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Abstract

Cystatin A, a mammalian cysteine proteinase inhibitor, was expressed in a bacterial
system. The purified protein was fully active. It inhibited the proteinases,papain and
cathepsin L, strongly, with Kj values of 0.2-20 pM, whereas the affinities for actinidin
and cathepsins B, C and H were in the range of 1-40 nM. The binding to papain and
cathepsin L was rapid, with kagq ~3-5 % 106 M1 . s-1, whereas the inhibition of
cathepsin B was ~100-fold slower. The binding to papain and consistent with a one-step
binding mechanism.

Gly-4 mutants of cystatin A had lower affinities for papain and cathepsins B and L than
the wild-type inhibitor. In general, the K; values increased with the size of the side chain
of the mutant. Even the smallest mutation, Gly-4 to Ala, had substantial effects, and the
charged Gly-4 to Glu or Arg variants had affinities for the enzymes that were more than
five orders of magnitude lower than those of the wild-type. The rate of binding of the
mutants to papain and cathepsin L was unaffected, but was lower than that of the wild-
type for cathepsin B, presumably reflecting structural differences in the enzymes.

Sequential truncations of the N-terminal region of cystatin A showed that Ile-2 and, to
an even greater extent, Pro-3 were the residues of the this region that contributed to the
binding of the inhibitor to papain and cathepsins B and L. In contrast with the primarily
anchoring role of the N-terminal region of cystatin A to papain and cathepsin L, this
region was needed also for mantaining the rate of association of the inhibitor with
cathepsin B.

A fluorescent probe was linked to a recombinant cystatin A variant via an extra N-
terminal cysteine. The labelled inhibitor had eight-fold higher affinity for papain than the
wild-type cystatin, due to an increased association rate constant. The binding of the N-
terminal label followed saturation kinetics, indicating that the N-terminal region of the
labelled cystatin binds to the enzyme in the second step of a two-step reaction mechanism.
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Abstract

Estrada, S., 1998. Cystatin A, a mammalian cysteine proteinase inhibitor. Mechanism of
inhibition of target proteinases by recombinant cystatin A variants. Doctor's dissertation.
ISSN 1401-6257, ISBN 91576 5448 4.

Cystatin A, a mammalian cysteine proteinase inhibitor, was expressed in a bacterial
system. The purified protein was fully active. It inhibited the proteinases,papain and
cathepsin L, strongly, with K; values of 0.2-20 pM, whereas the affinities for actinidin
and cathepsins B, C and H were in the range of 1-40 nM. The binding to papain and
cathepsin L was rapid, with kags ~3-5 x 105 M-1 . 5" whereas the inhibition of
cathepsin B was ~100-fold slower. The binding to papain and consistent with a one-step
binding mechanism.

Gly-4 mutants of cystatin A had lower affinities for papain and cathepsins B and L than
the wild-type inhibitor. In general, the K; values increased with the size of the side chain
of the mutant. Even the smallest mutation, Gly-4 to Ala, had substantial effects, and the
charged Gly-4 to Glu or Arg variants had affinities for the enzymes that were more than
five orders of magnitude lower than those of the wild-type. The rate of binding of the
mutants to papain and cathepsin L was unaffected, but was lower than that of the wild-
type for cathepsin B, presumably reflecting structural differences in the enzymes.

Sequential truncations of the N-terminal region of cystatin A showed that Ile-2 and, to an
even greater extent, Pro-3 were the residues of the this region that contributed to the
binding of the inhibitor to papain and cathepsins B and L. In contrast with the primarily
anchoring role of the N-terminal region of cystatin A to papain and cathepsin L, this
region was needed also for mantaining the rate of association of the inhibitor with
cathepsin B.

A fluorescent probe was linked to a recombinant cystatin A variant via an extra N-
terminal cysteine. The labelled inhibitor had eight-fold higher affinity for papain than the
wild-type cystatin, due to an increased association rate constant. The binding of the N-
terminal label followed saturation kinetics, indicating that the N-terminal region of the
labelled cystatin binds to the enzyme in the second step of a two-step reaction mechanism.

Keywords: cysteine proteinase, cysteine proteinase inhibitor, papain, cathepsins,
cystatins, enzyme kinetics, inhibition, recombinant protein, stefins, two-step reaction
mechanism
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Abbreviations

The following abbreviations are used in the text.

CDh Circular dichroism

E. coli Escherichia coli

kass Second order association rate constant
Ky Equilibrium dissociation constant

kdiss Dissociation rate constant

K; Inhibition constant

kobs Observed pseudo-first-order rate constant

NMR Nuclear magnetic resonance



Introduction

Enzymes are responsible for catalyzing practically all chemical reactions
required for the existence of life. For chemical reactions to occur, the reactants
must overcome the activation energy barrier. Enzymes assist the reaction
course by bringing the reactants together in the right geometrical orientation
and by stabilizing the transition state intermediates, thereby lowering the
activation energy barrier and increasing the rate of the reaction. An important
group of enzymes are those that cleave the peptide bonds that link amino acid
residues in the polypeptide chains of peptides and proteins. These enzymes
are called peptidases (or proteinases to emphazise the protein nature of the
substrate), and are classified as exo- or endo- peptidases depending on
whether they cleave their substrates from one of the ends or inside the
polypeptide chain, respectively. Another way of classifying proteinases is by
referring to the mechanism they use to hydrolyse the peptide bond.
According to the latter view, proteinases are divided into four classes, serine,
cysteine, aspartate and metallo-proteinases. As proteinases are potentially
harmful for the organism, the activity of endogenous enzymes is tightly
controlled at different levels, e.g. by the regulation of transcription levels of
the mRNA coding for these enzymes, by the expression of inactive pro-
enzymes, by the localization the active enzymes in isolated compartments and
by the presence potent inhibitors where proteinase activity is not desirable.

The aim of this thesis has been to study the mechanism by which such an
inhibitor, cystatin A, in mammalian organisms exerts its inhibition of
exogenous and endogenous cysteine proteinases of the papain family. This
inhibitor was cloned and expressed in E. coli, and the inhibitory properties of
the wild-type cystatin A and of several variants of the inhibitor towards a
number of target proteinases were analysed.

Previous investigations

Cysteine proteinases of the papain family

According to the latest classification there are 42 families of cysteine
proteinases (Rawlings and Barrett, 1998), of which the papain superfamily is
the most abundant and best characterized. Other well-studied cysteine
proteinase families are the calpain family, including the calcium-dependent
cytosolic enzyme calpain, known from mammals and birds, and the
streptopain family, a group of cysteine proteinases found in Streptococcus.



Cysteine proteinases of the papain family are widely distributed and are found
in species such as baculovirus (Rawlings et al., 1992), yeast (Enenkel et al.,
1993), protozoa (Scholze and Tannish, 1994; North, 1992), and in plants and
animals (reviewed in Rawlings and Barrett, 1994).

Papain, a plant enzyme found in the latex and vacuoles of papaya, was the first
cysteine proteinase to be isolated and characterized (Balls et al., 1937) and has
therefore given name to the superfamily. Other known papain-like enzymes of
plant origin are chymopapain and caricain, also from papaya, actinidin from
kiwi fruit, ficin from fig and bromelain from pineapple. The function of these
plant proteinases is largely unknown, but enzymes localized in the in the
vacuoles of the fruit are believed to protect against predators. Moreover, the
presence of the proteinases in the latex presumably promotes the coagulation
of the latter (Boller, 1986).

In mammals, papain-like proteinases are in general confined to the lysosomes,
where most of the cellular protein catabolism is effected by an array of endo-
and exopeptidases (Brocklehurst et al., 1987); Bohley and Seglen, 1992;
Kirschke et al., 1995). Lysosomal proteinases have been given the generic
name cathepsins, proposed by Willstitter and Bamann (1929) for proteinases
which, like most mammalian papain-like cysteine proteinases, display
optimum activity at acidic pH. Cathepsins B, C, H, L, K and S are lysosomal
cysteine proteinases, of which cathepsins B, C, H and L are ubiquitous in
mammalian cells, whereas cathepsin K and S have more specific distribution
(Barrett and Kirschke, 1981; Drake et al., 1996; Kirschke and Wiederanders,
1994). Cathepsin K is predominantly expressed in osteoclasts, whereas
cathepsin S is unevenly distributed between organs, with a high occurrence in
tissues such as spleen and lung, and exhibits high endopeptidase activity even
at neutral pH (Kirschke et al., 1989; Quian et al., 1989).

Biosynthesis of lysosomal cysteine proteinases

The lysosomal cysteine proteinases are synthesized as inactive pre-proenzymes
and are subject of several post-translational modifications before they reach
the lysosomes as mature enzymes. These modifications include cleavage of the
pre-fragment during translocation to the Golgi network, where disulphide
bonds are formed and glycosylation takes place, followed by phosphorylation
of the attached mannoses. This last step targets the proenzyme to the
lysosomal compartment via the mannose-6-phosphate receptor. Inside the
lysosomes, with an acidic environment, the enzyme is activated by cleavage of
its propeptide, which blocks the active site cleft in the pro-form (reviewed in
Kirschke et al., 1995). The lysosomal cysteine proteinases are thus evidently
tightly controlled only to be active inside the lysosomes. This is further
evidenced by the irreversible inactivation of the mature enzymes at neutral pH
(Barrett and Kirschke, 1981; Turk et al., 1995a), and by the occurrence of
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potent protein inhibitors of these enzymes in the cytosol of the cells, as well as
extracellularly (see below).

Structure and mechanism of action of cysteine proteinases

The majority of the enzymes belonging to the papain family are relatively
small proteins active as monomers, with molecular masses ranging from 20 to
35 kD. Similarities in the primary and three-dimensional structures of
enzymes for which structural data are available indicate that they have evolved
from a common ancestor (Brocklehurst et al., 1987; Rawlings and Barrett,
1994; Kamphuis et al., 1995; Turk et al., 1997). The homology is particularly
evident by the high degree of conservation of the amino acid sequence around
the catalytically active residues Cys-25 and His-159 (papain numbering will be
used throughout) and also around Asn-175, which is conserved in nearly all
family members (Rawlings and Barrett, 1994).

Fig. 1. Structural similarities of the papain-like cysteine proteinases. Plot of the
backbones of ten enzymes are superimposed on each other. Structures are shown in the
standard view along the two-domain interface with the active-site cleft at the top.
(Reprinted, with permission, from Turk et al. (1998). Copyright 1998, Walter de Gruyter
& Co, Berlin-New York.)

Not surprisingly, it was the three-dimensional structure of papain which was
the first to be resolved (Drenth et al., 1976; Kamphius et al., 1984).
Subsequently, several other structures of papain-like cysteine proteinases have
been elucidated by X-ray crystallography. Despite these proteinases having
widely different origins, e.g. from plants, animals and parasites, their three-
dimensional structures reveal the same common fold (Kamphuis, 1995; Turk
et al, 1998). This is exemplified in Figure 1, where the backbones of cruzain
(the catalytic domain of cruzipain from Trypanosoma cruzi) (McGrath et al.,
1995), procathepsin L (Coulombe et al., 1996), glycyl endopeptidase (O'Hara
et al., 1995), human cathepsin B (Musil et al., 1991), caricain (Pickersgill et al.,
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1991), chymopapain (Maes et al., 1996), actinidin (Baker, 1980), porcine
cathepsin H (Guncar et al., 1998) and papain (Kamphuis et al., 1984) are
superimposed on each other.

A prominent feature of the tertiary structure of the papain-like cysteine
proteinases (see Figure 1, which shows the "standard" view), is that the enzymes
fold into two main domains separated by a V-shaped cleft, the active site cleft.
The two residues participating in the peptide cleavage, Cys-25 and His-159,
are located one in each domain, pointing to the inside of the cleft. The
substrate binds along the bottom of the active site cleft, making a number of
contacts with the proteinase. It is commonly accepted that the enzyme can
interact with as many as seven residues from the substrate (Schechter and
Berger, 1967; Del Nery et al., 1997). These residues are denoted P4-P; and
P1'-P3', the cleavage occurring between P; and Py’, and the corresponding
binding places for them in the enzyme are called subsites; S4-S1 and S1'-S3',
respectively (Figure 2). This substrate binding model has recently been
questioned by Turk et al. (1998), after comparing structural data from several
papain-like cysteine proteinases. Instead, their conclusion is that only subsites
S3-S1 and S1'-S7’' are well defined and that any additional interactions between
the enzymes and residues of the substrate do not arise from defined binding
pockets common for all enzymes. Lysosomal cysteine proteinases display a
broad substrate specificity, in accordance with their proposed "housekeeping”
functions (see below), but have preferences regarding which side-chain of the
substrate will be accommodated in the S, subsite. Cathepsins L and S have
quite similar specificities for substrate residues in position Py, preferring large
hydrophobic or aromatic side chains, such as Phe or Val, whereas cathepsin B
also accepts positively charged residues, such as Arg, in that position (Barrett
and Kirschke, 1981; Kirschke et al., 1995).

Most of the lysosomal cysteine proteinases are endopeptidases, with the
exception of cathepsin C, which is an aminopeptidase. Cathepsin B and
cathepsin H display both endo- and exopeptidase activity. The
carboxypeptidase activity of cathepsin B can be explained by its structure,
which reveals that a loop region of about 20 residues, called the occluding
loop, partially blocks free access of protein substrates to the active site cleft of
the enzyme (Musil et al., 1991). By the removal of this loop in a recombinant
cathepsin B variant the enzyme completely lost exopeptidase activity (Illy et
al., 1997). In the case of cathepsin H, part of the propeptide, called the mini-
chain, remains attached to the mature enzyme by a disulphide bond. This
mini-chain blocks the unprimed substrate binding sites of the enzyme up to
the Sy subsite (Guncar et al., 1998) and thus explains the aminopeptidase
activity of cathepsin H.
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Fig. 2. Schematic representation of a protein substrate bound to a papain-like cysteine
proteinase. The residues of the substrate interacting with the active-site cleft of the enzyme
are denoted P4 to P1 and Py’ to P3', the scissile bond being between P and P1' (marked
with an arrow). The corresponding substrate-binding subsites of the enzyme are S4 to Sy
and Sq'to S3".

The detailed mechanism by which the archetypal enzyme papain catalyses the
hydrolysis of a peptide bond is not fully elucidated at the atomic level (Storer
and Menard, 1994). It is, however, proven that the thiolate-imidazonium ion
pair formed by Cys-25 and His-159 is involved. The basic steps of the
mechanism, after the initial binding of the substrate to the active site cleft of
papain, are presented in Figure 3. First, a nucleophilic attack of the thiolate ion
on the carbonyl carbon of the scissile bond to the P residue of the substrate
leads to the formation of a thiolester between Cys-25 and the carbonyl atom
of the P1 residue (Step 1a). In this first step, the imidazonium ion of His-159
donates a H* to the N-terminal amine of the newly cleaved peptide, which was
the P1' residue of the original substrate, and this generated peptide diffuses
from the active site of the enzyme (Step 1b). The second step involves
nucleophilic attack by a water molecule on the carbonyl atom in the thiolester
bond between Cys-25 of the enzyme and the remaining segment of the
original peptide (Step 2a). The consequence of this nucleophilic attack is the
addition of a hydroxyl group to the carbonyl carbon of the P1 residue, and
the subsequent break of the thiolester bond, which leaves the other part of the
cleaved peptide free to diffuse from the active site cleft of the enzyme (Step
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2b). In this step, His-159 facilitates the nucleophilic attack by accepting a H*
from the water molecule. The two briefly described steps are called the
acylation and the deacylation steps (Storer and Menard, 1994) and
presumably involve formation of transient tetrahedral intermediates, in
analogy with the mechanism of hydrolysis of serine proteinases, which is

known in greater detail.
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Fig. 3. Two basic steps involved in the hydrolysis of a peptide bond by the cysteine
proteinase papain. Step 1 is the acylation step, in which the scissile bond is cleaved and a
thiolester bond is formed between Cys-25 of papain and the substrate. Step 2 is the
deacylation step, in which the cleaved product is released and the catalytically active
thiolate-imidazonium ion is regenerated.
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Functions of lysosomal cysteine proteinases

The physiologically most important role of lysosomal cysteine proteinases is
the degradation of proteins imported into lysosomes, as mentioned earlier. It
has been estimated that up to 80% of the peptidase activity in the mammalian
organism takes place inside the lysosomes, and that the cysteine proteinases
are the most active among the lysosomal proteolytic enzymes (Barrett and
Kirschke, 1981). Cathepsin B is the most abundant, but cathepsin L and
cathepsin S exhibit the highest activities among the papain-like proteinases
(Barrett and Kirschke, 1981; Mason et al., 1985; Kirschke et al., 1989). A
recent report, however, claims that the concentration of both cystatins B and L
can be equally high, up to 1 mM, inside the lysosomes of cultured cell lines
(Xing et al., 1998). Besides the general degradative properties of lysosomal
cysteine proteinases, they have been attributed other functions. Cathepsin B
has been proposed to be involved in protein degradation for antigen
presentation (Mizuochi et al., 1994; Authier et al., 1996), and cathepsin K is
implicated in bone remodelling (Drake et al., 1996; Inui et al., 1997).
Moreover, it has been postulated that cathepsin B is involved in the processing
of pro-forms of peptide hormones (Neves et al., 1996; Dunn et al., 1996).

Pathological conditions related to cysteine proteinase activity

Due to the broad substrate specificity, the wide distribution and the high
specific activity of the papain-like cathepsins it is not surprising that they have
been implicated in the tissue destruction occurring under various pathological
conditions, such as arthritis (Iwata et al., 1997; Lemaire et al. 1997),
Alzheimer's disease (Mantle et al., 1995; Mackay et al.,, 1997) and
osteoporosis (Bossard et al., 1996). Interestingly, it was found that deficiency
of the osteoclast-specific enzyme, cathepsin K, causes osteosclerosis and short
stature in an autosomal recessive disease called pycnodysostosis (Gelb et al.,
1996).

Many indications that implicate cathepsin B, and to a lesser extent cathepsin L,
in cancer progression have attracted special interest to the role played by the
two cathepsins in this disease. Increased levels of mRNA coding for cathepsin
B and cathepsin L, as well as higher concentrations of the expressed enzymes,
have been reported in several types of human tumors, including breast tumors
(Sloane et al., 1987; Rozhin et al., 1989; Chauhan et al., 1991). Recently, it
was also shown that invasive breast tumor cell lines contained higher
concentrations of active cathepsins B and L than did similar, but non-invasive,
cells (Xing et al., 1998). In addition, several investigations have found
increased levels of cathepsin B in lung tumors. The enzymatic activity of
cathepsin B was showed to be higher in lung tissue from all patients that
suffered from primary lung adenocarcinoma when compared with that of
healthy lung tissue (Krepela et al., 1990). Also, Werle et al. (1994) noted that
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lung tumors of different cell types were considerably richer in cathepsin B
activity than surrounding, normal tissue. Furthermore, in brain tumors of the
glioblastoma type, transcription of cathepsin B was found to be 8 to 10 fold
higher than in normal brain (Sivaparvathi et al., 1995), and Rempel et al.
(1994) reported that this enhanced transcription was correlated with the
invasiveness of the tumors. It has been shown in vitro that cathepsins B, K and
L are able to degrade laminin, fibronectin and collagen IV, which are
components of the basement membrane, at physiological pH (Lah et al., 1989;
Buck et al., 1992; Kafienah et al., 1998). Furthermore, Higashiyama et al.
(1993) and Inoue et al. (1994) have reported positive staining for cathepsin B
correlated with the degradation of laminin in lung adenocarcinoma. One
mechanism by which cathepsin B may promote tumor progression is thus by
directly degrading the laminin and collagen IV of the basement membrane
(Yan et al. 1998).

Protein inhibitors of papain-like cysteine proteinases

In the search for proteins capable of inhibiting papain-like cysteine
proteinases Fossum and Whitaker (1968) purified and partially characterized a
protein from chicken egg-white, which displayed potent inhibitory activity
towards papain and ficin (Fossum and Whitaker, 1968; Sen and Whitaker,
1973). Other studies established the ability of this protein to inhibit all
members of the papain family that were known to that date, e.g. cathepsins B,
C, H and L (Keilova and Tomasek, 1977; Anastasi et al., 1983). It took more
than a decade before the primary structure of this protein, named cystatin by
Barrett (1981), was determined (Turk et al., 1983; Schwabe et al., 1984).
Meanwhile, reports characterizing new cystatins from other sources were
emerging in the literature. Several human inhibitors were described, such as
cystatin A from epidermis, (Jarvinen, 1978), cystatin B from spleen and liver
(Jarvinen and Rinne, 1982; Green et al., 1984), cystatin C (or y-trace) from
urine and cerebrospinal fluid (Grubb and Lofberg, 1982) and cystatins S, SA
and SN from saliva and tears (Isamura et al., 1984, 1986, 1987). Early
discoveries of mammalian, non-human cystatins included rat cystatins o and B
(Takeda et al., 1983; Takio et al., 1983, 1984; Hirado et al., 1981).

As sequence data began to accumulate, classification of the cystatins on the
basis of their sequence homology became possible, and these inhibitors were
grouped into three main subfamilies, all belonging to the cystatin superfamily.

Family I

Inhibitors from family I consist of a single, non-glycosylated polypeptide
chain of about 100 amino acids, having a molecular mass in the range of 11-
12 kD. They lack internal disulphide bonds, and their localization is primarily
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intracellular. The only human cystatins of family I that are known to date are
cystatin A and B (also called stefin A and B). There is a different pattern in the
distribution of these inhibitors in the organism; whereas cystatin B is almost
ubiquitously expressed in all cells, the occurrence of cystatin A is more
restricted, e.g. to epidermis, leukocytes and liver (Jarvinen et al 1987; Brzin et
al., 1983; Green et al., 1984). Corresponding cystatins from other mammals
have also been isolated and characterized, including cystatin A and B from
mouse (Tsui et al., 1993), rat (Jarvinen, 1976; Takio et al., 1983, 1984) and
cattle (Krizaj et al., 1992; Turk et al., 1995b), all showing a high degree of
homology over the species borders. Lately, the discovery of bovine stefin C
(Turk et al., 1995b) and pig stefin D (Lenarcic et al., 1996) and have added
new members to family I.

Family I1

The inhibitors of family II are also single-chain proteins, like cystatins from
family I. However they are slightly larger, consisting of about 115 residues,
with molecular masses in the range of 12-14 kD, and contain two internal
disulphide bonds. Most of them are non-glycosylated, although N-
glycosylation has been reported for some members (Ni et al.,, 1997;
Sotiropoulou et al., 1997). Cystatins of family II are expressed with a signal
peptide, which targets the proteins to extracellular compartments; hence these
cystatins are found in body fluids. The best studied member, human cystatin
C, has been reported to be present in all fluids examined (Abrahamson et al.,
1986). This widespread distribution is also shared by cystatin M, which was
recently identified (Sotiropoulou et al., 1997). Cystatins S, SA and SN are
found predominantly in saliva and tears (Isamura et al., 1984, 1986, 1987)
and cystatin D only in saliva (Freje et al., 1991), whereas the tissue specificity
of cystatin E appears to be restricted to the uterus and the liver (Ni et al.,
1997). Inhibitors homologous to human cystatin C have been found in cattle
(Hirado et al., 1985; Olsson et al., 1997), mouse (Solem et al., 1990), rat
(Esnard et al., 1988), dog (Poulik et al., 1981), sheep (Tu et al., 1990) and
monkey (Grubb et al., 1982). The avian counterpart of cystatin C, chicken
cystatin, has also been extensively studied, and was the first cystatin for which
the crystal structure was elucidated (Bode et al., 1988). Chicken cystatin has
the advantage of being relatively simple to purify from chicken egg-white
(Anastasi et al., 1983), and certainly, before the introduction of recombinant
protein techniques, this property played a major role for the choice of
inhibitor to study. Also cystatins found in the venom of two snakes, African
puff adder and Taiwan cobra, and in the large granules of hemocytes of the
Japanese horseshoe crab belong to family II (Evans and Barrett, 1987;
Agarwala et al.,, 1996; Brillard-Bourdet et al., 1998). Of the mammalian
cystatins, it is cathepsin M which shows highest homology with these non-
mammalian cystatins (Brillard-Bourdet et al., 1998).
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Family 1T

The kininogens are members of the third cystatin superfamily. These family
IIT cystatins are glycosylated proteins present in blood, with molecular masses
ranging from 50 to 90 kD (Turk et al., 1995¢c). The kininogens contain three
domains homologous to cystatins of family II. Two of the domains are able to
inhibit papain-like cysteine proteinases (Salvesen et al., 1986; Turk et al.,
1995¢), and one of these confers to the kininogens their calpain-inhibiting
activity (Salvesen et al., 1986). Three different kininogens have been
described, low- and high-molecular weight kininogen from humans and many
other mammals, which are splice variants of the same gene (Miiller-Esterl et
al., 1986), and rat T-kininogen (Esnard and Gauthier, 1983). Beside being
inhibitors of cysteine proteinases from the papain and calpain families,
kininogens also have other physiological activities. As indicated by their name,
kininogens were first recognized as precursors of kinins, which are vasoactive
peptides released from the mature single polypeptide chain of kininogen by
the action of kallikreins (Miiller-Esterl et al., 1986). Moreover, high-
molecular-weight kininogen participates in the contact phase of blood clotting
(DeLa Cadena and Colman, 1991). A recent report also suggests that
kininogens are ferritin-binding proteins (Torti and Torti, 1998).

Other cystatins

An increasing number of cystatins that do not unambiguously belong to any
of the three classical families have been identified in animals other than
mammals and also in plants. These cystatins are all inhibitors of papain-like
cysteine proteinases but are not sufficiently homologous with members of the
classical families to be classified as belonging to any of these. The most
studied of these inhibitors are oryzacystatin I and II, found in rice and
resembling cystatins from family I (Abe et al., 1988; Kondo et al., 1990).
Other plant cystatins are found in corn (Abe et al., 1992), African berry
(Murzin, 1993), papaya (Song et al., 1995), avocado (Kimura et al., 1995) and
soybean (Misaka et al., 1996). Furthermore, cystatin-like inhibitors have been
found in fish (Koide and Noso, 1994; Tsai et al., 1996), in parasitic protozoa
(Irvine et al., 1992) and in bacteria (Tsushima et al., 1992).

Physiological role

The general belief is that the primary physiological function of cystatins is to
prevent uncontrolled proteinase activity outside the lysosomes, both
intracellularly and extracellularly. However, no direct evidence for the
importance of these inhibitors in controlling peptidase activity under normal
physiological conditions is available. Instead, the protective role of cystatins is
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indicated by increased levels of cystatins in locations where elevated proteinase
activity is observed (reviewed in Henskens et al., 1996). Such increased levels
of cystatins have been observed in periodontal inflammations (Henskens et al
1993, 1994, 1996; Naito et al., 1992; Alves et al., 1994), skin inflammations
(Hopsu-Havu et al., 1983; Jarvinen et al., 1987) and in rheumatoid arthritis
(Lenarcic et al.,, 1988). Besides, it has been demonstrated that cystatin C
inhibits bone resorption in vitro, probably by inhibiting the activity of
osteoclastic proteolytic enzymes released into the resorption lacunae (Lerner
et al., 1997). On the other hand, also the inhibitory capacity of cystatins is
affected by the action of proteinases. For instance, the N-terminal segment of
cystatin C is cleaved by neutrophil elastase and by bacterial proteinases during
periodontitis (Abrahamson et al., 1991, 1997; Grenier, 1996), which greatly
diminishes the affinity of the inhibitor for target proteinases. Cystatin A has
also been shown to be the subject of inactivation by cleavage of its N-terminal
region by an aspartic proteinase from the fungus, Candida albicans
(Tsushima et al., 1994).

Special emphasis has been put on elucidating the role of cystatins in tumor
progression. Decreased levels of cystatin A were found in breast cancer (Lah
et al., 1992), and Knoch et al. (1994) reported an imbalance between the levels
and activity of cathepsin B and those of cystatin B in lung cancer. Recently,
the expression of cystatin M was shown to be suppressed in human breast
cancer (Sotiropoulou et al., 1997), as was found for cystatin B in oesophagus
carcinoma (Shiraishi et al., 1998). Moreover, the inhibitory efficiency of
cystatin A from human sarcoma was decreased (Lah et al., 1989). The lowered
levels and activities of cystatins, in correlation with increased proteinase
activity, thus seems to facilitate tumor progression.

Besides inhibiting endogenous cysteine proteinases, cystatins most probably
are involved in the defence against invading microorganisms by inactivating
foreign proteinases used by these invaders to degrade the host organism.
Cystatins have thus been shown to inhibit cysteine proteinases from parasites
(Stoka et al., 1995; Chagas et al., 1997; Troeberg et al., 1996). Furthermore,
cystatin C and cystatin D were reported to inhibit corona virus replication at
physiological concentrations (Collins and Grubb, 1998), and replication of
herpes simplex virus was inhibited by cystatin C (Bjorck et al., 1990) and
oryzacystatin (Aoki et al., 1995). There are also reports of cystatins inhibiting
bacterial growth, as in the case of Porphyromonas gingivalis (a bacterial strain
involved in periodontitis), the growth of which is inhibited by cystatin S and
chicken cystatin (Naito et al., 1995; Umemoto et al., 1996; Blankenboorde et
al., 1996).
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Diseases caused by anomalous cystatins

Two pathological conditions in which cystatins are directly involved have
attracted special attention. One of these is a hereditary form of amyloid
angiopathy found in Icelandic families. This autosomal dominant disorder
leads to brain haemorrhage due to amyloid deposition in the blood vessels of
the brain, and eventually to death in affected patients, generally before the age
of 40 years (Jensson et al., 1987). The affected gene for the cystatin associated
with this disease, cystatin C, has a single base mutation, resulting in a Leu-68 to
Gln replacement in the protein (Palsdottir et al., 1988; Abrahamson et al.,
1992). The mutated cystatin C has been shown to dimerize and form
complexes (Abrahamson and Grubb, 1994), which presumably is the
explanation why it is deposited in amyloid fibrils. The other disorder, which is
a rare autosomal recessive form of myoclonus epilepsy, has been traced to
mutations in the cystatin B gene (Pennacchio et al., 1996). The most common
of these mutations is an expansion of a minisatellite repeat located upstream of
the transcription start of the gene (Lalioti et al., 1997b; Virtaneva et al., 1997;
Lafreniere et al., 1997), causing decreased levels of cystatin B mRNA.
Interestingly, one of the point mutations observed in a patient affected by this
disorder was a G to C change in exon 1, which results in the replacement of
the evolutionarily conserved Gly-4 of cystatin B by Arg (Lalioti et al., 1997a),
thereby almost abolishing the inhibitory activity of the protein towards target
cysteine proteinases (see Present investigation). The underlying mechanism by
which the absence of cystatin B activity leads to the disease is as yet unknown.

Structure of cystatins and general mechanism of inhibition

By the middle of the 1980's several general aspects of the interactions of
cystatins with their target proteinases had been ascertained. From studies by
Turk et al. (1986), Barrett (1986) and Green et al. (1984), and many others, it
was known that cystatins bound equimolarly and reversibly to their target
enzymes, displaying very high affinity, with inhibition constants as low as < 5
PM. Homology alignments of those amino acid sequences of cystatins that
had been determined gave the first hints on which regions of the inhibitors
could be involved in the binding to the target proteinases. The attention was
attracted by the evolutionarily most conserved residues, which are a Gly close
to the N-terminus of the inhibitor (Gly-9 in chicken cystatin) and a segment
with the consensus sequence Gln-Val-Val-Ala-Gly of almost fully conserved
residues in the central part of the protein. Several experimental results that had
been obtained by this time also supported the involvement of these regions in
proteinase binding. Abrahamson et al. (1987) thus reported that cystatin C
and chicken cystatin whose N-terminal region had been deleted before the
conserved Gly residue lost affinity for papain by more than three orders of
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magnitude. Takeda et al. (1985) and Isemura et al. (1986) made similar
observations when investigating the properties of rat cystatin A and cystatin S
lacking the N-terminal segment, in which the conserved Gly is located.
Contradicting these findings, there was a report of a plant cystatin,
oryzacystatin I, that maintained activity despite truncation of 21 of its most N-
terminal amino acids (Abe et al., 1988). Evidence for the importance of the
central QVVAG region for proteinase binding was provided by the
observation that, of the three cystatin-like domains of kininogen, only those
having the QVVAG sequence were able to inhibit papain and cathepsin L
(Salvesen et al., 1986). As the two presumed binding regions of the inhibitor
may have been required for proper folding and not for direct interaction with
the proteinases, synthetic peptides containing amino acids from these regions
were tested for inhibitory activity. A peptide comprising residues 4-21 of
cystatin C showed no inhibition of papain (Abrahamson et al., 1987), in
contrast with a synthetic peptide that harboured the central QVVAG segment
of the cystatins, which inhibited the activity of papain and cathepsin B to some
extent (Teno et al., 1988).

Fig. 4. Crystal structure of chicken cystatin (Bode et al., 1988) (left) and solution
structure of cystatin A (Martin et al., 1995) (right). The proteins are represented as
cartoons with the the regions that form the inhibitory wedge facing down.

The elucidation of the crystal structure of chicken cystatin (Bode et al., 1988),
unfortunately of a form lacking the amino acids preceding the conserved
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Gly-9, provided strong support for the previously implicated regions of the
inhibitor participating in the binding to target enzymes. The crystallized
cystatin molecule consists mainly of a five-stranded antiparallel B-pleated
sheet wrapped around a five-turn o-helix and a short appending o-helix
segment (Figure 4). This three-dimensional structure of chicken cystatin
shows that the N-terminal Gly-9 residue, a central hairpin loop containing the
QVVAG sequence (QLVSG in chicken cystatin), and a C-terminal loop, with
the evolutionarily rather conserved Pro-103 and Trp-104 (in chicken cystatin
numbering), are all exposed on the surface of the protein, forming a wedge-
shaped edge (Figure 4). On basis of computer docking experiments of the
cystatin and papain structures, it was suggested by Bode et al. (1988) that this
edge is the region of the inhibitor that binds to the active site cleft of papain,
thereby blocking the access of substrates to the latter and, consequently,
inhibiting the enzyme. The docking experiments also indicated that the two
interacting regions, the "inhibitory wedge" of the cystatin and the active-site
cleft of papain, are highly complementary and that thus no major
conformational changes are needed on either of the proteins for high affinity
binding.

The proposed docking model was essentially corroborated by the crystal
structure of a complex between cystatin B, a cystatin from family I, and papain
reported two years later (Stubbs et al., 1990). Briefly, the structure of the
complex showed that the two residues of the inhibitor immediately adjacent to
the conserved Gly-4, viz. Ser-3 and Met-2, were positioned in a substrate-like
manner, interacting with the putative S and S3 subsites of papain, respectively.
This positioning of the N-terminal residues created a type II turn in the
backbone of the inhibitor, only permitted by a Gly residue in position 4,
explaining the absolute conservation of this residue in cystatins. Furthermore,
the first and second binding loops were indeed very complementary to the
active site groove of papain, as proposed by Bode et al. (1988), creating many
rather unspecific and mostly hydrophobic interactions between the Gln-46—
Asn-52 and GlIn-71-His-75 regions of the inhibitor and the groove of the
enzyme. In addition, the C-terminal segment of cystatin B also contributed to
the binding of papain by its Tyr-97 and Phe-98 residues.

More recently, NMR studies have provided the three-dimensional solution
structures of chicken cystatin (Dieckmann et al., 1993) and cystatin A (Martin
et al.,, 1995; Tate et al., 1995; Figure 4), and given indications on the
secondary and tertiary structure of cystatin C (Ekiel et al., 1997). All these
cystatin structures show very similar folding, especially in the loop regions and
around the N-terminal Gly residue, indicating that the model of binding to
papain suggested for chicken cystatin (Bode et al., 1988) and observed for
cystatin B (Stubbs et al., 1990) probably is valid for most cystatins. The
solution structures also provided additional information, such as the finding
that the N-terminal region possesses a high degree of flexibility, whereas the
second binding loop is less flexible, and the first binding loop is very rigid.
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Moreover, the short appending helix that is present in the crystal structure of
chicken cystatin is not observed in the corresponding solution structure,
perhaps only being an artifact of the crystal packing.

Fig. 5. Stucture of the complex between cystatin B and papain (Stubbs et al., 1990). The
inhibitor is on top (thick lines). The complex is shown in a view along the active-site
cleft of papain, with the N-terminal region of cystatin B at the front.

Another clue to the mechanism by which cystatins inhibit papain-like cysteine
proteinases was provided by stopped-flow kinetics studies of the association of
chicken cystatin and papain at high inhibitor concentrations (Bjork et al.,
1989). It was shown that, under pseudo-first order conditions (i.e. at an excess
of inhibitor over enzyme), the observed rate constant by which the inhibitor
bound to the enzyme increased linearly with increasing inhibitor
concentration. Moreover, the high second-order rate constant, around
107 M-1.s-1, indicated that the reaction was close to diffusion-controlled.
These results presented strong kinetic evidence for a one-step inhibition
mechanism, as described in Scheme 1, supporting the model proposed from
docking studies, in which a good fit between chicken cystatin and papain was
achieved without conformational changes (Bode et al., 1988).
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In addition, by separate measurements of the association and dissociation rate
constants for the interactions between inhibitor and enzyme, it was possible to
accurately determine the extremely high affinity of chicken cystatin for
papain. These analyses gave a Kj value of ~ 60 fM, whereas only a limit for Kj
of < 5 pM had been estimated by equilibrium methods (Green et al., 1984),
i.e. a ~100-fold higher affinity could be determined by this procedure. Most
subsequent studies of the association kinetics between cystatins and papain-
like cysteine proteinases, conducted under pseudo-first order conditions and at
high inhibitor concentrations, are consistent with this mechanism. This
includes interactions between chicken cystatin and the proteinases ficin,
chymopapain A or actinidin (Bjork and Ylinenjarvi, 1990), between cystatin C
and papain or actinidin (Lindahl et al., 1992a) and between bovine stefin B
and cathepsin S (Turk et al., 1994). Moreover, these studies showed that the
affinities of the cystatins tested towards papain, ficin and cathepsin S all are
very strong, with Kj values between 0.01 and 8 pM, whereas actinidin is
inhibited by cystatin C or chicken cystatin more than three orders of
magnitude more weakly than these enzymes, although still with appreciable
affinity. In contrast with these findings, the interaction between cystatin C and
cathepsin B has been shown by similar methods to occur via a two-step
mechanism (Nycander et al., 1998) (Scheme 2). This behaviour presumably
reflects the need for the inhibitor to displace the occluding loop of cathepsin
B (Musil et al., 1991) before gaining access to the partially covered active site
cleft of the enzyme. Due to this mechanism, cathepsin B is inhibited more
weakly (Kj = 0.2 nM) by cystatin C, and other cystatins, than most cysteine
proteinases.

K ki2
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Chemically and genetically engineered variants of cystatins

In order to assess the importance of the different regions forming the "three-
partite" wedge-shaped edge of the cystatins for proteinase binding, several
studies have investigated how modifications of these regions affect the affinity
and kinetics of binding of the inhibitors to target proteinases. N-terminally
truncated variants of rat cystatin A (Takeda et al., 1985), chicken cystatin
(Abrahamson, et al., 1987; Machleidt et al., 1989; Lindahl et al., 1992b) and
cystatin C (Abrahamson, et al., 1987, 1991; Hall et al., 1995, 1998; Bjork et
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al., 1994, 1996) were reported to have appreciably decreased affinities for
papain-like cysteine proteinases. In discrepancy with these results were the
reports that oryzacystatin I, as already mentioned, and human stefin B
maintained their inhibitory activity on truncation of 21 and 6 of their N-
terminal residues, respectively (Abe et al., 1988; Thiele et al., 1990). However,
the former results have been disputed by Urwin et al. (1995) in a study in
which deletion of the 21 most N-terminal residues of oryzacystatin I, and
mutations of the conserved N-terminal Gly residue, resulted in the loss of
inhibitory ability.

The N-terminal region of chicken cystatin was estimated to contribute about
40% of the total binding energy to the complex formation with papain and
actinidin (Lindahl et al., 1992b), as reflected by a 2 x 106-fold decrease in the
affinity of the inhibitor for papain on truncation of N-terminal residues after
the conserved Gly-9. Similar decreases in the affinity for proteinases were
reported for cystatin C lacking the N-terminal residues preceding the
conserved Gly-residue (Abrahamson et al. 1991; Bjork et al., 1994). These
studies also concluded that the role of the N-terminal segment of cystatin C
and chicken cystatin (both family II cystatins) in the interaction differed
between target proteinases. In the binding of the inhibitors to enzymes with
accessible active sites, such as papain and actinidin, the N-terminal region thus
primarily conferred stability to the final complex. However, the suggestion was
made that the N-terminal region was required for the initial binding step of the
proposed two-step binding of the cystatins to cathepsin B (Bjork et al., 1994,
1996), whose active site cleft is partially covered by the occluding loop (Musil
et al., 1991).

Several studies have approached how the N-terminal region of cystatins
participates in interactions with target proteinases by genetically engineering
substitutions in this region and monitoring changes in the affinity and kinetics
of inhibition of the enzymes. Mutations of the evolutionarily conserved Gly to
Glu or Trp drastically reduced the affinity of cystatin C for papain, ficin,
actinidin and cathepsin B (Bjork et al., 1995), and replacement of this residue
also decreased the affinity of cystatin A for papain (Shibuya et al., 1995a).
Moreover, Bjork et al. (1995) observed the same differential kinetic behaviour
for the interaction of the cystatin C mutants with the different enzymes as
those reported for the N-terminally truncated forms of cystatin C and chicken
cystatin (Abrahamson et al. 1991; Bjérk et al., 1994).

Mutation of residues N-terminal of the conserved Gly have primarily provided
information regarding the specificity of the inhibitors for certain proteinases.
A mutant of cystatin C, in which Val-10 was replaced by Arg, displayed only
two-fold lower affinity for cathepsin B than the wild-type inhibitor, whereas it
inhibited papain 12 000-fold more weakly than the wild-type (Lindahl et al.,
1994). By investigating the effects of replacements of Leu-9 and/or Val-10
with Gly residues, Hall et al. (1995) concluded that most of the contributions
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of the N-terminal region to the affinity of Trp-106 to Gly variants of cystatin
C for cathepsins B, H and L were conferred by Val-10. However, the selectivity
of these cystatin C variants for the enzymes studied resided in Leu-9. In
subsequent work, the inhibition profile of cystatin C towards cathepsins B, H, L
and S was altered by various replacements of these residues (Mason et al.,
1998). Such changed inhibition profiles towards cathepsins B, H, L and S were
also observed for hybrids of cystatin C with the N-terminal region of cystatin
D, and vice versa (Hall et al., 1998). These results are consistent with the three-
dimensional structure of the stefin B-papain complex (Stubbs et al., 1990), in
which Ser-3 and Met-2 interact in a substrate-like manner with the unprimed
S2 and S3 subsites, respectively, of the proteinase.

The effect of mutations in the highly conserved QVVAG sequence, i.e. the
first binding loop, of cystatins for the affinity of the inhibitors for target
proteinases has also been investigated, giving apparently contradicting results.
Substitutions of GIn-46 to Lys and of Val-48 to Thr was reported not to
detectably decrease the affinity of cystatin A for papain, cathepsin B or
cathepsin L (Nikawa et al., 1989). This claim was in agreement with studies of
cystatin B, in which replacement of Val-47 with one of several residues did not
appreciably lower the affinity of the inhibitor for papain (Jerala et al., 1990).
In dispute with these results, however, was a subsequent report by Machleidt et
al. (1991), in which replacement of Val-48 in cystatin B by Asn was shown to
result in a 240-fold drop of the affinity of the inhibitor for papain. Similar
investigations of the first binding loop of chicken cystatin, in which Gln-53
was replaced by Glu or Asn, showed decreased inhibitory activity of the
mutants for actinidin and cathepsin B but not for papain (Genenger et al.,
1991). These results were partially revised later by the same group (Auerswald
et al., 1992) with the use of kinetic measurements. In this work they reported
10- to 1000-fold decreased affinities for papain, actinidin and cathepsin B by
several mutations in the first binding loop of chicken cystatin, e.g. the single
amino acid replacements of GIn-53 to Glu and Asn and of Gly-57 to Ala, and
the double exchanges of Arg-52 and GIn-53 to Leu and Glu, of Gln-53 and
Ser-56 to Asn and Ala and of Leu-54 and Gly-57 to Met and Ala,
respectively. In agreement with these results, variants of recombinant chicken
cystatin lacking parts of the first binding loop bound more weakly than the
wild-type inhibitor to papain, cathepsin B and cathepsin L (Auerswald et al.,
1995). Interestingly, it was found that recombinant variants of chicken cystatin
lacking parts of the first or second binding loops gave temporary inhibition of
papain and cathepsin L, i.e. free enzyme and cleaved inhibitor were released
from the enzyme-inhibitor complex after prolonged incubation (Machleidt et
al., 1995). The variants of chicken cystatin were cleaved between the
conserved Gly-9 and Ala-10 residues, indicating that disorders in the binding
loops of cystatin affect the binding of the N-terminal region in such a way that
it becomes accessible to an attack from the catalytically active Cys of the
proteinase (Machleidt et al., 1995).
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The importance of the second binding loop in the binding of cystatins to
target proteinases has been studied for family II inhibitors, both by chemical
modifications of the well conserved Trp residue and by engineered
modifications of recombinant inhibitors. Early evidence for involvement of
this region of the inhibitors in proteinase binding was presented by Nycander
and Bjork (1990). Chemical modification of the sole Trp, at position 104, of
chicken cystatin with a tryptophan-specific reagent produced a 4 x 10°-fold
weaker inhibitor of papain than intact cystatin. Kinetically, this decrease in
affinity was due essentially only to an increased dissociation rate constant.
These results are in agreement with conclusions from a subsequent
investigation in which the effects of deletion of the second binding loop of
chicken cystatin were studied (Auerswald et al., 1995). In this work mutants
lacking residues Pro-103-Leu-105 and Ile-102-GIn-107 displayed ~1000-
and ~60-fold lower affinities for papain and cathepsin B, respectively,
although only ~10-fold lower affinities for cathepsin L (Auerswald et al.,
1995). The decreases in affinity arose predominantly from increased
dissociation rate constants, suggesting an anchoring role for this region in the
binding of chicken cystatin to target proteinases.

Studies conducted on recombinant cystatin C with mutations of the conserved
Trp of this inhibitor, Trp-106, also showed the importance of the second
binding loop for high affinity binding of the inhibitor to target proteinases.
Hall et al. (1995) reported more than 10-fold decreased affinities of a Trp-
106 to Gly variant of cystatin C for cathepsins B, H, L and S. In later work, it
was shown that mutations of Trp-106 to Gly resulted in 300-900-fold lowered
affinities of the mutant for papain, actinidin and cathepsins B, H and L (Bjérk
et al., 1996). However, smaller decreases in affinities for the enzymes were
observed for a Trp-106 to Phe mutant, indicating that the phenyl side chain
could to some extent compensate for the absence of the indole side chain of
Trp-106, and providing evidence for the hydrophobic nature of the inhibitor-
enzyme interactions (Stubbs et al., 1990). Characterization of the kinetics of
binding of these mutants to target enzymes showed that the lowered affinities
were essentially due only to increased dissociation rate constants.

General conclusions regarding binding mechanism from
previous investigations

Family II cystatins

This section will begin by a discussion of the mechanism of binding of
cystatins of family II to target proteinases, due to the larger number of
investigations dealing with cystatins of this family. On the basis of structural
data, and of chemical modifications and engineered mutations of the three
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binding regions of family II inhibitors, the importance of these regions for
proteinase binding is quite well established. The structure of the inhibitory
wedge-shaped edge formed by these three regions is presumably
complementary to the active site cleft of papain-like proteinases with
accessible clefts, such as papain. This implicates that a tight fit between
inhibitor and enzyme is achieved without major conformational changes.
Kinetic data strongly support this assumption by demonstrating that the
association reaction is consistent with the formation of the enzyme-inhibitor
complex in a single step, and that the bimolecular association rate constant for
this process is as fast as would be expected for a diffusion-controlled reaction.
However, no structure of the same free and complex- bound inhibitor is
available to indicate what changes, if any, occur. The proposed model for the
interaction between the enzyme and the inhibitor is that the two hairpin loops
bind to the active site cleft of the enzyme, forming many primarily
hydrophobic and rather unspecific interactions with the primed substrate-
binding subsites of the enzyme. The N-terminal region plays a major role in
the binding by anchoring the inhibitor to the unprimed subsites of the
enzymes, and by conferring specificity for certain enzymes to the cystatins.
The anchoring is achieved primarily by interaction of the residue immediately
preceding the conserved N-terminal Gly residue with the S subsite of the
enzyme. The three-dimensional solution structures of family II cystatins reveal
that the configuration of the two hairpin loops is quite rigid, in contrast to the
region preceding the conserved N-terminal Gly residue, which is very flexible.
These findings, together with the demonstration that the N-terminal region is
dispensable for the rapid association of cystatins of family II with enzymes
with accessible active site clefts, indicate that this region may bind in a second
step, although too fast to have been detected experimentally.

A somewhat different mechanism appears to govern the binding of the
inhibitors to cysteine proteinases of the papain family that do not have
accessible active site clefts, of which cathepsin B is the only enzyme that has
been extensively investigated. In order for the inhibitor to form a tight
complex with cathepsin B, the occluding loop that partially covers the active
site cleft of the enzyme has to be displaced. This is reflected by the study of
the binding kinetics of cystatin C to cathepsin B, which indicates a two-step
binding mechanism. In this binding process, the N-terminal region of cystatin
is needed for the rapid association of the interacting proteins, indicated by
lowered association rate constants with cathepsin B of cystatin variants lacking
their N-terminal regions. The suggested mechanism is thus that an initial, weak
complex is formed between the N-terminal region of the cystatin and
cathepsin B, which enables the rest of the inhibitory wedge to displace the
occluding loop of proteinase, and to gain access to the active site cleft of the
enzyme, thereby forming a more stable enzyme-inhibitor complex.
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Family I cystatins

The mechanism by which cystatins of family I interact with cysteine
proteinases of the papain family has been less investigated than that of family
II cystatins. This relative lack of data is especially evident in the case of the
role of the three binding regions of the inhibitor. Contradictory results, which
probably reflect difficulties in quantifying tight affinities, disputing whether
the N-terminal region of cystatins of family I contributes or not to the binding
of the inhibitors to target proteinases make it difficult to assess the role of this
region. The limited number of investigations dealing with the contribution of
the first binding loop of family I cystatins to the binding have also given
somewhat contradictory results, although they mostly indicate that this region
is of similar importance for the inhibitory activity as it is for cystatins of
family II. Moreover, no studies are available for the role of the second binding
loop. However, all the three regions are implicated in interactions with the
enzyme in the crystal structure of cystatin B in complex with papain.
Furthermore, this crystal structure and the solution structure of cystatin A
reveal a similar overall structure between cystatins of families I and II, which
indicates that the binding mechanism of cystatins of the two families to target
proteinases should be very similar. The few investigations done on the binding
kinetics of family I cystatins to papain-like cysteine proteinases with accessible
active site clefts confirm the latter assumption, and support the model of these
cystatins binding in a one-step mechanism. Despite these limited and
somewhat contradictory results, it is reasonable to assume that the mechanism
of interaction between cysteine proteinases of the papain family and cystatins
of families I or II should essentially be the same, i.e. that proposed above for
family II cystatins.
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Present investigation

This thesis work was conducted with the purpose of elucidating the mechanism
that governs the interactions between cysteine proteinases of the papain family
and cystatin A, a representative of family I cystatins. In particular, the role of
the N-terminal region of the inhibitor in these interactions was investigated.

Characterization of recombinant cystatin A (Paper I)

When this work was started, endogenous cystatin A had been isolated from
several sources (Brzin et al., 1983; Green et al., 1984), and recombinant
inhibitors had been expressed in bacterial systems (Fong et al., 1989; Nikawa
et al.,, 1989; Kaji et al., 1990; Jerala et al., 1994). However, no extensive
characterization of the interactions of cystatin A with cysteine proteinases had
been reported. An expression system generating substantial quantities of fully
active inhibitor was developed in this study, which enabled analyses by
spectroscopic, kinetic and equilibrium methods of the interactions between the
inhibitor and several target proteinases.

Analyses of the near-UV absorption, circular dichroism and fluorescence
changes accompanying the binding of cystatin A to papain indicated that
these changes arose predominantly from perturbations of the environment of
tryptophan residues. The lack of tryptophans in cystatin A implicated residues
in papain as responsible for these spectroscopic changes, Trp-177 and/or Trp-
69 of the enzyme being the most likely candidates, due to their close vicinity
to the active site cleft. The spectral changes for the binding of cystatin A to
papain were appreciably different from those observed for the interactions of
cystatin C or chicken cystatin with the enzyme (Lindahl et al., 1988). This
finding is consistent with the absence in cystatin A and presence in chicken
cystatin and cystatin C of a tryptophan residue in the second binding loop that
has been proposed to contribute substantially to the spectral changes seen on
binding of the latter inhibitors to papain (Lindahl et al., 1988, 1992a).

The affinities of cystatin A for papain and cathepsin L were found to be 50—
100-fold higher and the affinity for cathepsin B five-fold higher than in
earlier reports (Green et al., 1984; Fong et al., 1989; Nikawa et al., 1989;
Abrahamson et al., 1986; Kaji et al., 1989). These discrepancies most certainly
are due to difficulties in accurately measuring the tight interactions of cystatin
A with these target proteinases. The affinities of the recombinant cystatin A
for the physiological target enzymes cathepsins B and L, which apparently had
been appreciably underestimated in previous work, were in better agreement
with the values reported for bovine cystatin A (Turk et al., 1995b). In contrast
with these findings, the affinities of recombinant cystatin A for cathepsins C
and H were comparable with those determined in previous studies (Barrett et

30



al., 1986; Abrahamson et al., 1991; Hall et al., 1993; Nicklin and Barrett,
1984).

Of the enzymes investigated, papain and cathepsin L were the most strongly
inhibited by cystatin A, with Kj values of 0.2 and 20 pM, respectively. The
affinity of cystatin A for papain is thus about one order of magnitude lower
than that of chicken cystatin or cystatin C, both belonging to family II (Bjork
et al., 1989; Lindahl et al., 1992a), but considerably higher than that reported
for cystatin B (Jerala et al., 1994), another family I cystatin. Cathepsin L is
inhibited with similar affinities by cystatin A and cystatin B (Jerala et al.,
1994), whereas cystatin C and chicken cystatin appear to have higher affinity
for this enzyme (Anastasi et al., 1983; Barrett et al., 1984; Green et al., 1984).
The association rate constants, ks, for the binding of cystatin A to papain and
cathepsin L were in the range of 3-5 x 106 M-! - s-1, and comparable with kas
values determined for the interactions of several cystatins with these enzymes.
Such kass values are close to those expected for a diffusion-controlled
reaction. Moreover, analyses of the kinetics of binding of cystatin A to papain
at high inhibitor concentrations revealed no deviation from a linear
dependence of the observed pseudo-first order rate constant, kohs, on inhibitor
concentration. The data are thus consistent with the formation of the papain-
cystatin A complex in one step, without major conformational changes of
either protein, as proposed previously for other cystatins (Bode et al., 1988;
Bjork et al., 1989; Lindahl et al., 1992a).

- Kj values for the inhibition of the other enzymes studied in this work, i.e.
cathepsins B, C and H and actinidin, by cystatin A were in the range of 1-40
nM, thus reflecting appreciably weaker affinities than those for papain and
cathepsin L. The Kj of cystatin A for cathepsin B is comparable with the values
of chicken cystatin and cystatin C for this enzyme, but significantly higher
than that of cystatin B (Green et al., 1984; Bjork et al., 1994; Abrahamson et
al., 1991; Jerala et al., 1994; Hall et al., 1993). However, the lower affinities of
cystatin A and the two family II inhibitors for cathepsin B have different
kinetic backgrounds. The reduced affinity of cystatin A for cathepsin B
compared with that for papain, is thus due to a reduced kg5, whereas the
decreased affinity of the family II cystatins for this enzyme instead reflects
primarily increased Kkdjss. Cystatin A binds to actinidin with an affinity
comparable with those of chicken cystatin and cystatin C, but the latter
cystatins appear to be 10-100 fold better than cystatin A in inhibiting
cathepsins C and H (Nicklin and Barrett, 1984; Bjork et al., 1990; Lindahl et
al., 1992a; Barrett 1986; Abrahamson et al., 1991; Hall et al., 1993). Also
cystatin B binds with 10-50 fold higher affinity to cathepsins C and H than
cystatin A (Green et al., 1984; Jerala et al., 1994).

Cystatin A was found to bind to inactivated papains, although with decreasing
affinities as the size of the inactivating group increased. This decrease was
entirely due to increased kdiss, as reported for similar studies with family II
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cystatins (Bjork and Ylinenjirvi, 1989; Lindahl et al., 1992a). However, much
larger effects were obtained for cystatin A, indicating that there is less space
for an inactivating group around the active site Cys-25 of papain in the
papain-cystatin A complex than in complexes of the enzyme with chicken
cystatin or cystatin C.

A truncated variant of cystatin A, lacking the first six residues, displayed a
substantially (i.e. ~7 x 106-fold) lower affinity for papain than the wild type
inhibitor. This observation was in accordance with the lower inhibitory
capacity observed for truncated variants of rat cystatin a (Takeda et al., 1986),
and suggested a similar importance for the N-terminal region of cystatin A in
proteinase binding as for the corresponding region in chicken cystatin and
cystatin C (Lindahl et al., 1992b; Bjork et al., 1994, 1995; Abrahamson et al.,
1991; Machleidt et al., 1989; Hall et al., 1993). However, the affinity of the
interaction was not accurately determined, and the somewhat altered CD
spectrum of the variant was also consistent with an altered conformation of the
inhibitor being responsible for the reduced affinity.

The role of Gly-4 of cystatin A in proteinase binding (Paper II)

At the outset of this investigation, the importance of the evolutionarily
conserved Gly residue in the N-terminal region of cystatins for the interactions
with target proteinases had been extensively investigated for family II cystatins
(Hall et al., 1998; Abrahamson et al., 1991; Machleidt et al., 1989; Lindahl et
al., 1992b; Bjork et al., 1994, 1996). However, only one such study of family I
cystatins had been reported (Shibuya et al., 1995a). This investigation was
limited to exploration of how the affinity of Gly-4 mutants of cystatin A for
the model enzyme, papain, decreased depending on the size of the side chain
of the replacing amino acid. Moreover, the reported affinities were uncertain,
due to the methodology used. Consequently, very little was known about the
magnitude of the effects and the underlying mechanism responsible for the
lowered affinities. Also, no data were available for interactions of cystatin A
Gly-4 mutants with physiologically relevant proteinases, such as cathepsins B
or L. In order to assess the importance of the evolutionarily conserved Gly-4
of cystatin A, several Gly-4 mutants were expressed in E. coli, and their ability
to inhibit papain and cathepsins B and L, as well as their kinetics of binding to
these enzymes, were characterized in detail. In addition, the structural changes
resulting from these mutations were explored by analyses of the CD spectra
and by NMR studies of the mutants.

In general, the affinities of the cystatin A Gly-4 variants for the enzymes
studied in this work, i.e. papain and cathepsins B and L, decreased with the size
of the side chain of the substituting residue, as reported earlier for papain
(Shibuya et al., 1995a). However, the magnitudes of these lowered affinities
were in strong contrast with those obtained in the previous study (Shibuya et
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al., 1995a). In the present work, even the substitution of Gly-4 to Ala or Ser
resulted in 900- and 7000-fold decreases, respectively, of the affinity of the
inhibitor for papain, from an affinity of the wild-type inhibitor of ~0.2 pM. In
contrast, Shibuya et al. (1995a) reported only 10- to 20-fold reduced affinities
for these mutations. Moreover, the K;j values for papain of cystatin A variants
in which Gly-4 was replaced by Arg, Glu or Trp increased to ~1 uM. These
substitutions thus reduced the affinity by more than 3 x 106-fold, whereas the
maximal decrease reported in the previous work was 240-fold (Shibuya et al.,
1995a). These conflicting results between the two investigations are most
evident for cystatin A variants displaying high affinities for papain and are
likely to reflect the inappropriate methodology used previously for
determinations of such high affinities (Shibuya et al., 1995a).

The affinity for cathepsin L of the Gly-4 mutants of cystatin A also decreased
with increasing size of the side chain of the substituent. The Kj values of the
mutants for this enzyme were similar to those measured for papain, with one
exception. The affinity of the Gly-4 to Trp mutant for cathepsin L was thus
50-fold higher than that for papain, presumably reflecting specific interactions
of the indole group in position 4 of the inhibitor with cathepsin L. In general,
the decreased affinities of the Gly-4 cystatin A mutants for cathepsin L,
relative to that of the wild-type, were less pronounced than for papain. This
could partially be due to the somewhat uncertain K; value of wild-type cystatin
A for cathepsin L that was used for comparison. This Kj value (~20 pM) was
determined previously by equilibrium measurements, as lack of material
precluded more accurate separate determinations of the association and
dissociation rate constants in the way done for papain (Pol et al., 1995).
Another explanation of these results is that cathepsin L better than papain
tolerates other residues than Gly in position 4 of cystatin A.

In the case of cathepsin B, even more drastic effects on the affinity of the Gly-
4 mutants for the enzyme were observed. Even the smallest change,
substitution by Ala, resulted in a 7000-fold decreased affinity for cathepsin B,
compared with that of wild-type cystatin A. The Gly-4 to Ser variant showed
another 4-fold lowered affinity, and replacement of Gly-4 by Arg, Glu or Trp
resulted in very weak inhibitors of cathepsin B, for which K; was
indeterminable, although estimated to be > 100 pM.

As the decreased binding affinities of the Gly-4 cystatin A mutants for target
proteinases may have arisen from conformational changes of the inhibitors
induced by the mutations, the possibility of such changes were analysed by
far-UV CD and NMR. No conformational changes were evident from the
experimentally indistinguishable CD spectra of the cystatin A variants and that
of the wild-type inhibitor. Moreover, NMR analyses of the Gly-4 to Ala and
Gly-4 to Trp mutants showed only minimal changes of chemical shifts for
most of the residues. For both mutants, the largest changes in chemical shift
were for residues in immediate vicinity of the mutated residue, such as Gly-5
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and Leu-6, but also for Val-47 in the first binding loop. Although detectable,
the magnitudes were very small (< 0.2 ppm), and provided no evidence that
the structure of cystatin A was affected by the mutations . These findings thus
indicate that the decreased binding affinities of the mutants for proteinases are
not due to altered conformations of the inhibitors, but arise from pertur-
bations of the interactions between the enzyme and the mutated side chain in
position 4.

Data on the changes of binding kinetics responsible for the weaker interaction
of the mutants with target proteinases could be obtained for all three enzymes
only for the cystatin A variants in which Gly-4 was replaced by Ala or Ser.
The results for these mutants were clear and consistent with similar studies of
family II cystatins (Abrahamson et al., 1991; Lindahl et al., 1992b; Bjork et
al.,, 1994, 1996). The reduced affinities were due only to increased
dissociation rate constants in the case of papain and cathepsin L, whereas both
decreased association and increased dissociation rate constants contributed to
the reduction in affinity for cathepsin B. These findings indicate that the
region around the Gly residue is only involved in the stabilization of the
complex between the inhibitor and papain or cathepsin L. In contrast, this
region is also needed for the association step of the interaction of the inhibitor
with cathepsin B. As discussed further below (Paper III), this behaviour
presumably reflects the requirement for an initial binding of the N-terminal
region of cystatin A to cathepsin B, in order to facilitate the subsequent
displacement of the occluding loop of the enzyme. Such displacement has to
occur before the rest of the proteinase binding regions of the inhibitor can
gain access to the partially obstructed active site cleft of cathepsin B and form
a tight complex (Musil et al., 1991; Bjork et al., 1994, 1996; Nycander et al.,
1998).

Analyses of the binding kinetics of the Gly-4 to Arg and Gly-4 to Glu mutants
to papain showed an hyperbolic dependence of the observed pseudo-first
order rate constant, kophs, on inhibitor concentration. This behaviour is that
expected for the formation of the enzyme-inhibitor complex via a two-step
mechanism, in which the free proteins (E and I) establish a rapid equilibrium
with an initial, weak complex (EI) before the more stable, final complex (EI*)
is formed by a conformational change, as shown in Scheme 2.

K ki2
E+12 EI 2 EI* (Scheme 2)
ko

In this scheme, K is the dissociation equilibrium constant for the first step,
and k42 and k.7 are the rate constants for the interconversion between the two
forms of the complex. Data for the dependence of kobs on the concentration
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of both cystatin A variants were satisfactorily fitted to the equation for this
mechanism (Bieth, 1995). This observed two-step binding of cystatin A
variants with charged substituents in position 4 to papain indicates that these
side chains cannot be accommodated unless conformational changes occur in
the complex. Such internal rearrangements of complexes between target
proteinases and other cystatin A Gly-4 variants may also occur, although not
detectable by the methodology used.

Binding of N-terminal truncation variants of cystatin A to
proteinases (Paper III)

The two earlier studies (Papers I and II), as well as investigations by other
groups (Takeda et al., 1985; Shibuya et al., 1995a, b), indicated that the N-
terminal region of cystatin A plays a substantial role in the tight binding of the
inhibitor to target proteinases. However, data regarding the contribution and
importance of individual residues preceding the evolutionarily conserved Gly-
4 residue to the interaction with papain and physiologically relevant cathepsins
were lacking, or were uncertain.

In this work, mutants of cystatin A were produced, in which the three N-
terminal residues were sequentially deleted. Such truncation resulted in
lowered affinities of the variants for the enzymes studied, i.e. papain and
cathepsins B and L. The solution structure of cystatin A (Martin et al., 1995)
shows a high flexibility of the N-terminal region, and a lack of interactions of
residues preceding Leu-6 with the rest of the protein. These observations,
together with analyses of the CD spectra of the truncation variants in this work,
in which no alterations were detectable, indicate that the truncation of the
residues from the N-terminus of cystatin A is not accompanied by any
conformational changes of the inhibitor. The decreases in binding affinity for
proteinases of the variants lacking N-terminal residues are thus likely to
entirely reflect the absence of contributions of these residues to the binding.

The deletion of Met-1 had no detectable effects on the affinities of cystatin A
for papain and cathepsin L, and only resulted in a 4-fold decrease in the
affinity for cathepsin B, indicating that this residue is of minor importance for
the inhibitory capacity of cystatin A. This finding is in agreement with Met-1
not been involved in interactions with papain in the crystal structure of the
complex between papain and cystatin B (Stubbs et al., 1990), a homologous
family I cystatin. Further truncation, of Met-1 and Ile-2, had more serious
consequences for the inhibitory ability. Compared with the wild-type inhibitor,
this variant had 900- and 200-fold lower binding affinity for papain and
cathepsin B, respectively, whereas the decrease for cathepsin L could only be
estimated to be larger than 3-fold, due to the uncertain value of K obtained
for wild-type cystatin A. The affinities for cathepsin L, papain and cathepsin B
of the mutant lacking the three residues preceding the conserved Gly-4 were
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reduced another 20 000-, 2000- and 400-fold, respectively, indicating the
predominant contribution of Pro-3 to the high affinity binding of cystatin A
to the three proteinases. The reduced affinities of this truncation variant of
cystatin A for papain and cathepsin B indicate that the N-terminal region
contributes about 40% of the total free energy of binding of the intact
inhibitor to the two enzymes, a contribution similar to that reported for
chicken cystatin (Lindahl et al., 1992b).

These results show conclusively that the N-terminal region of cystatin A is
indispensable for the high affinity binding of the inhibitor to target
proteinases, being as important as the corresponding region in family II
cystatins is for such binding (Hall et al., 1998; Abrahamson et al., 1991;
Machleidt et al., 1989; Lindahl et al., 1992b; Bjork et al., 1994; Bjork et al.,
1996). They also show that most of the contribution of the N-terminal region
to the affinity for proteinases is conferred by the two residues adjacent to the
evolutionarily conserved Gly-4 residue, i.e. Pro-3 and Ile-2, primarily the
former. A previous study had reported that truncation of the two first residues
of a Met-65 to Leu cystatin A variant only had a minimal effect, ~3-fold, on
the affinity of this variant for papain (Shibuya et al., 1995b), whereas the same
deletion gave a ~900-fold reduced affinity in the present work. Moreover, in
the previous study (Shibuya et al., 1995b), it was claimed that the ability of
cystatin A to inhibit papain only was compromised for truncations beyond
Pro-3 and that deletion of the first four residues, including Gly-4, resulted in a
~200-fold weaker inhibitor of papain. In contrast, deletion of the residues
preceding Gly-4 in this work gave ~2 x 100-fold decreased affinity for papain
compared with the wild-type inhibitor. These apparent discrepancies are most
likely due to difficulties in measuring the very low inhibition constants of
some of the cystatin A variants for papain by equilibrium methods. Therefore,
many of the conclusions of the previous work (Shibuya et al., 1995b)
concerning the role of the N-terminal region of cystatin in proteinase binding
that are based on such uncertain K;j values must be considered questionable.

Analyses of the kinetics of inhibition of the three enzymes studied in this work
by the N-terminally truncated cystatin A variants showed that the truncations
did not affect the rate by which the inhibitors bound to papain or cathepsin L.
The reduced affinities of the truncated variants for these enzymes was instead
only caused by an increased kgjss, i.e. less stable complexes were formed. In
contrast, both a decreased kass and an increased kgjss were responsible for the
reduced affinities of the cystatin A variants for cathepsin B. Similar results has
been obtained in studies of the kinetics of inhibition of these enzymes by N-
terminally truncated variants of the family II cystatins, chicken cystatin and
cystatin C (Abrahamson et al., 1991; Lindahl et al., 1992b; Bjork et al., 1994;
Bjork et al., 1996).

On basis of these and other results, it can be concluded that the N-terminal
region of cystatin A binds to papain and cathepsin L in a substrate-like
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manner, anchoring the inhibitor to the enzyme by interactions of Ile-2 and
Pro-3 with the S3 and S» substrate binding subsites of the enzyme, respectively
(Stubbs et al., 1990; Lindahl et al., 1994; Hall et al., 1995; Mason et al., 1998;
Hall et al., 1998), but not affecting the rate of the reaction. Given the
flexibility of the N-terminal region of cystatin A, and other cystatins, in
solution (Dieckmann et al., 1993; Martin et al., 1995; Ekiel et al., 1997), is
possible that this binding occurs subsequent to that of the more rigid first and
second binding loops of the inhibitor. However, no indications of such a two-
step binding mechanism have been detected by rapid-kinetic analyses of the
interaction of several cystatins with papain and other proteinases with
accessible active site clefts (Bjork et al., 1989; Bjork et al., 1990; Lindahl et al.,
1992a; Pol et al., 1995; Turk et al., 1994; Turk et al., 1995b).

In contrast, cystatin A probably binds by a different mechanism to cathepsin
B, in which the active-site cleft is partially obstructed by the occluding loop
(Musil et al., 1991). The association of cystatin C with cathepsin B has been
shown to occur via a two-step mechanism (Nycander et al., 1998), presumably
reflecting the need of the inhibitor to displace this occluding loop before
gaining access to the active site of the enzyme. The decreased kags for
cathepsin B of cystatin A variants lacking the N-terminal region, as well as of
Gly-4 mutants of the inhibitor (Paper II), indicates that the N-terminal region
of cystatin A is involved in the formation of the initial complex of such a two-
step reaction. The displacement of the occluding loop is facilitated by the
formation of this initial complex, allowing the subsequent interaction of the
two other binding regions of the inhibitor with the active site cleft of the
proteinase. A similar role for the N-terminal region in interactions of family II
cystatins with cathepsin B has been proposed from studies with N-terminally
modified such inhibitors (Bjork et al., 1994; Bjork et al., 1995, Bjork et al.,
1996).

Two-step proteinase binding of N-terminally labelled cystatin A
(Paper IV)

Studies of the kinetics of binding of cystatin A to papain have shown that the
association of the two proteins is very rapid, with a kagg of ~3 x 106 M-1.5-1,
and experimentally consistent with a simple bimolecular reaction involving no
kinetically detectable conformational changes (Pol et al., 1995). Such a one-
step binding mechanism of cystatins to cysteine proteinases has also been
proposed for the interactions of chicken cystatin and cystatin C with papain
and similar enzymes (Bjork et al., 1989; Bjork and Ylinenjirvi, 1990; Lindahl
et al., 1992a) and is supported by the highly complementary shape of the
interacting regions of chicken cystatin to the active-site cleft of papain (Bode
et al., 1988). However, the high flexibility in solution of the N-terminal region
of cystatins (Dieckmann et al., 1993; Martin et al., 1995; Ekiel et al., 1997),
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together with the unaffected kg for the binding of N-terminally truncated
cystatins to papain (Lindahl et al., 1992b; Bjork et al 1994, 1996; Paper III),
make it plausible that the N-terminal region may bind to the enzyme in a
second step, after the binding of the two, more rigid, loops of the inhibitor.

To allow the kinetics of binding to papain of the N-terminal region of cystatin
A to be differentiated from those of the other regions of the inhibitor, cystatin
A was expressed with an extra N-terminal Cys residue, which was labelled with
a fluorescent group. The interactions of the labelled inhibitor with papain were
studied by stopped-flow methods, either by monitoring the decrease of
enzyme activity or by following the increase of the fluorescence of the label
that resulted from interactions with the enzyme. In the former analyses, the
dependence of kops on the concentration of the inhibitor, present in excess,
was linear, giving a kags of ~2 x 107 M-1.s-1 and a kgqjss indistinguishable from
zero. In contrast with this linear behaviour, kyps, monitored by the interaction
of the N-terminal label with papain, showed the same hyperbolic dependence
on reactant concentration, approaching a limiting rate constant at high reactant
concentrations, regardeless of whether the enzyme or the inhibitor was in
excess. These different behaviours of kqps depending on which monitoring
method was used are compatible with a two-step binding mechanism, in which
the proteinase (P) and the rigid regions of the binding edge of the inhibitor (I)
form an initial complex (PI), in which the proteinase is prevented from
cleaving substrate. The second step of this mechanism involves the binding of
the labelled N-terminal region of the inhibitor to the enzyme (PI*), which
stabilizes the complex, alters the fluorescence of the label and accounts for the
saturation kinetics observed in experiments monitored by this property:

ki1 k2
P+1 2 PI 2 PI*
K ko

From the hyperbolic dependence of kobs on reactant concentration, values for
Ko.5 and kjjm of ~10 uM and ~230 51, respectively, were derived. K 5 is the
concentration of the reactant in excess at which half of the limiting rate
constant is reached and kjjpy is this rate constant. kjj; must reflect the rate
constant,k2, for the convertion of the intermediate to the final complex,
therefore implicating that k47 is ~230 s~1. From the linear dependence of kops
obtained from the decrease of enzyme activity on inhibitor concentration
which reflects the first step of the reaction, and the intercept on the ordinate of
this plot, if follows that k1 << k42. An estimated value for k.; is ~1 s-1, which
is the kgiss for a complex of papain with cystatin A lacking the N-terminal
region (Paper III). Under these conditions, the initial slope of the hyperbolic
dependence, ks, corresponds to k41, and k4 is thus ~2 x 107 M-1.s-1, This
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value is identical to that obtained by monitoring the first step of the reaction
by measurements of the rate of disappearance of the free enzyme. Finally, k.7,
can be estimated from the overall Kg, calculated from k55 and a separately
determined kgjss (~5 x 10-7 s-1), together with the values of k.1, k.1 and k47
and discused above. This gives a value of ~10-4 s for k.5, the rate constant
fordissociation of the N-terminal region of the labelled inhibitor from the
proteinase.

The almost identical kyijss values obtained for the interactions of wild-type
cystatin A (Pol et al., 1995) and the labelled variant with papain indicate that
the label is not involved in the binding but acts merely as a reporter of
environmental changes around the N-terminus of the inhibitor. This
conclusion is further supported by the structure of the cystatin B-papain
complex, in which Met-1 of the inhibitor is not involved in interactions with
the enzyme (Stubbs et al., 1990), and by the unaffected affinity for papain of
a cystatin A variant lacking Met-1 (Paper III). These observations provide
strong evidence that the second step of the two-step mechanism of binding of
the labelled cystatin A to papain reflects the binding of the N-terminal region
and not simply a binding or rearrangement of the label.

Previous fast-kinetic studies of interactions of cystatin A, or other cystatins,
with papain have not indicated that a two-step mechanism is involved in the
reactions investigated. One explanation may be that the changes in tryptophan
fluorescence used to monitor the reactions in the previous work only report
the first step of a two-step binding of the inhibitor to papain, in analogy with
the kinetic studies in the presence of substrate in this work. This possibility is
supported by the structure of the cystatin B-papain complex (Stubbs et al.,
1990), in which the Trp-177 residue in papain, proposed to account for the
majority of the fluorescence changes during complex formation (Lindahl et
al., 1988; Pol et al., 1995), is located in the vicinity of the two loops, and
further away from the N-terminal region of the inhibitor. Another possibility
is that the unlabelled N-terminal region of cystatin A binds to the enzyme with
a considerably faster rate constant than the labelled region. A six-fold
increased k47, from ~230 s-! for the labelled inhibitor to 1500 s-1 for the
unlabelled inhibitor, together with the lower kass of ~3 x 106 M-1.s-1 for the
latter (Pol et al., 1995), would give a K¢ 5 of 500 uM. In this case, even if the
binding of the N-terminal region of the unlabelled inhibitor to papain results
in changes of tryptophan fluorescence, the high Ky 5 would give an apparently
linear dependence of kgps, up to 100 pM, which was the highest inhibitor
concentration that could be studied in the previous work (Pol et al., 1995).

39



Conclusions

The aim of this work has been to elucidate of the detailed mechanism by
which cystatins bind to and inhibit their target enzymes, the papain-like
cysteine proteinases. In particular, the interactions of recombinant wild-type-
and mutated cystatin A variants with such proteinases were investigated by
spectroscopic, kinetic and equilibrium methods.

The mammalian cysteine proteinase inhibitor, cystatin A, was expressed in
bacteria and purified to give fully active protein. The binding of cystatin A to
several proteinases of the papain family was quantified, and it was found that
the affinities for papain and cathepsins B and L had been largely
underestimated in previous work. Papain and cathepsin L were inhibited
rapidly and strongly, with kass values of ~3-5 x 106 M-1 . s-1 and K; values of
~0.2-20 pM. These values of k,g5 approach those expected for a diffusion-
controlled reaction. This observation, together with the linear concentration
dependence of kqobs for the binding of cystatin A to papain at high inhibitor
concentrations, is consistent with the association of the two proteins occurring
in one step, without detectable conformational changes. Cystatin A was a less
potent inhibitor of actinidin and cathepsins B, C and H, having Kj values for
these enzymes in the range of 1-40 nM. These lower affinities were due
primarily to an increased kgjss, except for cathepsin B, for which k,gq was
~100-fold lower than the values for the other enzymes.

The evolutionarily conserved Gly-4 residue of cystatin A was mutated to
several other residues. The affinities of the inhibitor for papain and cathepsins
B and L were substantially decreased even by the Gly-4 to Ala mutation.
Moreover, replacement of Gly-4 by a charged residue, such as Glu or Arg,
resulted in an affinity loss of more than five orders of magnitude for the three
enzymes. The decreased affinities for papain and cathepsin L were due to an
increased kdjss, Whereas a combination of decreased kagg and increased kgigg
values were responsible for the lower affinities of the mutants for cathepsin B.
This behaviour presumably reflects different roles of the N-terminal region of
cystatin A in the binding to different enzymes. This region thus apparently
serves mainly to anchor the inhibitor to proteinases with easily accessible
active-site clefts, such as papain and cathepsin L, thereby reducing kgiss. In
contrast, the N-terminal region of the inhibitor most likely is needed for the
displacement of the occluding loop of cathepsin B and thereby increases the
kass for the reaction with this enzyme. No evidence for structural changes of
the mutants being responsible for the lowered binding affinities were detected
by CD or NMR analyses.

Sequential deletion of residues from the N-terminal region of cystatin A
revealed the importance and contribution of individual residues of this region
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in the interaction of the inhibitor with papain and cathepsins B and L. The
deletion of Met-1 minimally affected the inhibitory ability. Further deletion of
Ile-2 and Pro-3 showed that these residues together conferred most of the
affinity of binding of the N-terminal region to the enzymes and that Pro-3 was
responsible for the major part of this affinity. The Ile-2 and Pro-3 residues
presumably interact in a substrate-like manner with the S3 and S, subsites of
the enzymes, respectively. Deletion of all three residues before the
evolutionarily conserved Gly-4 in a A MIP variant resulted in affinity losses of
around five orders of magnitude for all three enzymes. This decreased affinity
indicates that the N-terminal region provides about 40% of the free energy of
binding of the inhibitor to the enzymes. The lower affinities of the truncated
cystatin A variants for papain and cathepsin L are only the result of higher
kdiss values, indicating, as for the Gly-4 mutations that the N-terminal region
primarily has a role in anchoring the inhibitor to these enzymes. In contrast,
the lowered ka5 values of the variants for cathepsin B similarly indicate that
this region is needed for the formation of the initial complex between cystatin
A and cathepsin B in the two-step binding mechanism of cystatins to this
enzyme. As in the case of the Gly-4 mutants, no detectable changes in the CD
spectra accompanied the truncations, providing evidence for conformational
changes of the inhibitors not being responsible for the observed decreases in
affinity.

Cystatin A was expressed with an extra N-terminal cysteine, which was labelled
with a fluorescent group, AANS. AANS-cystatin A had eight-fold higher
affinity for papain than the wild-type inhibitor. The kgiss of the labelled
variant was indistinguishable from that of the wild-type, an increased kagg thus
being responsible for the higher affinity. kops, monitored by the loss of
enzyme activity in the presence of substrate, increased linearly with inhibitor
concentration and gave a kags of ~2 x 107 M-1 - s-1, In contrast, analyses of the
interaction of AANS-cystatin A with papain, monitored by changes in the
fluorescence of the label, showed that kopsvaried hyperbolically with reactant
concentration. This behaviour indicates that the labelled N-terminal region of
cystatin A binds to papain in the second step of a two-step reaction, after an
initial binding of the rest of the inhibitory wedge to the enzyme. The kjgs
derived for this two-step mechanism was identical with that obtained from
measurements of the rate of inhibition of papain by the labelled inhibitor, i.e.
~2 x 107 M-1 . 5-1, The limiting rate constant for the formation of the final
complex, k47, was ~230 s~1, and the reactant concentration at which half of this
limiting rate was reached was ~10 uM. It is likely that also the unlabelled N-
terminal region of cystatin A binds to papain in a second step, although such
binding could not be detected in previous kinetic studies monitored by
changes of tryptophan fluorescence.
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