has
been determined by Khouri et al. (1991a) under the same
experimental conditions as in this study.

Protein Concentrations. Cystatin C and papain concen-
trations were determined by absorption measurements at 280
nm as described in Lindahl et al. (1992a). The molar
absorption coefficient for wild-type cystatin C was used also
in calculations of molar concentrations of the Val10Arg form
of the inhibitor. For all cathepsin B variants, concentrations
were determined by active-site titration with 1-[[NV-(L-3-trans-
carboxyoxirane-2-carbonyl)-L-leucyl]amino]-4-guanidino-
butane (E-64) (Barrett & Kirschke, 1981).

Miscellaneous Procedures. Agarose gelelectrophoresis was
performed as in Jeppsson et al. (1979). SDS-PAGE with
reducing agent (Laemmli, 1970) was done with 20% (w/v)
gels. The N-terminal sequence of the cystatin C variant was
obtained from about 100 pmol of purified inhibitor by
automated Edman degradation performed on a Model 470A
gas-phase sequencer equipped with an on-line Model 120A
phenylithiohydantoin analyzer (Applied Biosystems, Inc.). The
general protocol of Hewick et al. (1981) was employed, using
the O3RPTH program.

RESULTS

Conclusions from Model Building. A computer model
showing how the NV-terminal region of cystatin C may interact
with the S; subsite of cathepsin B was built starting from a
digitalized stereo structure drawing of an N-terminally
truncated form of chicken cystatin and from the generally
available structure coordinates of papain. From the model
obtained, the following proposal could be made: in a complex
between cystatin C and cathepsin B, the residue preceding the
conserved Gly in the inhibitor, Val-10, is situated at the S,
subsite of the enzyme, the side chain being oriented so that
it may interact with hydrophobic enzyme residues at this
subsite. As expected, this agrees with the suggestions based
on the docking model of chicken cystatin and papain (Bode
etal., 1988, 1990), and is consistent with the structure of the
complex of human cystatin B and papain (Stubbs et al., 1990).
A possible way to inquire into the validity of this proposal was
revealed by manipulation of the present model. Thus, the S,
subsite of cathepsin B, as opposed to other cysteine proteinases
in this class, is characterized by a tolerance for a positively
charged substrate residue such as an Arg. When Val-10 in
the model was replaced by an Argresidue, its side chain could,
by intuitive modeling and energy-minimization, be oriented
deep into the S; subsite. As can be seen in Figure 1, no major
atomic overlap seems to occur. Interestingly, the positively
charged Arg side chain could also make electrostatic contact
with one or both of the negatively charged residues, Glu-245
and Glu-171 (corresponding to Ser-205 and Ser-131, respec-
tively, in papain), which potentially form part of the S, subsite.

Analyses of Vall0Arg Cystatin C. A cystatin C variant
with the Val-10 residue replaced by Arg was produced by
expression in Escherichia coli. DNA sequencing of the entire
cystatin C gene insert in the expression plasmid used was
consistent with the single mutation Vall 0Arg, and N-terminal
protein sequencing of the first 19 residues of the purified protein
also gave the expected sequence. The protein showed one

Biochemistry, Vol. 33, No. 14, 1994 4387

band in SDS-PAGE with reducing agent, the mobility
comparable to that of native cystatin C. Bands in agarose gel
electrophoresis were consistent with the protein having one
additional positive charge compared to the wild-type form.
Nosignificant impurities or proteolytic cleavage products could
be detected in the /N-terminal sequence analysis or in the
electrophoretic analyses.

Spectroscopic studies on chicken cystatin have indicated
that removal of the N-terminal region does not detectably
alter the three-dimensional structure of this protein and that
the truncated inhibitor interacts with papain in a manner
comparable to intact inhibitor (Lindahl et al., 1992b). This
is consistent with the X-ray crystallographic studies, in which
it is suggested that the N-terminal region does not take part
in stabilization of the tertiary structure of the inhibitor, but
extends freely into solution (Bode et al., 1988, 1990). Since
comparative studies on cystatin C and chicken cystatin have
indicated that the mechanisms of the interactions with cysteine
proteinases are identical or highly similar (Lindahl et al.,
1992a), it can be assumed that the Vall0Arg substitution in
the N-terminal region of cystatin C does not cause significant
perturbations of the remainder of the binding surface. The
differences in affinity and kinetics observed in this work when
wild-type or VallOArg cystatin C interact with cysteine
proteinases should therefore reflect how the N-terminal region
of the inhibitor contributes to the binding. This proposal is
also supported by preliminary NMR studies, which show that
2D spectra of Vall0Arg and wild-type cystatin C are highly
similar; i.e., nosignificant shift in peak positions and intensities
can be seen (Dr. Irena Ekiel, personal communication).

Stoichiometry of Interaction with Papain. Fluorescence
titrations of papain with wild-type or Vall0Arg cystatin C
gave apparent stoichiometries of 0.98 and 1.14 mol of inhibitor/
mol of enzyme, respectively. The value for the wild-type form
shows that the inhibitor was fully active in binding cysteine
proteinases, while the value for the Vall0Arg variant indicates
that the preparation of VallOArg cystatin C may have
contained small amounts of material that did not bind to the
proteinase. However, the presence of this material would not
have influenced the analyses in this work to any appreciable
extent. Inthetitrations, the relative decrease in fluorescence
emission at saturation of proteinase with inhibitor (Lindahl
et al,, 1992a) was 0.41 and 0.43 for wild-type and Vall0Arg
cystatin C, respectively. This is compatible with previously
obtained values for the wild-type form (Lindahl et al., 1992a),
and it gives further support to the proposal that the general
mode of binding to proteinases is unaffected by the amino
acid substitution in the N-terminal region of the inhibitor.

Affinity and Kinetics of Interaction with Cathepsin B
Variants. Based on the conclusions from computer modeling,
the possible interaction of Val-10 of cystatin C with the S,
subsite of cathepsin B could be explored experimentally. In
principle, this was done by characterizing how VallOArg
cystatin C interacts with cathepsin B in which different specific
substitutions in the S, subsite had been made. Thus, two
cathepsin B variants, with the amino substitutions Glu245Gin
and Glul71Gln , respectively, were produced and purified.
The two enzyme forms have previously been shown to be
catalytically active (Hasnain et al., 1993; S. Hasnain and J.
S. Mort, unpublished experiments), indicating that the single
substitutions within the S, subsite do not cause significant
perturbation of the active-site geometry.

To determine the equilibrium and kinetic parameters for
the different cystatin C/cathepsin B variant pairs, progress
curves for substrate hydrolysis were measured in the presence
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(a)
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FIGURE 1: Computer-generated model of the interaction between the N-terminal region of Vall0Arg cystatin C and the S, subsite of wild-type
cathepsin B. (a) The model is viewed along the enzyme active-site cleft (thin lines), with the S, subsite in the foreground. In the middle and
coming from above, the segment Pro;-Arg-Leu-Arg-Gly-Gly-Pro-Met-Asp;s of the cystatin C variant is seen (thick lines), the foremost residues
being closest to the N-terminus. The side chains of the catalytic cysteine (Cys-29, on the left wall of the cleft), the two Glu residues in the
S; subsite cavity (Glu-171 below, Glu-245 in the front), and the Arg that replaces Val-10 in the inhibitor (in the center) are all drawn with
extra thick lines. For emphasis, the hydrogen atoms of the Arg-10 guanidinium group have been included. (b) The same model is seen from

the side; i.e., it has been rotated 90° to the right along the y-axis.

20 " i P —_ N " -

(@) (b)

volvg - 1

0

150 200 250
[Val10Arg cystatin C] (nM)

o f 2z 3 4 5 6

[wild-type cystatin C] (nM)
FIGURE 2: vp/v, — 1 vs inhibitor concentration for the interactions
between wild-type or mutant forms of cystatin C and wild-type or
mutant forms of cathepsin B. (a) Interactions between wild-type
cystatin C and (O) wild-type, (A) Glu245GlIn, and (Q) Glu171GlIn
forms of cathepsin B. (b) Interactions between Vall0Arg cystatin
C and (@) wild-type, (4) Glu245Gin, and (&) Glul71GIn forms of
cathepsin B. vy, initial rate; v;, final rate.

of inhibitor. The inhibition constants were obtained from the
slopes of the fitted lines in Figure 2. Schematicrepresentations
of the studied interactions are presented in Figure 3, with the
determined K; values shown to the left in each representation.
The value of 0.28 nM for the wild-type/wild-type interaction
(upper leftmost interaction) is consistent with values obtained
by others, for either rat or human enzyme and using similar

techniques (Barrett et al., 1984; Popovic et al., 1990;
Abrahamsonetal,, 1991; L. Bjork, unpublished experiments).
By comparison of the Kj values in the scheme, it can be seen
that when Vall0Arg cystatin C is used as inhibitor, replacing
cathepsin B with Glu245GIn cathepsin B results in a 31-fold
increase in K; (lower two leftmost interactions). However,
with the wild-type form of the inhibitor, the same substitution
inthe enzyme increases K; less than 2-fold (upper two leftmost
interactions). Sincethesidechainsof Gluand Glnareisosteric,
the exchange of Glu-245 for a Gln effectively results in the
removal of a negative charge. This loss of charge significantly
reduces the binding energy if the Arg side chain is present in
the inhibitor, while having a minor effect only when the wild-
type form wasused. Itisthereforeconcluded thatina complex
between VallOArg cystatin C and wild-type cathepsin B, the
additional positive charge introduced by the Arg side chain
is interacting with the negative charge of Glu-245 in the
enzyme.

Conversely, there is no marked difference in how the
inhibition constant is affected when the corresponding set of
experiments is made using the other enzyme variant,
Glul71Gln cathepsin B. Thus, with Val10Arg cystatin C,
the effect on K is iess than 2-fold (lower left and right), and
when wild-type cystatin Cis used, the K;value is experimentally
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FIGURE 3: Schematic representations of proposed interactions between the N-terminal region of wild-type or mutant forms of cystatin C and
the S, subsite of wild-type or mutant forms of cathepsin B. Only side chains that were subjected to site-specific mutagenesis are drawn, and
all substitutions are named in boldface type. Determined K; values are shown to the left in each representation.
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[wild-type cystatin C} {nM}

FIGURE 4: Observed first-order rate constants (ko) vs inhibitor
concentration for the interactions between wild-type or mutant forms
of cystatin C and wild-type or mutant forms of cathepsin B. (a)
Interactions between wild-type cystatin C and (O) wild-type, (A)
Glu245Gln, and (O) Glul71Gln forms of cathepsin B. (b) Inter-
actions between VallOArg cystatin C and (@) wild-type, (A)
Glu245GlIn, and (@) Glul71GlIn forms of cathepsin B.

the same as that for the wild-type enzyme (upper left and
right). The result indicates that in a complex between
Vall0Arg cystatin C and wild-type cathepsin B, there is little
or no interaction between the Arg and Glu-171.

Values for association and dissociation rate constants were
derived from the data in Figure 4 and are summarized in
Table 1. In most cases, the intercepts of the regression lines
on the ordinate were experimentally indistinguishable from
zero (Figure 4), precluding a determination of values for the
dissociation rate constant. However, since Ki = k_;/k+i,
dissociation rate constants could also be calculated from k4,
and K; and are included in the table. For the reaction of
wild-type cystatin C with wild-type cathepsin B, the association
rate constant was 1.1 X 105 M-! s-1, This is about 10-fold
lower than that obtained in Abrahamson et al. (1991), but
similar to a value of 1.4 X 108 M-! s~! obtained by Bjérk et
al. (personal communication). The association rate constant
for Glul71Gln cathepsin B is very similar to that of the wild-
type enzyme. Since the Kj values are also approximately the
same, this results in statistically identical equilibrium and

kinetic constants and indicates that the Glu171Gln mutation
has no effect on the interaction of wild-type cystatin C with
the enzyme. The small effect of the inhibition constant, from
0.28 to 0.52 nM, observed for the Glu245GIn mutation
apparently results from both a somewhat lower association
rate constant and a small increase in the dissociation rate
constant.

The Vall0Arg substitutionin cystatin C clearly affects both
rate constants in interactions with wild-type cathepsin B. Thus,
the association rate constant decreases 5-fold, and the
dissociation rate constant increases 3-fold. Similar effects on
the rate constants, an 8-fold decrease and a 3-fold increase,
respectively, are seen when Glul71Gln cathepsin B is used.
Thus, for both of these enzyme forms, the presence of the Arg
in the inhibitor seems to both reduce the possible ways the
N-terminal segment can orient when it collides with the enzyme
and also increase the tendency for the complex to dissociate.
When Glu245Gln cathepsin B is used, the association rate
constant decreases 58-fold. However, the effect on the
dissociation rate constant is only an approximately 4-fold
increase, essentially the same effect as seen for the other two
enzyme variants. Thus, the decreased affinity caused by the
Glu245GIin substitution seems to result mainly from an
additional decrease in the association rate. This indicates
that, when the Arg is present in the inhibitor, the removal of
the negative charge on Glu-245 further reduces the possible
orientations of the N-terminal segment that are favorable for
association of the two proteins.

Affinity and Kinetics of Interaction with Papain. The
affinity between wild-type cystatin C and papain was too tight
to be determined by the equilibrium method used in this work.
An upper limit value of ~5 pM for the inhibition constant
could be estimated from the data obtained, consistent with
limit values obtained for very tight interactions and by similar
techniques in other laboratories (Nicklin & Barrett, 1984;
Auerswaldetal., 1992; Halletal., 1993). Usingrapid-kinetic
fluorescence measurements and displacement experiments, a
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Table 1: Equilibrium and Kinetic Data for the Interactions between Wild-Type or Mutant Forms of Cystatin C and Wild-Type or Mutant

Forms of Cathepsin B¢

cystatin C/cathepsin B K; (nM) k+ (M-1s71) koy (s71) k_i(calculated) (s-!)
wild-type/wild-type 0.28 £ 0.02 (8) (1.1 £0.1) X 106 (9) ND 3.1x10%
wild-type/Glu245GlIn 0.52+0.03 (8) (7.0 £0.5) X 105 (11) ND 3.6x 104
wild-type/Glul71Gln 0.30 = 0.01 (8) (1.0 £ 0.0) X 106 (11) ND 3.0x 104
Vall0Arg, wild-type 4203 (13) (2.3 £0.1) X 105 (13) ND 9.7 X 10~
Vall0Arg/Glu245GIn 130 £ 10(12) (1.2£0.3) X 104 (13) (1.5£0.4) x 10-2 (13) 1.6 X 10°3
VallOArg/Glul71GIn 7.1 0.6 (12) (1.2+£0.1) X 105 (12) (1.0 £0.5) X 1073 (12) 8.5x 104

a The data were obtained by measuring progress curves for substrate hydrolysis in the presence of inhibitor at 25 °C, pH 6.0, = 0.15. In each
experiment, 15 uM Z-Phe-Arg-MCA ([S] « Kn) reacted with 25-200 pM enzyme in the presence of 0.25-250 nM inhibitor ([E] « [I]). Values
of K; were obtained from the slopes of the plots in Figure 2. Association rate constants (k+1) and dissociation rate constants (k_;) were obtained from
the slopes and intercepts of the plots in Figure 4, respectively. Values of k_; were also calculated from k4 and K;. Measured values are given with
their 95% confidence limits and with the number of measurements in parentheses. ND, not determined.
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FIGURE 5: vo/vs — 1 vs inhibitor concentration for the interactions

between Vall0Arg cystatin C and papain. vy, initial rate; v,, final
rate. The dashed line denotes the slope giving a K; = 5 pM.
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FIGURE 6: Observed first-order rate constants (ko) vs inhibitor
concentration for the interaction between wild-type or mutant forms
of cystatin C and papain. (0) Wild-type cystatin C; (®) VallOArg
cystatin C.
precise value of 11 fM for Ky, the dissociation equilibrium
constant, was recently determined for this interaction (Lindahl
et al., 1992a). In contrast to the wild-type/wild-type inter-
action, an accurate inhibition constant for the interaction of
Vall0Arg cystatin C with papain could be obtained (Figure
5), giving a value 0f 0.13 £0.01 nM (95% confidence interval,
n = 11). Thus, on the basis of the wild-type Ky value of 11
fM, the single Vall0Arg mutation in cystatin C causes a
12 000-fold decrease in affinity for papain.

The association rate constant for the wild-type cystatin
C/papain interaction, as obtained from data in Figure 6, was
(4.1 £ 0.4) X 106 M~ 57! (95% confidence interval, n = 6),
appreciably lower than 11 X 109 M-1s-! determined previously
by rapid-kinetic methods and at a slightly higher pH (Lindahl
et al., 1992a). For the Vall0Arg cystatin C/papain inter-
action, the association rate constant was (3.5 + 0.3) X 106
M-! 57! (95% confidence interval, n = 11), which together
with the 0.13 nM K; value gives a calculated dissociation rate
constant of 4.6 X 104 s-!, Apparently, since the assaciation

rate constant is essentially unaffected by the VallOArg
mutation in cystatin C, the 12 000-fold decrease in affinity
is almost completely due to an increase in the dissociation
rate.

DISCUSSION

Several studies have shown that residues in the /V-terminal
region of family II cystatins contribute to the binding energy
when these inhibitors form a complex with their target enzymes
(Abrahamson et al., 1987, 1991; Machleidt et al., 1989;
Popovic et al., 1990; Lindahl et al., 1992b). X-ray crystal-
lographic studies suggest that this region of the inhibitors is
able to utilize one or more of the unprimed substrate-binding
subsites in the enzyme (Bode et al., 1988, 1990), although the
evidence has not been definitive. In thisstudy, anexperimental
strategy was developed based on conclusions derived from
computer modeling, i.e., the interaction of Val-10 in cystatin
C with the S, subsite of cathepsin B. Thus, from the model
it was predicted that in the actual complex between cystatin
C and cathepsin B, replacement of wild-type inhibitor with
a Vall0Arg variant should introduce favorable electrostatic
interactions between the guanidium group of the inserted Arg
residue and one or both of the Glu-245 and Glu-171 side
chains which form part of the S, subsite. Also, this contribution
to the binding energy should be significantly reduced if any
Glu interacting with the Arg is exchanged for a Gln, because,
while the size would be essentially identical, there would be
a loss of the negative charge on this side chain. Since any
changes in the binding energy would be reflected by changes
in equilibrium and kinetic constants, these predictions could
be tested experimentally by characterizing and comparing
the interactions between all combinations of wild-type or
Val10Arg cystatin C and wild-type, Glu245GIn, or Glu171Gln
cathepsin B. The results obtained by this characterization
indeed indicate that in a complex between Vall0Arg cystatin
C and wild-type cathepsin B, the additional positive charge
introduced by the Argside chainis interacting with the negative
charge of Glu-245 in the enzyme. Consequently, since Glu-
245 is located in the S; subsite, the Arg side chain is most
probably bound at this location, i.e., the cystatin variant
interacts in a substratelike manner with this region of the
enzyme. Assuming that the backbone orientation of the
N-terminal segment is the same as when the original Val is
present, the results strongly suggest that when native cystatin
C is bound to cathepsin B, Val-10 in the inhibitor is situated
at the S, subsite of the enzyme and that, while its side chain
does not reach as deeply as that of an Arg, it interacts with
hydrophobic enzyme residues present at this site. This
interpretation is consistent with the X-ray crystallography
studies on chicken cystatin (Bode et al., 1988, 1990) and on
the complex between human cystatin B and papain (Stubbs
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et al., 1990), since from these studies it could be suggested
that residues 9—12 in cystatin C form a type II S-turn when
the inhibitor binds to cathepsin B and such a turn should
restrict the possible locations and side chain orientations of
the Arg that replaces the Val-10. Moreover, the proposal of
substantial intermolecular contacts at this site is consistent
with the estimation that, in the complex of chicken cystatin
with papain, Leu-8 (corresponding to Val-10 in cystatin C)
accounts for as much as one-third of the binding energy that
is contributed by the N-terminal region of this inhibitor
(Lindahl et al., 1992b).

Theresults obtained in this study also show that the inserted
Arg side chain distinguishes between Glu-245 and Glu-171,
since the Glu171Gln mutation in cathepsin B had little or no
effect on the binding to Vall0Arg cystatin C. With respect
to the computer model, when Vall0Arg cystatin C binds to
cathepsin B, the Arg side chain probably adopts a bent
conformation, directed away from Glu-171 and toward Glu-
245. In this way, it interacts in the same manner as has been
suggested for the interaction between cathepsin B and synthetic
substrates having Arg at the P, position (Khouriet al., 1991b;
Hasnain et al., 1993). However, it cannot be ruled out that
Glu-171, situated rather deeply into the subsite cavity and
surrounded by hydrophobic sidechains, is protonated at pH
6, the pH at which the present experiments were performed.
If so, the Arg side chain could be oriented more closely to the
protonated Glu-171 without producing any significant change
in the K value.

Previously, a K; value of 101 nM has been reported for the
interaction between wild-type cathepsin B and an N-terminally
truncated form of cystatin C, starting with Gly-11 (Abra-
hamsonetal., 1991). Interestingly, this value is similar to the
present value of 130 nM for the interaction of VallOArg
cystatin C with Glu245GIn cathepsin B. This points to the
possibility that, when the Arg residueis present in the inhibitor
and the Glu-245 in the enzyme has been changed to a Gln,
the N-terminal region of the inhibitor is completely displaced
from its contact sites with the enzyme and therefore no longer
contributes to the binding. If that is the case, the 31-fold
increase in Kj caused by the Glu245GIn substitution reflects
the loss of affinity when the N-terminal region no longer
contributes, rather than a local repulsion around the Arg side
chain. Nevertheless, whichever is the reason for the observed
decreasein affinity, the fact that it is caused by a single amino
acid substitution in the S, subsite is best explained by the Arg
being accommodated in the subsite when the original Glu is
present.

The K; value for the binding of VallOArg cystatin C to
wild-type cathepsin B is increased 15-fold when compared to
the value for wild-type cystatin C (upper and lower left
interactions in Figure 3). A comparable effect, a 24-fold
increase in K, is seen for Glu171Gln cathepsin B (upper and
lower right). The reason for this decrease in affinity could
be that the charged guanidium group on the Arg side chain
in the cystatin variant is surrounded by loosely bound water
molecules, and must be partially or wholly desolvated in order
to be accommodated in the S, subsite. Also, since several
hydrophobic amino acid residues are present at this subsite,
and since Val-10 is preceded by a Leu in the cystatin C
sequence, the replacement of a branched Val side chain with
an unbranched Arg side chain may result in a loss of some
inter-and/or intramolecular hydrophobic packing around the
B-carbon of thisresidue. A third possibility is that these effects
result from changes in the general mode of binding, caused
by, but not confined to, the inserted Arg residue. Regardless
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of what causes the increase in Kj, it is taken into account when
comparing how the substitutions in the enzyme affect the
interaction. Thus, for Glu245GIn cathepsin B (upper and
lower middle), the 250-fold increase in X; for the Vall0Arg
cystatin C can be regarded as a combination of a 15-fold
increase as seen for the wild-type enzyme and an additional
17-fold increase due to the weaker interaction of the Arg side
chain with the neutral Gln side chain. This 17-fold loss of
binding affinity due to the loss of the electrostatic interaction
between the Arg and the Glu of the wild-type cathepsin B is
comparable with an 18-fold decrease in k,/ Ky measured for
the hydrolysis of a substrate with Arg in Py, Z-Arg-Arg-
MCA, by the same Glu245GIn variant (Hasnain et al., 1993).
Thus, for both a small substrate and a protein inhibitor, the
replacement of an Arg—Glu by an Arg—Gln interaction results
in a loss of binding energy of approximately 1.7 kcal/mol.
This similarity also provides additional support for the
conclusion that the Arg side chain at position 10 of the
Val10Arg cystatin variant binds to the S, subsite of cathepsin
B in a substratelike manner.

The Vall0Arg substitution had a 12 000-fold effect on the
affinity of cystatin C for papain, which may be compared to
the 15-fold effect observed when wild-type cathepsin B was
used. Thus, the single VallOArg substitution differentially
affects the specificity of the inhibitor for the two cysteine
proteinases, which presumably reflects the importance of the
P; position in binding of the N-terminal region of cystatin C
to different cysteine proteinases. The differences in effects
is consistent with results from previous kinetic characteriza-
tions of papain and cathepsin B using synthetic substrates
(Khouri et al., 1991a). These studies indicate that papain
exhibits a strong preference (about 900-fold) for hydrophobic
side chains over basic side chains (i.e., Phe/Arg) in the P,
position of the substrate while this preference is much less
(about 4-fold) with cathepsin B. As in the case of cathepsin
B, previous interaction studies with truncated cystatin C gives
clues as to how the /V-terminal region in the inhibitor variant
may interact with papain. Thus, the X; value of 0.13 nM for
the interaction of VallOArg cystatin ¢ with papain is only
about 1 order of magnitude less than the value of 1-2 nM
obtained under similar conditions with cystatin C devoid of
the first 10 amino acid residues (Abrahamson et al., 1991;
Halletal,, 1993). Thissuggests that, when the Arg is present
in the inhibitor, its side chain is being poorly accommodated
inthe S, subsite of papain. Apparently, the /N-terminal region
of the inhibitor is to a large extent displaced from its contact
sites with the enzyme, making only limited contributions to
the binding.

The reaction of cystatin C and chicken cystatin with several
plant enzymes of the papain family, e.g., papain, actinidin,
and ficin, has previously been shown to be consistent with a
simple, reversible, bimolecular mechanism (Bjorketal., 1989;
Bjork & Ylinenjdrvi, 1990; Lindahl et al., 1992a). In the
case of the mammalian proteinases, there has so far been no
compelling evidence for this reaction model. Interactions with
cathepsin B in particular could be thought to follow a more
complex mechanism, since one or both proteins may have to
undergo structural rearrangements in order to overcome the
steric hindrance that the so-called “occluding loop” of cathepsin
Brepresents (discussed under Materials and Methodsinregard
to how the computer model was used). For all three cathepsin
B variants, the progress curve data obtained in this work were
consistent with the simple E + I = El mechanism and allowed
the use of a simple linear equation in obtaining the kinetic
parameters. Although this suggests that the way cystatin C
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interacts with cathepsin B is not fundamentally different from
the way it interacts with the plant enzymes, it is still possible
that kinetic analyses of this interaction at higher protein
concentrations would reveal a more complex, two-step binding
mechanism.

The results in this work support the speculation that when
family I cystatins inhibit their target proteinases, amino acid
residues near the N-terminus bind in a substratelike manner
to one or more of the unprimed substrate-binding subsites in
the enzyme. Also, the results imply that the specificity of
cystatins for different cysteine proteinases is partly determined
by the residues in this region. The study itself is an example
of the strategy of applying protein engineering to both of two
interacting proteins in order to characterize their interaction.
It also demonstrates how it was possible to use computer
modeling for experimental design, which encourages further
detailed studies on how cystatins interact with their target
proteinases.
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