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Proteases and their natural protein inhibitors are among
the most intensively studied protein-protein complexes.
There are about 30 structurally distinct inhibitor families
that are able to block serine, cysteine, metallo- and aspar-
tyl proteases. The mechanisms of inhibition can be related
to the catalytic mechanism of protease action or include a
mechanism-unrelated steric blockage of the active site or
its neighborhood. The structural elements that are respon-
sible for the inhibition most often include the N- or the
C-terminus or exposed loop(s) either separately or in com-
bination of several such elements. During complex forma-
tion, no major conformational changes are usually
observed, but sometimes structural transitions of the inhi-
bitor and enzyme occur. In many cases, convergent evolu-
tion, with respect to the inhibitors’ parts that are responsible
for the inhibition, can be inferred from comparisons of their
structures or sequences, strongly suggesting that there are
only limited ways to inhibit proteases by proteins.
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Introduction

A strong inhibition of an active protease by a protein appears
to be a paradox. Nevertheless, proteinaceous inhibitors of
proteolytic enzymes comprise the largest and structurally
most diverse group of naturally occurring enzyme inhibitors.
A comprehensive list of 48 inhibitor families has been
recently published (Rawlings et al, 2004) and is available at
http://merops.sanger.ac.uk. Inhibitor structures, modes of
inhibition, kinetic and thermodynamic parameters, and the
nature of the enzyme-inhibitor complexes are surprisingly
diversified. On the other hand, in many cases, convergence of
structure and/or function can be observed, pointing to the
fact that there is a limited number of inhibition modes.

*Corresponding author. Institute of Biochemistry and Molecular
Biology, University of Wroclaw, ul. Tamka 2, 50-137 Wroclaw, Poland.
Tel.: +48 71 3752 824; Fax: +48 71 3752 608;

E-mail: otlewski@protein.pl

Received: 9 July 2004; accepted: 9 February 2005; published online:
3 March 2005

©2005 European Molecular Biology Organization

Some protein folds support structural elements that are
responsible for unrelated types of inhibition. For example, the
B-barrel fold is involved in inhibition of cysteine, serine and
metalloproteases (Rzychon et al, 2003), knottins are respon-
sible for inhibition of serine and metalloproteases (Bode et al,
1989), bovine pancreatic trypsin inhibitor (BPTI)-like pro-
teins can inhibit serine proteases through two unrelated
mechanisms (Wei et al, 1998) and proteins belonging to
Bowman-Birk family can inhibit serine or cysteine proteases
(Hatano et al, 2002). The above-mentioned folds are rigid and
stable, which might reflect the fact that high resistance to
proteolysis of the inhibitor framework is useful in supporting
the inhibitory epitopes.

Inhibition of the concave protease active site is usually
achieved by docking of an exposed structural element of the
inhibitor, like a single loop or a protein terminus, either
independently or in combination of two or more such ele-
ments. Since inhibitors are proteins, inhibition in many cases
is linked to the mechanism of peptide bond cleavage ob-
served in protein substrates. Besides the protein inhibitors
discussed in this review, proteases can also be effectively
inhibited by prosegments that catalyze folding of mature
enzymes (Khan and James, 1998). The inhibitors are usually
specific toward one of four mechanistic classes of proteases
(serine, cysteine, aspartic or metalloproteases), with protein
inhibitors of threonine and glutamyl proteases (Fujinaga
et al, 2004) remaining yet to be discovered (Table I). In this
review, we discuss well-documented mechanisms of inhibi-
tion, supported by the spatial structures of respective com-
plexes. We focus on those features of inhibitors that allow
them to escape regular proteolysis.

Mechanism-based inhibitors

Inhibition through tight Michaelis complex
A noncovalent protease-inhibitor complex, highly similar to
the enzyme-substrate interaction, is a very common way of
inhibition. This type of protease inactivation arose many
times during the evolution of 18 families of serine protease
canonical inhibitors, but there is evidence that it is also
utilized to inhibit cysteine and metalloproteases (Table I).
The most intensively studied example of substrate-like
interaction is canonical inhibitors of serine proteases
(Figure 1A(1)). The majority of the inhibitors are rigid, stable,
purely B-sheet or mixed o/f proteins, but they can also be
a-helical or irregular proteins rich in disulfide bonds. It is
intriguing that in all these families, the loops are of a very
similar, canonical conformation, despite completely different
amino-acid sequences of the P;-P;’ segments among different
families and also between individual members of a family
(Bode and Huber, 1992).
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Table I Structural and mechanistic features of protein inhibitors of proteases

Protease Inhibitor Representatives Major features of inhibition Inhibitor size
type
Serine Canonical ~ BPTI, OMTKY3, Often extremely tight and fast, noncovalent interaction resembling 3-21kDa per
inhibitors eglin ¢, CMTI I Michaelis complex, direct blockage of the active site, no conformational domain
changes, antiparallel -sheet between enzyme and inhibitor, similar
mode of interaction through canonical protease binding loop in 18 different
inhibitor scaffolds, moderate size of interface, utmost role of P; residue,
additive effects on association energy
Noncano-  Hirudin, TAP, Extremely strong, fast and specific interaction so far known for factor X, 6-8kDa per
nical ornithodorin and thrombin only, two-step kinetics, inhibition of the active site through domain
inhibitors inhibitor’s N-terminus forming parallel B-sheet with enzyme active site,
large interface composed of two interaction areas
Serpins o-1-Antitrypsin, Irreversible covalent acyl-enzyme complex, mouse-trap mechanism, huge 45-55kDa
antithrombin conformational changes in inhibitor, important role of P; position, suicide
inhibition, disruption of protease active site
Cysteine Cystatins Chicken cystatin, Extremely tight but not specific, reversible and noncovalent inhibition, 11-13kDa,
cystatin C, interaction through a wedge formed by two hairpin loops and N-terminus, up to
stefin B, catalytic Cys25 accessible in complex, important interactions through 60-120 kDa
kininogen P, position (kininogen)
Thyropins  p4l, equistatin Very tight inhibition, mechanism similar to cystatins but often more specific, 7 kDa per
unusual inhibition of cysteine and aspartic proteases at different domains of domain
equistatin
Bromelain  BI-VI Moderately strong inhibition at low pH and no inhibition at neutral 6-8kDa
inhibitors pH, structural resemblance to canonical inhibitors of Bowman-Birk family
Staphost- Staphostatin B Moderately strong inhibition, inhibition mechanism resembling that of 11 kDa
atins canonical inhibitors, inhibitor structure different from cystatins, unusual
conformation of conserved Gly at P,, substrate-like orientation of inhibitor,
large area of interaction, importance of P," position
IAP XIAP, cIAP1 Highly specific inhibition, reversible tight binding kinetics, inhibition also 9 kDa per BIR
through interdomain flexible linker region as nonproductive binding in domain
orientation opposite to that of substrates
CrmA, PI-9 Highly specific inhibition, similar to serpin mechanism-based inactivation 38kDa
p3s Nonspecific inhibition, irreversible acyl-enzyme, distortion of active site, 35kDa
p35 N-terminus shields catalytic Cys360 from water molecules, gross
conformational changes in inhibitor
Metallo PCI, LCI Tight enzyme-product complex, inhibition through C-terminal segment, key 4 kDa
role of Val38 (P;), no conformational changes in inhibitor upon complexation
SMPI Moderately specific inhibitor, inhibition mechanism resembling standard 11 kDa
mechanism of canonical inhibitors of serine proteases, temporary inhibition,
rigid protease binding loop
P. aeruginosa Both tight and weak inhibition observed, major interactions through five 15kDa
inhibitor, N-terminal residues, N-terminal amino group forms a coordinative bond
E. chrysanthemi to catalytic Zn, in analogy to TIMPs
inhibitor
TIMP1-4 Tight but not highly specific noncovalent interaction, N-terminus and five 20-22kDa
inhibitor loops form wedge contacting the active site, bidental coordination
of catalytic Zn through N-terminus, major interactions through P," residue,
moderate conformational changes in inhibitor upon complexation
Aspartic 1A;3 Strong, highly specific and fully unique type of inhibition, fully unfolded in =~ 8kDa
free state, forms long helix in the complex comprising only N-terminal half of
inhibitor, noncovalent complex
PI-3 Strong but not highly specific, antiparallel -sheet formed between enzyme 17kDa

and inhibitor, no conformational changes

BPTI: bovine pancreatic trypsin inhibitor; OMTKY3: turkey ovomucoid third domain; CMTI I: Cucurbita maxima trypsin inhibitor 1; TAP: tick
anticoagulant peptide; BI-VI, bromelain inhibitor VI from pineapple; IAP: inhibitor of apoptosis; XIAP: X-linked IAP; cIAP1: cellular inhibitor of
apoptosis protein 1; BIR: baculoviral IAP repeat; CrmA: cytokine response modifier A; PI-9: protease inhibitor 9; PCI: potato carboxypeptidase
inhibitor; LCI: leech carboxypeptidase inhibitor; SMPI: Streptomyces proteinaceous metalloprotease inhibitor; TIMP: tissue inhibitors of
metalloproteases; [As: inhibitor of aspartic protease from yeast; PI-3, Ascaris suum pepsin inhibitor 3.

The mode of the canonical inhibitor-serine protease inter-
action is presumed to be adopted also by a productively
bound protein substrate. The loop is usually of higher dy-
namics in the uncomplexed state and becomes significantly
rigidified upon complex formation with the protease. Several
intermolecular hydrogen bonds of constant pattern are
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formed between the canonical loop and the enzyme active
site, including a short antiparallel B-sheet between P;-P; and
the 214-216 segment (in the chymotrypsin family), two
hydrogen bonds between the carbonyl oxygen of P; and the
amides of the oxyanion binding hole and a short contact
between the P; carbonyl carbon and the catalytic serine.
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Trypsin:CMTI Trypsin:u - 1-antitrypsin «-Thrombin : haemedin
(mechanism/ES) (mechanism/acyl-enzyme) (steric blockage)

Cathepsin H: stefin A Caspase-7:XIAP Caspase-8:p35
(steric blockage) (non-productive) (mechanism/acyl-enzyme)

S. mar talloprot -MMP-1: Y Carbo: idase A2:LCI
s Mt-MMP-1: TIMP-2 arboxypept
E. chrysanthemi inhibitor )
o (mechanism/ES) (mechanism/EP)

(mechanism/ES)

Proteinase A:1A3
{mechanism/EP) (steric blockage)

Pepsin A:PI-3

Figure 1 Examples of protease-inhibitor complexes. (A) Serine protease-inhibitor complexes: (1) canonical: trypsin-CMTI (PDB: 1PPE), (2)
serpin: trypsin-o-1l-antitrypsin (1EZX), (3) noncanonical: o-thrombin-haemedin (1EOF). (B) Cysteine protease-inhibitor complexes: (1)
cathepsin H-stefin A (1NBS5), (2) caspase-7-XIAP (1I51), (3) caspase-8-p35 (1I14E). (C) Metalloprotease-inhibitor complexes: (1) Serratia
marcescens metalloprotease-Erwinia chrysanthemi inhibitor (1ISMP), (2) membrane-type MMP-1-TIMP-2 (1BQQ), (3) human carboxypepti-
dase A2-LCI (1DTD). (D) Aspartic protease-inhibitor complexes: (1) porcine pepsin-PI-3 (1F34), (2) proteinase A-IA3 (1DPJ). Three-
dimensional structures of proteases are represented by yellow ribbons with water accessibility surface colored in pale green. Secondary
structure elements of inhibitors are marked in blue (B-sheets), red (a-helices) and magenta (coils). The inhibition types of particular
enzyme:inhibitor pairs are given in parentheses.
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In the crystal structures of all enzyme-inhibitor complexes,
the latter bond is shorter than the van der Waals
distance, however, not short enough to form a tetrahedral
adduct.

The conserved mode of recognition between the protease
binding loop and the enzyme active site allows many differ-
ent serine proteases (belonging both to the chymotrypsin and
subtilisin families) of different specificities to be inhibited
by turkey ovomucoid third domain (Ardelt and Laskowski,
1985). This is true also for other inhibitors. Eglin c inhibits 14
serine proteases with the association constants greater than
105M ™! (Laskowski and Qasim, 2000). A huge, billion-fold,
difference between the association constants exists for the
interaction between 13 P; mutants of BPTI and trypsin, and
again the crystal structures of the respective complexes show
an identical mode of recognition (Helland et al, 1999, 2003).
The complementary character of the convex binding loop of
the inhibitor and the concave active site of the enzyme
ensures a high level of predicitivity of amino-acid substitu-
tions within the amino-acid sequence of a particular inhibitor
for the association energy with the enzyme (Lu et al, 2001).
Further, quantitatively similar effects of amino-acid substitu-
tions at the same position of the canonical loop in represen-
tatives of different inhibitor families on the association
energy with a single protease were found (Qasim et al,
1997; Krowarsch et al, 1999).

Although canonical inhibitors form stable, crystallizable
complexes with cognate enzymes, the P;-P;’ peptide bond
(the reactive site), located in the center of the canonical loop,
can be selectively hydrolyzed by the enzyme. The conforma-
tion of the cleaved inhibitor is very similar to the intact form,
except for local structural changes near the P;-P;’ peptide
bond (Musil et al, 1991). Upon mixing of the cleaved form
with the enzyme, resynthesis of the reactive site peptide
bond occurs, leading to a complex that is identical to that
formed between an intact inhibitor and the enzyme (Ardelt
and Laskowski, 1985; Helland et al, 1999). However, the
cleavage and resynthesis reactions are surprisingly slow
and the hydrolysis equilibrium constant is usually not
far away from unity at neutral pH. This means that intact
and cleaved inhibitors are of similar thermodynamic stability.
Interestingly, while formation of an acyl-enzyme between the
enzyme and the inhibitor proceeds fast, a delay occurs at the
subsequent deacylation step due to the tightly bound amino
(leaving) group, oriented such as to inhibit the deacylation
step and favoring the resynthesis of the P;-P;’ peptide bond
(Radisky and Koshland, 2002).

A mechanism based on hydrolysis/resynthesis of a single
peptide bond, the dominant feature of canonical inhibitors,
has been also proposed for Streptomyces metalloproteinase
inhibitor (SMPI) (Tate et al, 1998). Its reactive site loop is
rigid in the free inhibitor and, in analogy to canonical
inhibitors, highly complementary to the active site of the
enzyme. The exact nature of the complex, however, must
await crystal structure determination of the enzyme-inhibitor
complex.

Tissue inhibitors of metalloproteases (TIMPs) also interact
with their target matrix metalloproteases (MMPs) in a sub-
strate-like manner. They avoid cleavage through an unrelated
mechanism based on the displacement of the catalytic water
molecule from the enzyme active site. These inhibitors are
built of two domains: an N-terminal domain, composed of
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about 125 amino-acid residues, and a more flexible C-term-
inal domain of about 65 residues, each domain stabilized by
three disulfide bonds and together forming an elongated edge
(Gomis-Ruth et al, 1997). This edge, formed by the N-
terminus and four loop segments, binds to the active site
cleft of the cognate MMP (Fernandez-Catalan et al, 1998)
(Figure 1C(2)). About 75% of the contacts are made by the N-
terminus and the so-called connector loop. Isolated N-term-
inal domains are stable and block the activity of various
MMPs (Murphy et al, 1991). The N-terminus (Cysl-Pro5)
binds to the MMP active site in a substrate-like orientation.
The most essential feature of the inhibitory complex is a
bidentate coordination of the catalytic Zn?>* by the a-amino
and carbonyl groups of Cysl, and interaction of the same
amino group and the Thr/Ser2 side chain with the catalytic
glutamate. These interactions lead to the displacement of the
catalytic water molecule. Thus, although the N-terminal
residues 1-4 bind in a productive, substrate-like fashion,
the cleavage cannot occur due to the inhibitor-induced dis-
tortion of the catalytic apparatus.

The strong interactions between the serralysin group
of metalloproteases and their bacterial inhibitors from
Pseudomonas aeruginosa (Hege et al, 2001) and Erwinia
chrysanthemi (Baumann et al, 1995) resemble those de-
scribed for the TIMP-MMP complexes (Figure 1C(1)).
Although TIMPs and the two bacterial inhibitors are structu-
rally unrelated, both groups of inhibitors form similar sub-
strate-like interactions and coordinative bonds to the catalytic
zinc utilizing the N-terminal residue. The length of the
N-terminal trunk allows precise and intimate interaction
between the N-terminal residue and the zinc ion. A closer
approach is prevented by the body of the inhibitors forming
an eight-stranded antiparallel B-barrel (Hege et al, 2001).

Enzyme-product complex

Inhibition through the formation of a stable enzyme-product
complex is known for potato carboxypeptidase A inhibitor
(CPI) (Rees and Lipscomb, 1982) and leech carboxypeptidase
inhibitor (LCI) (Reverter et al, 2000) (Figure 1C(3)). Both
inhibitors are structurally unrelated (39 versus 66 amino-acid
residues, respectively), but their C-terminal tails, which are
flexible in free inhibitors (Reverter et al, 2000), are similar
(-Pro-Tyr-Val-Gly/Glu), suggesting convergent evolution.
Indeed, these inhibitors recognize a carboxypeptidase in
a similar way, with the C-terminal residue (Gly and Glu,
respectively) cleaved off, but still present in either complex.
The strength of both complexes is similar, independently of
the presence of the C-terminal residue, suggesting that the
inhibitors bind in a similar manner at the pre- (substrate-like)
and postcleavage (product-like) stages. In the crystal struc-
tures of both complexes, the crucial interaction is made by
a Val residue (present at P,’), including the coordination of
the catalytic zinc by its carboxylate. There is some analogy
to canonical inhibitors of serine proteases: in both types of
inhibition, slow cleavage of the P;-P;’ peptide bond occurs,
the product of the hydrolytic reaction is active as inhibitor
and the amine group dissociation is blocked.

The pepsin inhibitor 3 (PI-3) from the intestinal parasite
Ascaris suum is also able to form a stable enzyme-product
type of complex. The inhibitor is unspecific as it forms
complexes with a number of aspartyl proteases. PI-3 is built
of two subdomains, each composed of antiparallel B-sheets
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flanked by an o-helix (Ng et al, 2000). The N-terminal
B-strand forms an antiparallel B-sheet with one strand of
the protease active site flap. This leads to the formation of
an extensive eight-stranded B-sheet spanning both proteins
(Figure 1D(1)). The N-terminal B-strand of the inhibitor is
essential for inhibition: Gln1 is positioned near both catalytic
aspartates, and it is likely that its ¢-amino group is close
enough to one of the catalytic aspartates to exclude the
catalytic water molecule. Glnl together with Phe2 and Leu3
occupies the S,’-S;’ pockets of the enzyme. Since an addi-
tional Thr residue is present at the PI-3 N-terminus prior to
incubation with pepsin, it can be inferred that the complex is
of the enzyme-product type and the N-terminal threonine is
cutoff during complex formation.

Acyl-enzyme intermediate

Compared with the thermodynamically stable Michaelis-like
complex, inhibition through formation of an acyl-enzyme is
a dynamic and irreversible process leading to a kinetically
trapped intermediate. This type of inhibition can only occur
for serine and cysteine proteases, which hydrolyze the pep-
tide bond through an acyl- and thioacyl-enzyme intermediate,
respectively. Interestingly, cross-class reactivity, covering
both classes of proteases, has been demonstrated in a number
of cases (Gettins, 2002; Stennicke et al, 2002). Inhibitors that
can form a stable acyl-enzyme complex are large, single-
domain proteins that undergo a highly cooperative transition
destroying the active site of the protease before deacylation
can take place. In this group of inhibitors, the reactive center
loop (RCL) is flexible, exposed and long to make it a good
substrate.

The classic examples of inhibition through this mechanism
are serpins, 45-55kDa proteins that share about 35% se-
quence homology and a remarkably common fold composed
of three B-sheets and eight or nine a-helices forming a single
domain (Gettins, 2002). Unlike typical proteins, serpins are
metastable in their active state and undergo a huge structural
transition to a stable conformation upon complex formation
with a target protease. The initial recognition of the exposed
RCL is similar as in the case of canonical inhibitors, and the
protease attacks the P;-P,’ bond as a potential substrate.
At this stage, there are no conformational changes either
in the protease or in the serpin, and the conformation of the
RCL is canonical (Ye et al, 2001). The subsequent attack by
the catalytic Ser residue on the serpin ‘bait’ P;-P,’ peptide
bond leads to an acyl-enzyme intermediate. In a sharp
contrast to canonical inhibitors, the newly formed amino
group now easily dissociates from the active site and the
fully unconstrained RCL is inserted into B-sheet A, flipping
the covalently attached protease to the opposite side of the
serpin, over 70 A from the initial recognition site (Huntington
et al, 2000) (Figure 1A(2)). In this covalent and irreversible
complex, the acyl linkage between the two macromolecules
does not affect serpin, but over one-third of the enzyme
molecule is severely deformed, including plucking of its
catalytic serine and breakage of the interactions maintaining
the active site conformation. Thus, the serpin inhibitory
mechanism fully depends on rapid main B-sheet A expansion
and subsequent incorporation of the RCL before the hydro-
lysis of the acyl-enzyme can occur. Biochemical (Huntington
et al, 1997) and structural (Aertgeerts et al, 1995) studies
have shown that the rate of loop insertion is critical for
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inhibition. There are many examples of serpins that use
overlapping reactive centers to inhibit two or more serine
proteases (Potempa et al, 1988; Irving et al, 2002).
Accordingly, the length of the inserted RCL can vary depend-
ing on the inhibited protease. Even more surprisingly, a single
serpin can show dual mechanistic class reactivity encompass-
ing serine and cysteine proteases, using different reactive
centers (Al-Khunaizi et al, 2002). This is in a sharp contrast to
the constant location of the reactive site of canonical inhibi-
tors, which is precisely defined by the shape and constant
length of the canonical loop and always serves as a single
recognition site (Ardelt and Laskowski, 1985).

In many aspects, canonical inhibitors and serpins show
opposite features. In the former group, the -cleavage
of the reactive site does not produce conformational changes
due to constraints from the neighboring structural elements,
like disulfide bond(s), proline(s), hydrogen bonds and/or
large hydrophobic side chains that all stiffen the P;-P;’
reactive site. The binding loop is relatively short and
enzymatic religation of the newly released amino and
carboxyl groups is kinetically favorable. The free energies
of intact and cleaved form are comparable. In contrast,
the RCL loop of serpins is poorly constrained and long,
between 14 and 19 amino acids (Gettins, 2002). The RCL
length strongly affects the protease-serpin complex stability:
if too long, less plucking stress is applied on the protease
active site, but if too short, steric conflicts between the
enzyme and B-sheet A effectively block the loop insertion.
The sequence restriction of the loop is low in the P,-P;
region, but it is pronounced in the hinge region responsible
for the effectiveness of the insertion. Further, proteolysis of a
single peptide bond within the RCL loop of serpin leads to a
dramatic structural rearrangement and an enormous increase
of over 30kcalmol ! in the stability of the cleaved form (Im
et al, 2000).

The mechanism of inhibition of caspases by the baculo-
virus p35 protein is similar to that of serpins, as it represents
mechanism-based inactivation through the formation of a
covalent thiol ester (Xu et al, 2001). In detail, however, the
molecular rearrangement of the inhibitor upon cleavage of
the peptide bond is much less profound (Figure 1B(3)). The
cleavage of the P;-P;’ peptide bond located in the exposed
loop allows the amino segment of the cleaved loop to move
and bury. As a result, the N-terminal strand of p35 that
contains the Cys2 residue is released. In the complex, Cys2
is inserted into the active site, sterically blocking the access of
the hydrolytic water molecule. However, compared to ser-
pins, the conformational transition of the inhibitor is less
dramatic and the protease structure is not affected.

Inhibition through a nonproductive binding

Nonproductive binding appears to be a relatively simple
mechanism of escaping proteolysis. Interestingly, it was
developed to control precisely apoptosis (Stennicke et al,
2002). Inhibitors of apoptosis (IAPs) are widely distributed
proteins built of tandemly arranged BIR (baculoviral IAP
repeat) domains that are able to inhibit specifically caspases.
Surprisingly, a direct role in the inhibition is played by a
flexible linker connecting the BIR domains, which serves to
block the active site of caspase-3 and -7 in the case of the
archetypal XIAP (X-linked IAP) inhibitor (Chai et al, 2001)
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(Figure 1B(2)). Compared with a regular substrate or cova-
lent peptide inhibitor, the linker binds to the active site in a
reverse orientation. Again, a case of convergence of inhibi-
tion mechanisms can be found, as in the structures of all
zymogens of papain-like cysteine proteases, the prosegment
covers the active site in a nonproductive orientation (Khan
and James, 1998). In the caspase-XIAP complex, the S;
pocket, which determines the selectivity for caspase sub-
strates, remains empty and the crucial interactions are
mediated through the P, residue. The binding is nonproduc-
tive, any XIAP carbonyl carbon approaches the catalytic
cysteine and the interactions within the oxyanion binding
hole are absent. Although the role of BIR domains appears to
be passive, the isolated linker is not able to inhibit caspases
(Chai et al, 2001).

Steric blockage of the protease active site

In several evolutionarily unrelated cases, the polypeptide
chain of the inhibitor is able to block the active site of the
protease so that neither of its peptide bonds is in direct
contact with the catalytic groups. A classic example is inhibi-
tion of papain-like cysteine proteases by inhibitors belonging
to the superfamily of cystatins (comprising cystatins, stefins
and kininogens) (Turk et al, 1997). However, thyroglobulin
type 1 (Guncar et al, 1999) and probably also other inhibitors
(Rigden et al, 2002) share clear similarities with cystatins in
their mode of interaction with the cysteine enzymes. The
protease binding site of cystatins (Bode et al, 1988) and
stefins (Stubbs et al, 1990) is composed of two hairpin
loops (the first containing the conserved and functionally
essential QVVAG sequence) and an N-terminal segment.
Together, they form a hydrophobic wedge that is highly
complementary to the active site of the archetypal cysteine
protease papain, leading to extremely tight, rigid and fast
inhibition (Figure 1B). The mechanism of inhibition does not
involve the catalytic Cys25, which is too far away from the N-
terminal segment to attack it. Interestingly, cystatins are also
able to form somewhat weaker complexes with cysteine
exopeptidases, as revealed by the crystal structure of the
stefin A-cathepsin H complex (Jenko et al, 2003) (Figure
1B(1)). In this case, a number of conformational changes
involving in particular the N-terminal segment are required
for tight complex formation.

The functionally important example of direct active site
blockage also includes noncanonical inhibitors of serine
proteases. These inhibitors insert their N-terminal tail into
the enzyme active site forming a short parallel B-sheet with
enzyme residues 214-216, in contrast to the canonical inhi-
bitors, which interact through the exposed binding loop and
form an antiparallel f-sheet. The noncanonical inhibitors
have developed in hematophagous animals as anticoagulants
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to inhibit either thrombin or factor X,. Both proteases possess
functionally important surface patches that are recognized
by additional segments of noncanonical inhibitors: an acidic
C-terminal tail or a homologous domain. These extensive
secondary interactions significantly increase the contact area
and contribute to the surprisingly high strength, speed and
specificity of the recognition.

The classic example is recognition of thrombin by the leech
inhibitor hirudin. The N-terminus of the globular domain of
hirudin contacts the active site through the above-mentioned
parallel B-sheet, while the acidic C-terminal tail is recognized
by the anionic fibrinogen recognition exosite (Grutter et al,
1990). In haemedin from a land-living leech, the interaction
through the N-terminus is similar, but the acidic C-terminal
segment interacts with the heparin binding surface
(Richardson et al, 2000) (Figure 1A(3)).

In the case of the two-domain ornithodorin, the N-termi-
nus binds the active site in a noncanonical mode while the C-
terminal domain is recognized by the fibrinogen recognition
exosite (van de Locht et al, 1996). Both domains of ornitho-
dorin resemble a canonical inhibitor, BPTI, but their canoni-
cal binding loops are distorted and do not contact the
enzyme. The only known noncanonical inhibitor of factor
X, is tick anticoagulant peptide (TAP), again structurally
similar to the canonical inhibitor BPTI (Wei et al, 1998).

A small yeast protein IA; composed of 68 amino acids
is able to block the active site of aspartic protease A from
the same organism in a highly unusual way. It shows
no detectable secondary structure in solution and can
be cleaved by many structurally similar aspartic proteases,
including pepsin. However, upon complexation with protease
A, residues 2-32 of 1A; adopt an almost perfectly «-helical
conformation, revealing that the protease body serves
as a folding template (Li et al, 2000) (Figure 1D(2)). The
nucleophilic water molecule occupies the catalytic position,
but no peptide bond of the inhibitor is close enough to be
attacked.

This short review attempts to cover the surprisingly di-
verse group of protein protease inhibitors. With more struc-
tural data, we are now starting to better understand the basic
molecular mechanisms ensuring inhibitory complex forma-
tion. These mechanisms have been classified into just a few
types. Can we expect new types of protease complexes in the
forthcoming years? The answer to this question is undoubt-
edly positive, since new proteases are constantly being dis-
covered and protein inhibitors have often coevolved with
proteolytic enzymes.
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