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ABSTRACT: Replacement of the three N-terminal residues preceding the conserved Gly of cystatin A by
the corresponding 10-residue long segment of cystatin C increased the affinity of the inhibitor for the
major lysosomal cysteine proteinase, cathepsin B, by∼15-fold. This tighter binding was predominantly
due to a higher overall association rate constant. Characterization of the interaction with an inactive Cys29
to Ala variant of cathepsin B indicated that the higher rate constant was a result of an increased ability
of the N-terminal region of the chimeric inhibitor to promote displacement of the cathepsin B occluding
loop in the second binding step. The low dissociation rate constant for the binding of cystatin A to cathepsin
B was retained by the chimeric inhibitor, which therefore had a higher affinity for this enzyme than any
natural cystatin identified so far. In contrast, the N-terminal substitution negligibly affected the ability of
cystatin A to inhibit papain. However, substitutions of Gly75 in the second binding loop of cystatin A by
Trp or His, making the loop similar to those of cystatins C or B, respectively, increased the affinity for
papain by∼10-fold. This enhanced affinity was due to both a higher association rate constant and a
lower dissociation rate constant. Modeling of complexes between the two variants and papain indicated
the possibility of favorable interactions being established between the substituting residues and the enzyme.
The second-loop substitutions negligibly affected or moderately reduced the affinity for cathepsin B.
Together, these results show that the inhibitory ability of cystatins can be substantially improved by protein
engineering.

Cystatins are protein inhibitors of papain-like cysteine
proteinases (proteinase family C1) (reviewed in refs1-5).
Mammalian cystatins efficiently inhibit endogenous lysoso-
mal cysteine proteinases, e.g., cathepsins B, H, K, L, and S,
and are also known to inactivate cysteine proteinases released
by invading microorganisms and parasites. Human cystatins
A and B are representatives of family 1 cystatins, also called
stefins. Their single nonglycosylated polypeptide chains
consist of 98 amino acid residues and have no disulfides.
Cystatins A and B have been found primarily in the cytosol
of different cell types. Human cystatin C belongs to cystatin
family 2. It is a single-chain nonglycosylated protein of 120
residues with two internal disulfide bridges in the C-terminal
part of the molecule. Cystatin C has a broad, mainly
extracellular, distribution in the organism. Family 1 and 2
cystatins have homologous sequences and share a common
fold, comprising a five-stranded antiparallelâ-sheet wrapped
around a central five-turnR-helix (6-8).

Cystatins function primarily as emergency inhibitors (5)
and act by competitively and reversibly forming equimolar

complexes with their target proteinases. Inhibition is caused
by a wedge-shaped hydrophobic edge of the cystatin mole-
cule being inserted into the proteinase active-site cleft,
blocking access of substrates to the active site. This wedge
is formed by three structural elements, viz. the N-terminal
region, a first binding loop connecting the second and third
strands of theâ-sheet and a second binding loop between
the forth and fifthâ-strands (6-8). These three regions all
have residues or consensus motifs conserved in most
cystatins, comprising a Gly in the N-terminal region, a Gln-
Val-Val-Ala-Gly or similar sequence in the first binding loop
and a Leu-Pro or Pro-Trp sequence in the second binding
loop of family 1 and 2 cystatins, respectively (Figure 1).
The X-ray structure of a complex between cystatin B and a
cysteine proteinase, papain (7), shows that the three binding
regions establish a number of predominantly hydrophobic
contacts but also polar interactions with the proteinase.
Moreover, site-directed mutagenesis has demonstrated the
importance of several individual residues in these regions
of different cystatins for the interaction (9-18).

Computer docking of chicken cystatin, an avian cystatin
C analogue, with papain suggests that the enzyme-inhibitor
complex can form with no appreciable conformational
changes of either protein (6). Consistent with this observa-
tion, kinetic analyses have shown that cystatins bind to papain
and similar proteinases with open active sites in an apparent
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one-step reaction with a rate constant which for many
cystatins approaches that of a diffusion-controlled reaction
(19-23). However, cathepsin B, in which a peptide loop
partially occludes the active site, is inhibited by cystatins in
a two-step reaction. An initial binding of the cystatin
N-terminal region to the enzyme in the first step presumably
facilitates the occluding loop being displaced in the second
step, so that a tight complex can be formed (24, 25). A
similar dislocation of the mini-chain of cathepsin H appar-
ently occurs on binding of cystatins to this enzyme (26).

Adventitious release of endogeneous cysteine proteinases
has been implicated in a number of pathological conditions
(5, 27). Cathepsin B is one of the most abundant of such
proteinases (28), and its efficient inhibition therefore presum-
ably is of considerable pathophysiological importance.
Further characterization of the mechanism by which cystatins
inhibit cathepsin B should greatly facilitate the design of
improved inhibitors of this enzyme. Although cystatin C is
the best mammalian cystatin inhibitor of most cysteine
proteinases, including papain, cystatins A and C inhibit
cathepsin B with comparable affinities, whereas the affinity
of cystatin B for this enzyme is appreciably lower (1, 3, 11,
21, 23, 24, 29-32). The tight binding of cystatin C to
cathepsin B is maintained primarily by a high association
rate constant, whereas that of cystatin A is affected pre-
dominantly by a low dissociation rate constant, the associa-
tion rate constant being substantially lower than that for
cystatin C (1, 23, 24, 30, 31). This lower association rate
constant is due to a very slow rate of displacement of the
cathepsin B occluding loop by cystatin A in the second
binding step (25).

The background to these differences in the affinity and
kinetics of cathepsin B inhibition by cystatins has been
elucidated by site-directed mutagenesis in this work. The
three binding regions in cystatin A have been mutated to be
identical with or similar to the corresponding regions of
cystatin C. Moreover, the second binding loop of cystatin
A, which is the binding region differing mostly from the
corresponding region of cystatin B, has been altered to be
similar to that of the latter inhibitor. The effect of these
substitutions on the affinity of cystatin A for cathepsin B,
as well as for the model cysteine proteinase, papain, was
assessed. We find that grafting of the cystatin C N-terminal
region into cystatin A appreciably increases the affinity for
cathepsin B, primarily due to an increased association rate
constant. This increase was concluded to be due to a
considerably increased ability of the mutated cystatin A to
displace the occluding loop of cathepsin B in the second

binding step. The cystatin A chimera containing the cystatin
C N-terminal region was a better inhibitor of cathepsin B
than any of the natural cystatins. We further find that
introduction of essential features of the second binding loop
of either cystatin B or C into cystatin A improves the affinity
for papain by favorably affecting both the association and
dissociation rate constants.

MATERIALS AND METHODS

Construction of Expression Vectors for Cystatin A Vari-
ants.Vectors for expression of N-terminal mutants of human
cystatin A were generated by PCR-based mutagenesis of an
expression vector for wild-type cystatin A described earlier
(14, 23). The original vector carries successive sequences
coding for the signal peptide for the outer membrane protein
A (OmpA) of Escherichia coli, a His-tag1 and the recognition
site for enterokinase, followed by the cystatin A coding
sequence. The first three N-terminal residues of cystatin A
were replaced by either residues 1-10 or 8-10 of the
N-terminal region of human cystatin C (Figure 1). These
replacements were introduced by the downstream primers,
5′ -CACCAGGCGCGGCGGCTTGCCGGGACTG-
GACTTGTCGTCGTCGTCGATATGG for N(1-10)CC-
cystatin A and 5′-CACCAGGCGCTTGTCGTCGTCGTC-
GATATGG for N(8-10)CC-cystatin A, which encoded in
their 5′-ends the relevant segment of cystatin C (underlined).
The upstream primer, 5′-GCTCAGGCGACCATGGGCCAT-
CATCATC, was the same for both variants and contained
an NcoI cleavage site (in italics). The PCR products were
cleaved withNcoI, whereas the vector was digested with
bothNcoI andSmaI (14, 23). The purified DNA fragments
were then cloned into the cleaved vector so that the coding
sequences for the cystatin C N-terminal segments were
followed by the coding sequence of cystatin A from the
codon for Gly4.

Expression vectors for human cystatin A variants with a
V47I mutation in the first binding loop or G75H or G75W
mutations in the second binding loop (Figure 1) were
obtained by a two-step, PCR-based site-directed mutagenesis
procedure with the wild-type vector described above as tem-
plate, essentially as in previous work (17, 33). The mutations
were introduced by the mutagenic primers 5′-GAAGCTGT-
GCAGTATAAAACTCAAATTGTTGCTGGAAC (upstream)
and 5′-CTTAATGTAGTAATTTGTTCCAGCAACAAT -
TTGAGTTTTATAC (downstream) for V47I-cystatin A;
5′-CTTGAAAGTATTCAAAAGTCTTCCCCATCAAAA-

1 Abbreviations: app, subscript denoting an apparent equilibrium
or rate constant determined in the presence of an enzyme substrate;
C29A-cathepsin B, human cathepsin B variant in which Cys29 is
replaced by Ala; Chaps, 3-[(3-cholamidopropyl)dimethylammonio]-
propanesulfonate; DTT, dithiothreitol; G75H- and G75W-cystatin A,
human cystatin A variants in which Gly75 is replaced by His and Trp,
respectively; H110A/C29A-cathepsin B, C29A-cathepsin B variant in
which H110 is replaced by Ala; His-tag, 10 consecutive histidine
residues fused to an expressed protein;kass, bimolecular association
rate constant;Kd, dissociation equilibrium constant;kdiss, dissociation
rate constant;Ki, inhibition constant;kobs, observed pseudo-first-order
rate constant; Mes, 4-morpholineethanesulfonic acid; N(1-10)CC- and
N(8-10)CC-cystatin A, human cystatin A variants in which the three
initial amino-terminal amino acid residues are replaced by residues
1-10 and 8-10 of human cystatin C, respectively; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; V47I-
cystatin A, human cystatin A variant in which Val47 is replaced by
Ile.

FIGURE 1: Amino acid sequences of the N-terminal regions and
the first and second proteinase binding loops of human cystatins
A, B, and C. Cystatin A and B numbering is at the top and cystatin
C numbering at the bottom. The conserved residues found in most
cystatins or, in the case of the second binding loop, in cystatins
within either family 1 or 2 are in bold. Cystatin A residues mutated
in this work are underlined.
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TGAG (upstream) and 5′-GTAAGTACCAAGTCCTCATT-
TTGATGGGGAAGAC (downstream) for G75H-cystatin A;
5′-CTTGAAAGTATTCAAAAGTCTTCCCTGGCAAAA-
TGAG (upstream) and 5′-GTAAGTACCAAGTCCTCATT-
TTGCCAGGGAAGAC (downstream) for G75W-cystatin A.
(Codons for mutated residues are in bold and substitutions
in the coding sequence of cystatin A are underlined.) The
standard PCR primers, complementary to regions of the
plasmid flanking the cystatin A coding sequence, were the
same as in ref17. The final PCR product, containing the
whole coding sequence for the mutant cystatin A, and the
wild-type vector were cleaved withNcoI and BamHI (23),
and the purified PCR product was then ligated into the
cleaved vector.

Expression and Purification of Cystatin A Variants.The
expression vectors for the cystatin A variants were trans-
formed into competentE. coli, strain MC1061. The entire
cystatin A coding region of plasmids from a number of
individual colonies on ampicillin plates were sequenced for
identification of plasmids containing the desired mutant
sequences.

The recombinant cystatin A variants were expressed in
E. coli as described earlier (14, 23). The His-tagged proteins
were purified from periplasmic extracts (23) by immobilized-
metal affinity chromatography, either on Ni-NTA Agarose
(Qiagen, Hilden, Germany) (14) or TALON CellThru (Clon-
tech, Palo Alto, CA). The His-tag was cleaved off by
enterokinase (14), and the liberated cystatin A mutants were
isolated by rechromatography on the same affinity columns.
Preparations still contaminated by uncleaved His-tagged
proteins were repurified on a TALON Metal Affinity Resin
(Clontech) (17).

Other Proteins and Determination of Protein Concentra-
tion. Papain (EC 3.4.22.2) was purified and stored as inactive
S-(methylthio)-papain (34). The enzyme was>95% homo-
geneous in SDS-PAGE, had 0.95-1.00 mol of thiol groups/
mol of enzyme, and was fully active in binding chicken
cystatin (34). Human cathepsin B (EC 3.4.22.1) from liver
was purchased from Calbiochem (San Diego, CA). An
inactive recombinant variant of human cathepsin B, in which
the reactive-site Cys29 was replaced by Ala, was a gift from
Dr. J. S. Mort (Shriners Hospital for Children, Montreal,
Quebec, Canada). This C29A-cathepsin B form was>97%
homogeneous in SDS-PAGE and∼97% active in binding
to cystatins (25). Chicken cystatin (forms 1 and 2) was
isolated from egg white (34). Wild-type cystatin A, prepared
as in ref14, was>99.5% homogeneous in SDS-PAGE and
fully active in binding to papain.

Concentrations of all proteins except human liver cathepsin
B were calculated from the absorbance at 280 nm with the
use of molar absorption coefficients published previously (14,
23, 24, 34). The concentration of liver cathepsin B was
provided by the manufacturer.

Experimental Conditions.All binding experiments were
performed at 25.0( 0.2 °C. Papain and liver cathepsin B
were activated with 1 mM DTT in the reaction buffer for
10 min before analyses. Interactions with papain were studied
in 50 mM Tris-HCl, pH 7.4, containing 100 mM NaCl and
0.1 mM EDTA and, except in stoichiometric titrations and
displacement experiments, 1 mM DTT and 0.01% (w/v) Brij
35. The inhibition of active cathepsin B was analyzed in most
cases in 50 mM Mes-NaOH, pH 6.0, containing 100 mM

NaCl, 0.1 mM EDTA, 1 mM DTT, and 0.1% (w/v) poly-
(ethylene glycol) 6000, and in some cases also in this
standard Mes buffer containing in addition 0.1% (w/v) Chaps
(35). All measurements with active cathepsin B were
performed in poly(ethylene glycol) 20000-coated acrylic
cuvettes. The buffer in studies of the binding of N(1-10)-
CC-cystatin A to C29A-cathepsin B was the standard Mes
buffer without DTT (25).

Binding Stoichiometry.Stoichiometries of binding of the
cystatin A mutants to papain were determined by titrations,
monitored by the accompanying decrease of tryptophan
fluorescence and performed at least in duplicate, of 1µM
S-(methylthio)-papain with the inhibitors (34).

Inhibition Constants. Ki for inhibition of cathepsin B by
the cystatin A variants was obtained from the equilibrium
rates of cleavage of the fluorogenic substrate, carbobenzoxy-
L-arginyl-L-arginine 4-methylcoumaryl-7-amide (10µM;
Peptide Institute, Osaka, Japan), by the enzyme at different
inhibitor concentrations (36, 37). These concentrations were
g10-fold higher than the enzyme concentrations and were
varied from∼(1-4) × Ki to ∼(10-20) × Ki.

Kinetics of Inhibition of ActiVe Papain and Cathepsin B.
The kinetics of binding of the cystatin A variants to the two
proteinases were studied under pseudo-first-order conditions
in the presence of a fluorogenic substrate by continuously
monitoring the fluorescence increase (37). The substrate for
papain was 10µM carbobenzoxy-L-phenylalanyl-L-arginine
4 methylcoumaryl-7-amide (Peptide Institute), whereas that
for cathepsin B and its concentration were the same as in
theKi determinations. Concentrations of cystatin A variants
were g10 higher than enzyme concentrations and were
varied in a 10-20-fold range, up to∼2-8 nM and∼60-
600 nM for the inhibition of papain and cathepsin B,
respectively.

Stopped-Flow Kinetics.The rate of association of N(1-
10)CC-cystatin A with inactive C29A-cathepsin B was
analyzed by continuously monitoring the increase in intrinsic
tryptophan fluorescence accompanying complex formation
in a stopped-flow fluorometer (SX-17MV; Applied Biophys-
ics, Leatherhead, UK) (24, 25). Inhibitor concentrations were
10-fold higher than C29A-cathepsin B concentrations, ensur-
ing pseudo-first-order conditions.

Dissociation Kinetics. kdiss for complexes between the
cystatin A mutants and papain was determined by displace-
ment experiments, in which a large excess of chicken cystatin
was used to essentially irreversibly trap papain dissociating
from the complexes (19, 21). The initial complex concentra-
tions were 2.5-4.0 µM, with a molar ratio of the inhibitors
to papain of 1.1, and the molar ratio of chicken cystatin (form
2) to cystatin A mutants was 10-30. The slow dissociation
was followed for 100-150 h by measuring the increase in
the concentration of the newly formed chicken cystatin-
papain complex by ion-exchange chromatography on a 1 mL
MonoQ column (Amersham Biosciences, Uppsala, Sweden).

Miscellaneous Procedures.N-terminal sequences were
analyzed in an Applied Biosystems 477A Protein Sequencer.
Molecular masses were measured in a Kratos Kompact
MALDI 4 mass spectrometer (Kratos Analytical, Manchester,
UK) (17, 23). SDS-PAGE under reducing and nonreducing
conditions was done with the Tricine buffer system (38).

Modeling.A model of the complex between human wild-
type cystatin A and papain, developed previously from the
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X-ray structure of the human C3S-cystatin B-S-(carboxy-
methyl)-papain complex (7, 17), was used as a basis for
further modeling. This original model was derived by a
procedure involving optimizing the conformation of the
second binding loop of cystatin A in the complex. The model
was further refined by energy minimization with the program
Swiss-PdbViewer (url: http://www.expasy.ch/spdbv/) (39).
Structures of the complexes of G75H- and G75W-cystatin
A with papain were then derived by replacing Gly75 of
cystatin A in the model by His or Trp by the mutation facility
of the program. The two models so obtained were corrected
by the program facility “Quick and Dirty Fixing” of all side
chains in each complex and were refined by the program
facility “Exhaustive Search Fixing” and energy minimization.

RESULTS

Characterization of Recombinant Cystatin A Mutants.The
background to the differences in cathepsin B inhibition by
different cystatins was investigated by construction of
recombinant cystatin A variants with mutations in the three
polypeptide chain regions important for inhibition of target
proteinases. In two N-terminal mutants, N(1-10)CC- and
N(8-10)CC-cystatin A, the first three N-terminal residues
of cystatin A were replaced by all 10 or only the three
proximal residues, respectively, preceding the conserved
Gly11 in the N-terminal region of cystatin C (Figure 1). In
three other mutants, single amino acid replacements were
introduced in either the first or second proteinase binding

loops. The V47I mutation in the first binding loop made the
latter identical to the corresponding loop of cystatin C, while
the G75H and G75W mutations in the second binding loop
made this loop similar to the corresponding loop of cystatins
B and C, respectively (Figure 1).

The His-tagged recombinant variants were expressed in
E. coli, and the His-tag was removed by enterokinase.
Cleavage of His-tagged cystatin A variants with an unmodi-
fied N-terminal region, like the V47I, G75H, and G75W
mutants studied in this work, by enterokinase has been shown
previously to give an authentic N-terminus (14, 17). Se-
quencing of five residues of the N(1-10)CC and N(8-10)-
CC mutants confirmed proper cleavage also of these variants
and was consistent with the presence of the desired substitu-
tions in the N-terminal region. The molecular masses of all
mutants, measured by MALDI mass spectrometry, cor-
responded within 6 Da to the expected values, indicating
that the mutants had the correct lengths and sequences. All
cystatin A variants were>99.5% homogeneous in SDS-
PAGE and had a stoichiometry of binding toS-(methylthio)-
papain of 0.95-0.98, i.e., were essentially fully active in
binding of cysteine proteinases.

Binding Affinity.The affinity and kinetics of interaction
of the cystatin A variants with papain and cathepsin B were
characterized. The high affinity of all variants for papain
precluded a direct determination ofKd. Therefore,Kd for
these interactions was calculated fromkassandkdissmeasured
in separate kinetic experiments (Table 1; see also below).

Table 1: Dissociation Equilibrium Constants and Association and Dissociation Rate Constants for the Interaction of Recombinant Human
Wild-Type Cystatins and Cystatin A Variants with Papain and Human Cathepsin B at 25°Ca

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

papain cystatin A 1.8× 10-13 3.1× 106 5.5× 10-7

cystatin B 4.9× 10-14 9.7× 106 4.8× 10-7

cystatin C 1.1× 10-14 1.1× 107 1.3× 10-7

N(1-10)CC-cystatin A 1.3× 10-13b (2.74( 0.05)× 106 (9) (3.6( 0.3)× 10-7 (3)
[0.7] [0.9] [0.7]

N(8-10)CC-cystatin A 9.8× 10-14b (3.05( 0.02)× 106 (8) (3.0( 0.1)× 10-7 (3)
[0.5] [1] [0.5]

V47I-cystatin A 3.6× 10-13b (3.26( 0.02)× 106 (10) (1.17( 0.04)× 10-6 (3)
[2] [1.1] [2.1]

G75H-cystatin A 1.6× 10-14b (6.9( 0.2)× 106 (8) (1.1( 0.1)× 10-7 (3)
[0.1] [2.2] [0.2]

G75W-cystatin A 1.4× 10-14b (1.41( 0.02)× 107 (8) (2.0( 0.1)× 10-7 (3)
[0.1] [4.5] [0.4]

cathepsin B cystatin A 9.1× 10-10 3.9× 104 3.5× 10-5

(1.1( 0.1)× 10-9 (11)c (4.6( 0.2)× 104 (8)c 5.1× 10-5 c,d

cystatin B 1.8× 10-8 3.0× 105 5.4× 10-3

cystatin C 2.8× 10-10 2.4× 106 6.7× 10-4

N(1-10)CC-cystatin A e9.6× 10-11 (3) (3.70( 0.05)× 105 (12) e3.8× 10-5 d

[e0.1] [9] [e1.1]
(6.9( 0.4)× 10-11 (9)c (2.88( 0.07)× 105 (5)c 2 × 10-5 c,d

[0.06] [6] [0.4]
N(8-10)CC-cystatin A e2.4× 10-10 (4) (1.77( 0.05)× 105 (8) e4.2× 10-5 d

[e0.3] [4.5] [e1.2]
V47I-cystatin A (4.8( 0.3)× 10-9 (7) (3.59( 0.05)× 104 (8) 1.7× 10-4 d

[5.3] [0.9] [4.9]
G75H-cystatin A (1.55( 0.05)× 10-9 (6) (2.98( 0.07)× 104 (10) 4.7× 10-5 d

[1.7] [0.8] [1.3]
G75W-cystatin A (3.0( 0.2)× 10-9 (7) (7.0( 0.2)× 104 (8) 2.1× 10-4 d

[3.3] [1.8] [6]
a Experimental conditions are described in Materials and Methods. Analyses with cathepsin B were done in the standard Mes buffer, ex-

cept where indicated. Values determined experimentally in this work are given with the SEM and with the number of experiments in paren-
theses. Calculated values and values for wild-type cystatins, taken from previous work (21, 23, 24, 32) and shown for comparison, are given
without errors. Numbers in square brackets are relative values, calculated as the ratio of the corresponding constant to that for wild-type cystatin
A, measured under the same conditions.b Calculated fromkassandkdiss. c Measured in the standard Mes buffer containing 0.1% Chaps.d Calculated
from Ki andkass.
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None of the substitutions at the N-terminus, nor the V47I
mutation in the first binding loop of cystatin A, influenced
the affinity for papain to any essential extent. Importantly,
however, the G75H and G75W mutations in the second
binding loop led to a∼10-fold higher affinity for papain,
compared with that of wild-type cystatin A.

Kd for the complexes between the cystatin A mutants and
cathepsin B were determined asKi from the equilibrium rates
of cleavage of a fluorogenic substrate by the proteinase at
varying inhibitor concentrations (Table 1). Analyses with
N(1-10)CC- and N(8-10)CC-cystatin A in the conventional
Mes buffer used in previous work showed that both these
variants had a higher affinity for cathepsin B than the wild-
type inhibitor. However, as a consequence, only upper limits
of Kd could be estimated under these conditions, as cathepsin
B was not sufficiently stable during the long reaction times
necessary for accurate determinations. These upper limits
of Ki were>10- and>3-fold lower for the N(1-10)CC and
N(8-10)CC mutants, respectively, thanKi for the wild-type
inhibitor. Addition of 0.1% (w/v) of the zwitterionic detergent
Chaps (35) to the standard Mes buffer was found to
considerably, for up to 7 h, stabilize cathepsin B, so that
higher affinities could be measured.Ki for the binding of
wild-type cystatin A to cathepsin B was similar in the
presence and absence of Chaps, showing that this detergent
negligibly influences the affinity of the interaction.Ki for
N(1-10)CC-cystatin A measured under these conditions was
∼16-fold lower than that for wild-type cystatin A, revealing
a considerably higher affinity of the N(1-10)CC mutant than
of the wild-type inhibitor for cathepsin B. In contrast to the
N-terminal mutations, the mutations within the first and
second binding loops resulted in moderately, 2-5-fold,
reduced affinities of cystatin A for cathepsin B that could
be quantified in the standard Mes buffer.

Association Kinetics. kassfor the binding of the cystatin A
variants to papain and cathepsin B was determined from the
kinetics of inhibition of the activities of the enzymes against
fluorogenic substrates. The resulting progress curves were
well fitted by a single-exponential function (37). kobs,app

derived from these fits varied linearly with the inhibitor
concentration within the range covered, andkasswas obtained
from the slopes of these plots.kdiss could not be determined
from the plots, as the intercepts on the ordinate were
undistinguishable from zero.

The variants with mutations in the N-terminal region or
the first binding loop hadkass values for papain binding
essentially identical to that of wild-type cystatin A (Table
1). However, both mutations in the second binding loop, in
particular, G75W, resulted in an increased rate of association
with the enzyme. The G75H and G75W mutants thus had
∼2-fold and almost 5-fold higherkass, respectively, than the
wild-type inhibitor.

Contrary to what was observed for papain,kass for N(1-
10)CC- and N(8-10)CC-cystatin A binding to cathepsin B
was∼9- and∼5-fold higher, respectively, thankass for the
wild-type inhibitor (Table 1). However, the mutations within
the first and the second binding loops had no or only a minor
(<2-fold) effect on kass for inhibition of this enzyme.
Analyses in the presence of 0.1% (w/v) Chaps showed that
the kinetics of binding of wild-type and N(1-10)CC-cystatin
A to cathepsin B were not perturbed by this detergent.

The background to the increasedkassfor the interaction of
the N-terminal cystatin A mutants with cathepsin B was elu-
cidated by stopped-flow analyses of the binding of N(1-10)-
CC-cystatin A to an inactive C29A-variant of cathepsin B
at high inhibitor concentrations. The binding was monitored
under pseudo-first-order conditions by the fluorescence
change accompanying the interaction (25). All fluorescence
traces were well fitted by a single-exponential function,
giving kobs. As in similar previous studies of the binding of
wild-type cystatins A and C to wild-type and C29A-cathepsin
B, kobs showed a hyperbolic dependence on inhibitor
concentration (Figure 2), indicative of a two-step binding
mechanism (24, 25). In this mechanism, a weak bimolecular
complex is initially formed in a rapid equilibrium, followed
by a conformational change that has been shown to involve
displacement of the occluding loop of cathepsin B by the
inhibitor and lead to formation of a stable cystatin-proteinase
complex (25). The N(1-10)CC substitution resulted in only
a small,∼4-fold, increase in the dissociation equilibrium
constant for the first step of this reaction,K1, compared with
the value for wild-type cystatin A (Table 2). In contrast, the
forward rate constant of the second step,k+2, was increased

FIGURE 2: Observed pseudo-first-order rate constants,kobs, for the
binding of wild-type and N(1-10)CC-cystatin A to C29A-cathepsin
B as a function of inhibitor concentration. (O) Wild-type cystatin
A; (b) N(1-10)CC-cystatin A. Note the different scales of the two
plots. The data for wild-type cystatin A are taken from earlier work
(25) and are shown for comparison. Values are averages( SEM
of 10-20 measurements; errors bars not seen lie within the
dimensions of the symbols. The solid lines are nonlinear least-
squares regression fits of the data to the hyperbolic function
characterizing the two-step binding mechanism (24, 25).

Table 2: Kinetic Constants for the Two-Step Mechanism of
Binding of Recombinant Human Cystatins A and C and
N(1-10)CC-Cystatin A to Recombinant Human C29A-Cathepsin B
at pH 6.0, 25°Ca

cystatin form K1 (µM) k+2 (s-1) kass(M-1 s-1)

wild-type cystatin A 290( 40 1.2( 0.1 4.2× 103

N(1-10)CC-cystatin A 1200( 200 130( 20 1.1× 105

wild-type cystatin C 70( 10 90( 10 1.3× 106

a The dissociation equilibrium constant of the first step,K1, and the
forward rate constant of the second step,k+2, of the two-step binding
mechanism (24, 25) were obtained by nonlinear regression analyses of
the data in Figure 2 or of similar data for wild-type cystatin C. The
overall association rate constant,kass, was calculated ask+2/K1. The
buffer was the standard Mes buffer without DTT. The values for wild-
type cystatins are taken from previous work (25) and are shown for
comparison. Measured values are given with the SEM, whereas
calculated values are given without errors.
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a substantial∼100-fold and was similar to that for the
interaction between cystatin C and C29A-cathepsin B. As a
consequence of the changes inK1 andk+2, the value ofkass,
obtained from the initial slopes of the plots in Figure 2, was
∼30-fold higher for N(1-10)CC-cystatin A binding than for
wild-type cystatin A binding to C29A-cathepsin B (Table
2).

Dissociation Kinetics.The low values ofkdiss for the
complexes between the cystatin A mutants and papain were
determined by displacement experiments similar to those
used previously in studies of the interactions of wild-type
cystatins A, B, and C with this enzyme (21, 23, 32). Papain
dissociating from the complexes with the cystatin A mutants
was essentially irreversibly trapped by an excess of chicken
cystatin, and the progress of the dissociation was monitored
by analyses by ion-exchange chromatography of the amount
of the new complexes formed between papain and chicken
cystatin after different incubation times. Most mutations
marginally affected the stability of the complexes with
papain, whereas the G75H and G75W mutations in the
second binding loop led to moderate,∼3-5-fold, decreases
in kdiss (Table 1).

The large amounts of enzyme necessary for displacement
experiments precluded direct measurements ofkdiss for the
complexes of the cystatin A mutants with cathepsin B. Values
of kdiss for these interactions were therefore calculated from
experimentally measured values ofKd andkass. The substitu-
tions in the N-terminal region and the G75H mutation in
the second binding loop minimally affected the stability of
the complex with cathepsin B (Table 1). However, the V47I
mutation in the first binding loop and the G75W mutation
in the second binding loop moderately decreased this stability
by increasingkdiss ∼5-fold.

DISCUSSION

A major result of this work is that replacement of the
N-terminal residues of cystatin A preceding the conserved
Gly, MIP, by the corresponding cystatin C N-terminal region,
SSPGKPPRLV (Figure 1), improves the affinity of cystatin
A for cathepsin B by∼15-fold. This increase is equivalent
to the N-terminal region of cystatin C contributing∼7 kJ
mol-1 more to the energy of binding to cathepsin B than the
authentic segment of wild-type cystatin A. The improved
affinity was predominantly due to an increasedkass. This rate
enhancement presumably was a consequence of an increased
forward rate constant of the conformational change in the
second step of the two-step mechanism of cathepsin B
binding (24, 25). Although evidence for such an increase
was obtained with an inactive cathepsin B variant, in which
the reactive-site Cys29 was replaced by Ala, previous work
has shown that this substitution does not appreciably influ-
ence the kinetics of cathepsin B binding by cystatins (25).
The results therefore strongly indicate that the forward rate
constant of the conformational change on binding of the
N-terminally substituted cystatin A to wild-type cathepsin
B is increased to a comparable extent,∼100-fold, as that on
binding to the inactive cathepsin B variant. The transplanted
cystatin C N-terminal region in the chimeric inhibitor thus
apparently promotes displacement of the occluding loop of
cathepsin B in the second binding step appreciably better
than the corresponding region in wild-type cystatin A (25).

This augmenting effect may be due to a more productive
binding of the cystatin C N-terminal region in the first
binding step, inducing an orientation of the first and second
binding loops of the chimera that is more advantageous for
displacement of the occluding loop. A similar favorable
binding of the N-terminal region presumably is mainly
responsible for the high rate of association of cystatin C with
cathepsin B. Arg8 in the cystatin C N-terminal region may
be particularly important for inducing this optimal binding
mode, although Leu9 and Val10 also contribute (11, 13).
However, the entire N-terminal region of cystatin C intro-
duced into cystatin A increased the rate of dislocation of
the cathepsin B occluding loop more efficiently than only
the RLV segment of this region (Figure 1), as judged by the
higher kass attained. Interactions established by residues
preceding the RLV segment therefore also appear to be
important for optimal productive binding of the N-terminal
region. The full rate of cathepsin B binding by cystatin C
was not attained even by grafting of the entire N-terminal
region of this inhibitor into cystatin A, perhaps due to
residues C-terminal of the conserved Gly11 in cystatin C
being of importance for the higher association rate. These
residues may mediate an efficient initial binding of cystatin
C to cathepsin B either by interacting directly with the
enzyme or promoting the contacts made by the N-terminal
region. Notably, the considerably,∼30-fold, lowerkdiss for
the binding of cystatin A than of cystatin C to cathepsin B
was retained by the cystatin A variant containing the entire
cystatin C N-terminal region. As a consequence, this chimeric
inhibitor had∼4-fold higher affinity for cathepsin B than
wild-type cystatin C and therefore a higher affinity for this
enzyme than any natural cystatin characterized (3, 11, 24,
37).

In contrast to the effect on cathepsin B inhibition, grafting
of the RLV segment or the entire cystatin C N-terminal
region into cystatin A minimally affected the affinity and
kinetics of binding of the inhibitor to papain. The RLV
segment thus apparently interacts with papain in a similar
manner as the authentic MIP segment of cystatin A,
contributing∼40% of the total unitary free energy of binding
by maintaining a lowkdiss (15). This conclusion is in
agreement with results of a previous study by random
mutagenesis of the first four N-terminal residues of cy-
statin A and phage-display selection of high-affinity vari-
ants, showing that several, mainly hydrophobic, sequences
can substitute for the MIP fragment of cystatin A in tight
binding to papain (40). The lack of an effect of introducing
the entire cystatin C N-terminal region into cystatin A on
papain binding further indicates that residues N-terminal of
the RLV segment do not enhance the interaction with this
enzyme.

Previous studies have shown that replacement of the
N-terminal region of human cystatin B with parts of the
corresponding regions of cystatin C or kininogen does not
affect the affinity of this inhibitor for papain or cathepsin L
(41). This finding is in agreement with the results for papain
inhibition by the similarly substituted cystatin A in our work.
However, these replacements were found to decrease the
affinity of cystatin B for cathepsin B (41), in contrast with
the increase in affinity observed for cathepsin B inhibition
by the N-terminally substituted cystatin A in this work. These
opposite effects of transplanting the cystatin C N-terminal
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region into the two inhibitors may be related to the fact that
cystatin B is an appreciably weaker inhibitor of cathepsin B
than cystatin A (1, 3, 23, 32). The substitutions of cystatin
B in the earlier studies also decreased the affinity for
cathepsin H (41), perhaps because the N-terminal regions
introduced interfered with the accommodation of the mini-
chain of cathepsin H in the complex (26).

Replacement of Val47 in the first binding loop of cystatin
A with Ile in this work, making the loop identical to that of
cystatin C, decreased the affinity for cathepsin B by∼5-
fold, exclusively due to an increase inkdiss. This rate constant
thereby approached that of the binding of cystatin C to
cathepsin B. The bulkier Ile thus adversely affects the fit of
the first binding loop of cystatins into the cathepsin B active-
site cleft. However, the effect of the V47I mutation on papain
binding was negligible, indicating that Val and Ile in position
47 in the first binding loop are essentially equivalent in
cystatin binding to this enzyme.

Substitution of Gly75 in the second binding loop of
cystatin A by His, which makes this loop similar to that of
cystatin B, did not influence the affinity or kinetics of binding
of the inhibitor to cathepsin B. However, substitution by Trp,
to simulate the essential Pro-Trp binding motif of family 2
cystatins, reduced the affinity∼5-fold, mainly due to an
increasedkdiss. Hence, a His in position 75 can be well
accommodated in the complex of cystatin A with cathepsin
B, whereas the bulky Trp perturbs somewhat the intermo-
lecular contacts stabilizing the complex. Interestingly, how-
ever, both the His and Trp substitutions increased the affinity
of cystatin A for papain appreciably,∼10-fold. The increase
caused by the G75H mutation was predominantly due to a
stabilization of the complex with papain by a decreasedkdiss.
In contrast, the enhanced affinity resulting from the G75W-
cystatin A mutation was mainly due to a faster association
rate,kassbeing increased up to that for cystatin C binding to
papain (21) and approaching the value expected for a
diffusion-limited rate. As a consequence, the affinities of both
mutated cystatin A variants for papain were similar to that
of cystatin C for this enzyme, the highest affinity for papain
known and close to the highest affinity for a protein-protein
interaction demonstrated (3, 21, 42). These changes could
have been due to the mutations having induced local
conformational alterations of the second binding loop,
perhaps decreasing the mobility of the loop and thereby
promoting both an increased association rate and new
interactions leading to a tighter binding of the loop into the
active-site cleft of papain. The increased affinity for papain
caused by introduction of His or Trp into the second binding
loop are in agreement with previous studies showing that
the two residues are essential for the tight binding of cystatins
B and C, respectively, to this enzyme (12, 16).

Interactions between the His or Trp replacing Gly75 in
cystatin A and papain that could contribute to an increased
stability of the complexes were indicated by computer
modeling. In the models, which were derived from the
coordinates for the cystatin B-papain complex (7), both His
and Trp could be accommodated in position 75 without steric
hindrance. The model of the complex between the His variant
and papain revealed the possibility of a hydrogen bond
between the His side chain and the main chain carbonyl
group of Gly180 of papain. Moreover, the model of the
complex of the Trp variant with the enzyme indicated two

close hydrophobic contacts (∼3.8 Å) between the Trp residue
and Gly180 of papain. These interactions, which were absent
in the model of the complex with wild-type cystatin A, might
be responsible for the increased stability of the complexes
of the mutant inhibitors with papain that was observed
experimentally. In both models, however, certain hydropho-
bic contacts of Leu73 and Pro74 in the second binding loop
with papain were somewhat longer than in the model of the
complex with wild-type cystatin A, which might be expected
to result in a weakened binding. Nevertheless, this attenuation
might be more than compensated by the new interactions
indicated by the models.

In conclusion, the results show that essential binding
properties of the most potent mammalian inhibitor of papain-
like cysteine proteinases, cystatin C, can be bestowed on the
weaker inhibitor, cystatin A, by making either the N-terminal
region or the second binding loop of cystatin A similar or
identical to the corresponding region of cystatin C. Grafting
of the N-terminal region of cystatin C into cystatin A creates
a fast and efficient inhibitor of cathepsin B that is more potent
against this proteinase than any natural inhibitor isolated so
far. Moreover, introduction of a cystatin C-like, and also of
a cystatin B-like, sequence into the second binding loop of
cystatin A substantially improves papain inhibition by this
inhibitor. These engineered enhancements of the inhibitory
ability of cystatins indicate possible pathways for the design
of new and improved inhibitors of lysosomal cysteine
proteinases for potential medical applications.
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