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Serine proteinases and their natural protein inhibitors belong to the most inten-
sively studied models of protein-protein recognition. Protein inhibitors do not form a
single group but can be divided into about 20 different families. Global structures of
proteins representing different inhibitor families are completely different and com-
prise a-helical proteins, S-sheet proteins, /f-proteins and different folds of small
disulfide-rich proteins. Three different types of inhibitors can be distinguished: ca-
nonical (standard mechanism) inhibitors, non-canonical inhibitors, and serpins. The
canonical inhibitor binds to the enzyme through the exposed and convex binding loop,
which is complementary to the active site of the enzyme. The mechanism of inhibition
in this group is consistently very similar and resembles that of an ideal substrate.
Non-canonical inhibitors, originating from blood sucking organisms, specifically
block enzymes of the blood clotting cascade. The interaction is mediated through in-
hibitor N-terminus which binds to the proteinase forming a parallel f-sheet. There are
also extensive secondary interactions which provide an additional buried area and
contribute significantly to the strength and specificity of recognition. Serpins are ma-
jor proteinase inhibitors occurring in plasma. Similarly to canonical inhibitors,
serpins interact with their target proteinases in a substrate-like manner. However, in
the case of serpins, cleavage of a single peptide bond in a flexible and exposed binding
loop leads to dramatic structural changes.
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Proteinases are hydrolytic enzymes which in
vivo catalyse cleavage of peptide bonds in pro-
tein and peptide substrates. Proteolytic en-
zymes make use of an extremely broad range
of substrate specificities applying several dis-
tinctly different chemical mechanisms to
carry out peptide bond hydrolysis. There is a
continuously growing recognition of the fune-
tion of proteinases in a broad range of physio-
logical processes of wvital importance
(Neurath, 1984; Czapinska & Otlewski, 1999).
Proteinases are significant for extracellular
metabolism playing a crucial role in defence
mechanisms that protect an organism from
tissue damage and infection (proteolytic cas-
cades of blood coagulation, fibrinolysis and
complement systems). Proteinases commonly
act as regulatory elements through proteo-
lytic activation of prohormones and zymo-
gens, release of physiologically active pep-
tides and are also active in macromolecular
assembly of viruses and fibrin.

However, besides being necessary from the
physiological point of view, proteinases are
potentially hazardous to their proteinaceous
environment and their activily must be pre-
cisely controlled by the respective cell or or-
ganism. When uncontrolled, proteinases can
be responsible for serious diseases. The con-
trol of proteinases is normally achieved by
regulated expression/secretion and/or activa-
tion of proproteinases, by degradation of ma-
ture enzymes, and by inhibition of their
proteolytic activity. All known naturally oc-
curring inhibitors directed towards endoge-
nous cognate proteinases are proteins, only
some microorganisms secrete small
non-proteinaceous compounds which block
the host proteinase activity. A huge number of
inhibitors has been described, they were iso-
lated from various cells, tissues and organ-
isms. Often they accumulate in high quanti-
ties in plant seeds, bird eggs and various body
fluids. Inhibitors of different types occur com-
monly among living organisms and viruses,

what stresses their essential role in physiolog-
ical processes.

Inhibition of proteinases by proteins itself
appears to be a paradox. In fact, nature devel-
oped many different structural adaptations in
protein structures to overcome the potential
risk of proteolysis and develop specificity of
recognition. Characterization of these
conformational features is a principial goal of
this review. Proteinase inhibitors adopt many
different structures, ranging in size from
mini-proteins to large macromolecular struc-
tures, much larger than the target enzyme.

From the structural point of view blocking of
the enzyme active site is almost always
achieved by docking of exposed structural ele-
ments, like loops or protein termini, either in-
dependently or in combination of two or more
such elements. Canonical inhibitors of serine
proteinases typically bind to target enzymes
through a similarly shaped proteinase binding
loop. Docking adjacent to the active site has
been observed several times usually with si-
multaneous binding of an other part of inhibi-
tor to the active site region. In one case the
binding surfaces can be so distant from the ac-
tive site of the enzyme that inhibition is effec-
tive only towards huge substrates having an
extended interaction surface (Fuentes-Prior et
al, 1997). Interestingly, antibodies, despite
enormous structural variability of their anti-
gen binding loops, can not recognize the ac-
tive site of antigenic enzymes, as they bind to
flat or convex protein surfaces (Jones &
Thornton, 1996).

Besides recognition of different surfaces in
the active site area, some inhibitors directly
utilize the mechanism of proteinase action to
achieve inhibition. Up to the late 80s, the ma-
jority of the known proteinase inhibitors were
substrate-like-binding molecules directed to-
wards serine proteinases blocking the enzyme
at the distorted Michaelis complex reaction
stage (Bode & Huber, 1992). In the case of
these canonical inhibitors, permanent inhibi-
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tion results from a rather peculiar thermody-
namic property of a single peptide bond, the
value for its hydrolysis being extremely low
(Laskowski & Kato, 1980). The recently de-
scribed bacterial inhibitor of metallo-
proteinases appears to resemble canonical in-
hibitors in this respect (Seeram et al, 1997).
Conversely, another group of serine pro-
teinase inhibitors — serpins — exhibits an ex-
tremely high, virtually irreversible, value of
the reactive site hydrolysis and utilizes kinetic
features of the hydrolytic reaction to form a
complex at the (metastable) acyl enzyme inter-
mediate (Stone et al, 1997).

INHIBITORS OF SERINE
PROTEINASES

Serine proteinases and.their protein inhibi-
tors have been the most intensively studied
group of protein-protein complexes. Cur-
rently, a large number of three-dimensional
structures is available for representatives of
15 inhibitor families (Table 1). For some in-
hibitors, particularly members of BPTI,
Kazal, potato I families many structures have
been determined both for different free inhibi-
tors and for their enzyme complexes.

Protein inhibitors of serine enzymes do not
use a single mechanism to inhibit the cognate
proteinase. Instead, three different inhibition
mechanisms can be currently distinguished.
The largest group is formed by canonical in-
hibitors which act according to the standard
mechanism (Laskowski & Kato, 1980). Canon-
jcal inhibitors are widely distributed in essen-
tially all groups of organisms and comprise
proteins from 27 to about 200 amino-acid resi-
dues. The standard mechanism implies that
inhibitors are peculiar protein substrates con-
taining the reactive site P1-P," peptide bond
located in the most exposed region of the
proteinase binding loop (P, P; and Py’, Py’
designate inhibitor residues amino- and

carboxy-terminal to the scissile peptide bond;
S1, 8o and 8", 8o’ denote the corresponding
subsites on the proteinase (Schechter &
Berger, 1967)). The reactive site can be selec-
tively hydrolyzed by the enzyme. The binding
loop is in similar, so called canonical, confor-
mation in inhibitor structures representing
different families (Bode & Huber, 1992:
Apostoluk & Otlewski, 1998). It is usually as-
sumed and in most cases has been verified ex-
perimentally that the standard mechanism in-
hibitors show canonical conformation of the
binding loop.

Non-canonical inhibitors bind to the enzyme
active gite through their N-terminal segment
but also contact the proteinase at more dis-
tant site(s). Due to the extensive contact area,
these inhibitors form very tight and specific
complexes with serine proteinases. The clas-
sic example is recognition of thrombin by
hirudin (Stubbs & Bode, 1995). Interestingly,
such an interaction features also proteins pos-
sessing folds of canonical inhibitors like BPTI-
or Kazaltype inhibitors but with distorted
conformation of the binding loop.

Serpins (serine proteinase inhibitors) are
single domain proteins of about 400 amino-
acid residues which are abundant in plasma
often in variably glycosylated forms (Travis &
Salvesen, 1983; Potempa et al, 1994). Like
the canonical inhibitors, they interact with
their target enzyme in a substrate-like man-
ner through the exposed loop of poorly de-
fined structure. In the case of serpins, how-
ever, cleavage of the P-P;' peptide bond leads
to dramatic structural and stability changes
(Whisstock et al., 1998). In contrast to canoni-
cal inhibitors, the reactive site loop of serpins
is flexible and can assume a number of differ-
ent conformations. Serpins are the only fam-
ily of serine proteinase inhibitors for which
complex formation with non-serine enzymes
— cysteine proteinases (Komiyama et al., 1994)
and aspartyl proteinases (Mathialagan &
Hansen, 1996) has been demonstrated.
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Table 1. Three-dimensional structures of protein inhibitors of serine proteinases and their enzyme
complexes.

The structures were determined by X-ray or NMR methods. Generally, in the case of crystallographically deter-
mined structures, only structures with the highest resolution are indicated. The table contains all inhibitor and

proteinase abbreviations used in this paper.

Family Structure Abbreviation ﬁ% Method Reference
Ecotin Ecotin Ecotin 1ECY Xray(2.2A) Shin etal, 1996
Ecotin:rat anionic trypsin Ecotin:rTP X-ray (2.4 A) MecGrath ef ol, 1994
Ecotin:crab collagenase Ecotin:cCOLL  1AZZ Xray (2.3 A) Perona et al, 1997
Ascaris inhib- Asearis trypsin inhibitor 1ATA Grasberger et al,
g Ol 4.75) ATI (pH 4.75) NMR o
ATI (pH 2.4) ATI(pH 24) 1ATB NMR Chrasbuga it of,
Ascaris chymotrypsin/elastase
inhibitor:;porcine pancreatic  C/E-1:PPE Xeray (24 A) Huang et al,, 1994
elastase
Hirustasin  Antistasin Antistasin 18KZ Xeray (1.9 A) Lapatio et al, 1997
Hirustasin Hirustasin 1BX7 Xeray (1.2 A) Uson et al, 1999
Hirntbabinzporcine kaliikrein ﬂ:ﬂ IHIA Xeray (24 A) Mittl et al, 1996
‘Coreal inkibi- Regi bifunciional camy Gourinath et oL,
ity e i e RBI 1BLU Xeray (2.9 A) 1999
REI REI 1BIP NMR Strobl et al, 1995
yokyellow medl worm oemy-  pypywrs ITMQ Xeray (2.5 A) Strobl et al, 1998
Corn Hageman factor inhibitor CHFI 1BEA Xray (1.9 A) Behnke ef ol, 1998
Barley a-amylase/subtilisin in- 5
MEitorBartey & anriass BASL:AMY2 1AVA Xeray (1.9 A) Vallée et al, 1_993
STI Soybean trypsin inhibitor STI 1AVU Xeray (2.3 A) Song & Suh, 1998
STI:pTP
forthorombic) STLpTP 1AVW Xeray (1.7 A) Song & Suh, 1998
soahwine cap ypein It gy ITIE  Xeray (2.5 A) Onesti et al., 1991
Bifunctional proteinase
R/asmsyiame mibetor PKI3 Xray (2.5 A) Zemke et al, 1991
PKI13:proteinase K PKI3:PK Xeray (25 A) Pal et al, 1994
Winged bean chymotrypsin in- ygop 2WBC Xray (2.3 A) Datiagupta et al,,
hibitor 1999
i BPTI (crystal form 1) BPTI () BT N T dhals
BPTI BPTI 1PIT NMR Berndt et al., 1992
BPTI:bovine trypsin BPTL:LTP 2PTC Xeray (1.9 A) Huber et al, 1974
BPTI:bovine anhydrotrypsin BEPTI:LTPan 1TPA Xeray (1.9 A) Huber ef al, 19756
. BPTLTP
BPTL:¢TP mutant (D189G.G226D) 1BRB Xray (2.1 A) Perona et al, 1993
BPTlL:anionic salmon trypsin = BPTL:sTP 1BZX Xeray (2.1 A) Helland et al, 1998
EPTL:bovine chymotrypsin BPTILLCHTP  1CBW Xeray (2.6 A) Scheidig et al, 1997
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BPTI:porcine kallikrein A BPTI:pKALL 2KAI Xray (25 A) Chen & Bode, 1983
¥ i BPTL:LTHRO van de Locht et al,

BPTL:human thrombin mutant (E192Q) 1BTH Xray (2.3 A) 1997

BPTI mutant:factor Vlla: BPTI (5L15):

: : tactor VIIa’TF Xray (2.1 A) Zhang et al, 1999
BPTI:bovine trypsinogen BPTLAWTPG 2TGP Xray (19 A) Bode et al, 1978
BPTLETPG:De-Val BPTLATPG:IV 3TP1  Xaay (1.9 A) Bode et al, 1978
mfﬁ_%gmﬁwr APPLTP 1AAP Xeray (1.5 A) Hynes ef al, 1990
APPI APPI NMR Heald et al, 1991

; APPLTP
APPL¥TP mutant (D189G,G226D) 1BRC Xeray (2.5 A) Peroma et al, 1993
APPLLTP APPLLTP ITAW Xeray (1.8 A) Scheidig et al, 1997
APPLLCHTP APPILCHTP  1CA0 Xray (2.1 A) Scheidig et al, 1997
Second domain of human tis- Burgering et al.,
siie funtor pathway ivhibibr ~ DIFED 1ADZ NMR 1997
hTPPL:porcine trypsin WTPPLPTP  I1TFX Xray (26 A) Toogering et al,
Bikunin Bikunin 1BIK Xeray (2.5 A) Xu et al, 1998
Proteinase inhibitor from sea
s s ShPI 15HF NMR Antuch et al, 1993
izﬂiefflhain of human type VIcol- f . oo 9KNT Xeray (1.2 A) Ildggéguu et al,
Domain C5 DomainC5  1KUN NMR T ik
Silver pheasant ovomucoid
Kazal third domai OMSVP3 20V0 Xray (1.5 A) Bode et al, 1985
Eﬁ;"’a (reactive site hydro- ) aypae 40VO Xeray (25 A) Musil et al 1991
Thekey eYumpieG Kl 00t T NMR Krezel et al., 1994
OMTKY3 " Walkenhorst et al.,
(reactive site hydrolyzed) OMTKY3 ITUS NMR 1994
OMTEY3: OMTEY3:
N 2 phil el bNE 1PPF  Xeray (1.7 A) Bode et al, 1986a
OMTEKY3:bovine OMTEKY3: %
aickymokryasin bCHYM 1CHO X-ray (1.8 A) Fujinaga et al, 1987
i« " ji al.
OMTEY3:Streptomyces grisens OMTEYS: X-ray (1.8 A) mﬂ ei! .
ﬂ“m?: ?“nc‘i':::i;&rﬂmﬂ (K18Y, I19E, 1HPT Xray (2.3 A) Hecht et al, 1992
bypstti ok D21R, N29D)
Porcine PSTL ] : Bolognesi et al,
Human PSTI: hPSTI:
i . Hecht et al, 1991
bovine chymotrypsinogen A pCHTG
- ; ; rhodniin: Xray (26 0)
Rhodniin:bovine thrombin oo L T CacLacks sl

1994
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LDTI-C:porcine trypsin LDTERTP ILDT Xeray (1.9 A) mlﬁﬁ?
Porcine PEC60 FEC-60 1PCE NMR Liepinsh et al., 1994
botato Inhibl parjey proteinase inhibitor 2 CI2 2012 Xeray (20 A) Morpelen & James,
CI2 Cr2 3CI2 NMR i‘;‘g}"“‘“ et al,
Cl-2:subtilisin BPN' C1-2:SBPN 2SN  Xeray (2.1 A) i{ﬁﬂ;hm & James,
Eglin ¢ eglin Xeray (1.9 A) Hipler et al, 1992
Eglin eglin 1EGL NMR Hyberts et al, 1992
Eglin i
(reactive site hydrolyzed) eglin 1EGP Xray (2.0 A) Betzel et al, 1993
Eglin:SBPN eglin:SBPN 1SIB  Xoray (2.4 A) Heinz et al, 1991
Eglin:subtilisin Carlsherg eglin:SCARL 1CSE  Xray (1.2 A) Bode et al, 1986b
Eglin:subtilisin mesentericus  eglin:SBMEP 1IMEE Xway (2.0 A) Dauter of al, 1991
Eglin:thermitase eglin:THER ITEC Xeray (22 A) Grosetal, 1992
Eglin:bCHYM eginbCHYM ~ 1ACB Xray (2.0 A) Soiognesietal,
inhlhhr—? {.:HTI—V NHR C!-'l. et ﬂL, 199’5&
! (roactive site hydro>- gypry.ye 1HYM NMR Cai et al., 1995b
toteto inhibl- polypeptide inhibitor:SGPB  PCLSGPB 4SGB  Xeray (2.1 A) ?;g“m et al,
Nicotiana alata proteinase
T NaC1 NMR Nielsen et al,, 1994b
Nicotiana alats proteinase in- Na-T1, Na-T2, s
851 Streptomyces subtilisin inhibitor 381 3851 Xray (2.3 A) Mitsui et al, 1977
SSL:SBPN SSI:SBPN 28IC  Xeray (18 A) Jameuchietal,
SSI mutant:bTP SoUD. oMU Tay@el) Tamdieel
Chelonisnin  Mucous proteinase inhibi- MPLbCHYM Xray (2.5 A) Griltter ef al, 1988
Elafin Elafin 1REL NMR Francart et al, 1997
ESABrporCy penCrestic elafinPPE ~ IFLE Xray (19 A) Tsunemi ef o, 1996
Bowman-Birk Soybean trypsin/ BBM 1BBI NMR Werner &
inhibitor Bowman-Birk inhibitor SBBI Wemmer, 1992
Peanut protease inhibitor ATl AT Xray (23 A) Suzuki et al, 1993
Soybean proteinase inhibitor 11 PLII 1PI2  Xeray (25 A) Chen et al, 1992
Winter pea trypsin/ Li de la Sierra et
! sin inhibitor PsTI 1IPBI  Xray (2.7 A) al, 1999
Azuki bean protease inhibi- 3 Tsunogae et al.,
torbTP ABIbTP ITAB Xray (3.0 A) jogs
SRtk b Srapain utle: MBTI:pTP Xray (25 A) Lin et al, 1998
8 seed  Cucurbita maxima trypsin inhib- 1CT1 Holak et ol., 1989;
o e CMTI 1 NMR

itor I

3CT1

1891
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CMTI L:bTP CMTI I:bTP IPPE  X-ray (2.0 A) Bode et al, 1989
: . Helland et al,
CMT] L:sTP CMTI LsTP Xray (1.8 A) {gogh
Cucurbita pepo trypsin inhibitor . Helland ef al,
; : Helland et al,
CPTI IL:sTP CPTI I:sTP Xray (18 A) jgoan
MCTLApTP MCTL-A:pTP Xray (1.6 A) Huang et al, 1992
Echalium elaterium trypsin in- Heitz et al., 1989;
hibitor 1T EETLII 2ETI NMR Chiche et al, 1989
Trypsin carboxypeptidase pep- :
tide inhibitor TCPI NMR Chiche et al, 1993
Locusta
hemolymph  Loecusta migretoria inhibitor D2 PMP-D2 NMR Mer et al, 1994
inhibitor
Locusta migratorig inhibitor C PMP-C 1PMC NMR Mer et al, 1996
Non-canonical . . ornithodorin: van de Locht ot al,
inhibitors  Ornithodorin:bTHRO WTHRO 1ITOC Xeray (31A) Jgga
Tick anticosgulant peptide ~ TAP ITAP NMR - A
TAP:bovine factor Xa TAP:bFXa 1IKIG Xeray (3.0 A) Wei et al, 1998
TriabinbTHRO TrisbinbTHRO 1AVG Xray (26A) }aentestrioretal,
Desulfato hirudin hirudin 1 5HIR NMR Folkers et al, 1980
Hirudin 1:hTHRO 1:hTHRO Xray (2.9 A) Griitter et al, 1990

THE CANONICAL OR STANDARD
MECHANISM INHIBITORS

The inhibitor

Global structures of proteins belonging to
different inhibitor families comprise different
folds of a-helical, -sheet, mixed a/f and
small disulfide-rich proteins. Examples of dif-
ferent folds of inhibitor structures which were
determined in recent years are shown in
Figs. 1 to 7. All inhibitors feature similar, ca-
nonical conformation of the binding loop
which is supported by a single domain of glob-
ular structure. In the case of several families
(BPTI, Kazal, Bowman-Birk, chelonianin) the
single domain structure is repeated 2, 3,4 or 7
times to form a multidomain, single chain in-
hibitor which is able to independently interact
with several proteinases at separate reactive
sites. More surprisingly, there are currently

known examples of inhibitors from two fami-
lies (cereal family — RBI and BASI; STI family
— PKI3) which can inhibit not only serine
proteinase but also a-amylase at independent
binding sites.

The convex proteinase binding loop exhibits
an extended conformation which significantly
protrudes from the protein scaffold and
serves as a rather simple recognition motif
(Fig. 8). The loop forms a sequential epitope
spanning from position Pg to P3'. Residues
that precede or follow this segment (e.g. Pg or
P4') and residues from a sequentially remote
region, called the secondary contact region,
can also contact the enzyme and influence the
association energy. The central section of the
loop contains solvent exposed P1-P;" peptide
bond, called the reactive site which can be
cleaved by a serine proteinase, The equilib-
rium value of the reactive site peptide bond
opening, called the hydrolysis constant, is
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Figure 1. ¢-Carbon drawing of the complex formed between bovine f-trypsin (light grey) and CMTI 1

(dark grey) (Bode et al., 1989),

The 29-residue inhibitor belongs to the smallest known protein inhibitors. The major interactions comprise the
proteinase binding residues: Val2 (P4) to Glu9 (P4'). Important side chains of inhibitor which are shown: the Args
I:P]] side chain which is involved in almost half of the contacts with trypsin; Cys3-Cys20, Cysl0-Cys22 and
Cys16-Cys28 disulfide bonds (the major structural stability and rigidity determinants); internal water molecules
50l808, S0l915 and Sol919 (dark balls) which stabilize loop conformation through a system of hydrogen bonds to
protein scaffold. On the enzyme side Asp189 and the catalytic triad (Ser195, His57, Asp102) are shown.

usually not far away from unity (Ardelt &
Laskowski, 1991; Siekmann et al, 1988;
Otlewski & Zbyryt, 1994). The conformation
of the cleaved inhibitor is very similar to that
of its intact form with clear exceptions for lo-
cal structural changes near the P;-P;’ peptide
bond (Musil et al, 1991; Betzel et al, 1993)
and increased internal mobility of the cleaved
loop, but not of the inhibitor scaffold (Shaw et
al., 1995; Liu et al., 1996a). Thermodynamic
analysis reveals that hydrolysis of the reactive
site in native inhibitor does not lead to a sig-
nificant increase in entropy; the full entropy
gain is realized upon denaturation of the reac-

tive site cleaved inhibitor, this leading to pre-
dicted values of K4 for the hydrolysis of the
reactive site in denatured inhibitor on the
level of 100 (Laskowski & Sealock, 1971;
Krokoszynska & Otlewski, 1996).

Main chain conformations of the hinding
loops of free inhibitors representing different
families are similar and become even more
similar on the inhibitor-enzyme complex for-
mation (Apostoluk & Otlewski, 1998). The ca-
nonical conformation is presumed to be
adopted also by a productively bound protein
substrate. Binding loops within one family,
most intensively studied for Kazal inhibitors
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Figure 2. Ribbon presentation of the tetrameric ecotin:crab collagenase complex (ecotin:cCOLL) (Perona

et al., 1997).

There are three major areas of interaction: one at the ecotin dimer interface and two at the primary (the reactive
site, 80s loop and 50s loop) and the secondary (loops 60s and 100s) binding sites with trypsin. The trypsin molecules

are light grey and ecotin monomers are dark grey.

(Laskowski et al, 1987), often show high se-
quentiﬂ variability, nevertheless, in all stud-
ied cases the loops preserve the canonical con-
formation. On the other hand, sequences of
the binding loops also show many clear amino

acid preferences. For example, half cystine is
present either at Py (Kazal, squash, SSI, po-
tato 2, Ascaris families) or at Py (BPTI,
hirustasin, chelonianin families) positions;
Thr is often met at Py (Kazal, potato 1, Bow-

Figure 3. The backbone superpositions
of the mean structures of Ascaris trypsin
inhibitor at pH 2.4 (ATI pH 2.4, dark
grey) and pH 4.75 (ATI pH 4.75, light
grey) (Grasberger et al., 1994).

The proteinase binding loop (containing the
reactive site Arg31-Glu32 shown on the Fig-
ure) is spanned between Cys15-Cys33 and
Cys18-Cys29 disulfide bonds, it is shown in
two different pH-induced conformations.
The low pH conformation is similar to the ca-
nonical conformation of other inhibitors. At
pH 4.5 the loop’s conformation is deformed,
which possibly is of physiological meaning.
Four short f-strands arranged in two perpen-
dicular f-sheets and remaining three
disulfide bonds: Cysb-Cys38, Cys22-Cys60
and Cys40-Cys54 are also indicated.
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Trypsin binding
site
P1

man-Birk, SSI, ecotin, Ascaris families) and
Pro is fully conserved at Py in STI family
(Apostoluk & Otlewski, 1998). Ile is fully con-
served at P1” position in the squash family.
Its mutation to Leu leads to severe disorder-
ing of the binding loop (Nielsen et al., 1994a).
Similar disordering of the loop was observed
upon D468 (P ) in eglin ¢ (Heinz et al., 1992).
Thus, there are multiple sequential ways to
achieve the canonical conformation.

The loop conformation results from a rather
extensive system of hydrogen bonds and hy-
drophobic interactions which involve residues
both from the loop and the inhibitor scaffold-
ing. In OMSVP3 and CI-2 inhibitors carbonyl
oxygens of P; and P’ are involved in hydro-
gen bonds to side chains of Asn33 and Arg65,
respectively. In BPTI and CMTI I similar in-
teractions are mediated through water mole-

%, binding site

Figure 4. Ribbon drawing of the
122-residue protein ragi bifun-
ctional tryvpsin/c-amylase inhibi-
tor, as determined in solution by
NMR speciroscopy (Strobl et al.,
1995).

The side chains of reactive site
Argd4-Leudd peptide hond are indi-
cated together with secondary struc-
ture elements and five disulfide
bridges. The canonical conformation
of the loop is spanned between two ad-
jacent helices, a structural feature
unique to this inhibitor family. Inhibi-
tion of a-amylase occurs at completely
independent and spatially remote seg-
ments 1 (Serl-Alall, Pro52-Cys5h)
and 2 (Val67-Ser70, Thr107-Gly110,
Leul15Leul17) of RBI (Strobl et al.,

amylase

cules to Gly12 and to the side chain of Cys20,
respectively. Substitution of the residues
which maintain loop conformation affects the
value of K},yq, the effect of a single mutation
is, however, relatively small, not exceeding
factor 3 to 5 (Ardelt & Laskowski, 1991).
Moreover, there is evidence, based on changes
in 1°N relaxation rates, for increased dynam-
ics of the loop in CMTI-V mutants with elimi-
nated side chains of Arg50 or Argh2 which an-
chor the loop conformation to the scaffold
(Cai ef al, 1996). Mutation of these two side
chains in homologous eglin ¢ led to a decrease
in inhibitory potential (Heinz et al, 1992). Re-
placement of the CI-2 loop sequence with that
of helix E from subtilisin Carlsberg leads to
formation of a protein hybrid with a well pre-
served scaffold and extended loop-like confor-
mation of the introduced sequence (Osmark et



Vol. 46

Protein inhibitors of serine proteinases 541

al., 1993). This shows that the context of CI-2
scaffold is able to deform a helix to a loop con-
formation. The inhibitor scaffold, therefore,
seems to play an active role in maintaining
loop conformation. The loops of canonical
conformation can be occasionally found in
non-inhibitory proteins, it is unlikely, how-
ever, that they can inhibit serine proteinases
due to insufficient protrusion of such loops
from protein scaffolds (Apostoluk & Otlewski,
1998).

There are examples of proteins, like snake
toxins, which show high sequence and tertiary
structure similarities to inhibitors of BPTI
family, including conformation of the
proteinase binding loop, yet, they do not in-
hibit any tested serine proteinase. In one
tested case of non-inhibitory C5 domain (BPTI
family member) it was possible to generate a
strong antiproteinase inhibitor through multi-
ple substitutions in the binding loop region

Figure 5. Ribbon disgram of the
overall structure of hirustasin
{dark grey) as seen in the complex
with porcine tissue kallikrein
(hirustasin:pKALL light grey)
(Mittl ef al., 19986).

The five disulfides and the reactive
site Argd0-Ile31, which serves to
inhibit kallikrein, are indicated.
There are four short f-strands in-
dicated by arrows in this otherwise
random coil strueture. A homolo-
gous inhibitor of factor Xa —
antistasin is composed of two
hirustasin-like domains. Modelling
studies show that the N-terminal
domain is involved in factor Xa
binding (Lapatto et al, 1997).

(Kohfeld et al., 1996). However, in many other
cases conversion of a non-inhibitory to inhibi-
tory protein could require more effort due to
severe conformational and dynamic changes
in the binding loop region.

The inhibitor scaffolds are of very different
structural types. In several inhibitor families,
like BPTI, Kazal, potato 1 and 2, cereal, SSI,
STI, and ecotin, elements of a typical second-
ary structure together with the presence of hy-
drophobic core can be distinguished. Other,
including squash, Bowman-Birk, Locusta
haemolymph, hirustasin, chelonianin, and
Ascaris families essentially lack the hydropho-
bic core and extensive secondary structure el-
ements. For these inhibitors disulfide bonds,
which are usually buried inside the molecule,
are major determinants of protein stability.

Inhibitors belonging to different families are
stable proteins resistant to high denaturation
temperatures and to chemical denaturants. In
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particular, BPTI shows a denaturation tem-
perature of about 100°C and is stable in 6 M
guanidinum chloride (Moses & Hinz, 1983;
Makhatadze et al., 1993). Inhibitors are often
crosslinked with conserved disulfide bonds.
The topology of disulfide bonds is preserved
within a single family. However, some mem-
bers of potato I family show either no S-S
bond or a single disulfide. Selective reduction
or elimination of disulfide bond(s) leads usu-
ally to a significant destabilization of an inhib-
itor molecule, to lower association energy,
and to greater sensitivity to proteolysis (Hurle
et al,, 1990; Yu et al., 1995; Krokoszynska et
al, 1998). The same holds for destabilizing
mutation(s) introduced into the inhibitor core
(Tamura et al, 1991; Beeser et al, 1997).
Thus, stability of the inhibitor scaffold seems
to be essential for efficient inhibition.

The standard mechanism

The canonical inhibitor — cognate proteinase
interaction, called the standard mechanism,
resembles in several aspects hydrolysis of a
single peptide bond in regular protein sub-
strates (Laskowski & Kato, 1980). The interac-

Figure 6. Superposition of the main chain of
non-classical Kazal inhibitor — leech-derived
trypsin inhibitor (LDTI) (dark grey) (Stubbs et
al., 1997) and classical Kazal inhibitor silver
pheasant ovomucoid third domain (OMSVP3)
(light grey) (Bode et al., 1985).

A highly unique feature of LDTI is the strong inhibi-
tion of tryptase. Due to a large deletion, the a-helix
of LDTI is one turn shorter than in OMSVP3 and
the N-terminus, again due to a large deletion, is
closer to the ahelix. The smaller size of LDTI en-
ables binding of two inhibitor molecules at two diag-
onally located active sites of the central pore of
tryptase tetramer (Pereira ef al, 1998).

tion can be presented as a hydrolysis/resyn-
thesis reaction of the reactive site P1-P;" pep-
tide bond:

k &
— e off =
E+1 E o El . E+1 (1)

on

where E is the proteinase, I the inhibitor, I*
the reactive site cleaved inhibitor, EI the sta-
ble complex, k., and k,,* are respective sec-
ond order association rate constants, and kygp
and k,¢* are respective first order dissocia-
tion rate constants of the complex.

However, compared to regular protein pep-
tide bond hydrolysis:

(i} the complex EI is much more stable
than Michaelis ES complex. Typical inhibition
constant (K;) values are 10%-10%fold lower
than K, values. EI complex can be crystal-
lized and shows all typical features of a pro-
tein-protein recognition (Janin & Chothia,
1990: Jones & Thornton, 1996),

(ii) the catalytic rate constant for hydro-
lysis of the reactive site is extremely slow at
neutral pH (Finkenstadt et al., 1974; Otlewski
& Zbyryt, 1994). However, there are known
examples of hydrolysis of reactive sites by in-
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hibited proteinases which proceed at rela-
tively high rates (Estell ef al, 1980, Ardelt &
Laskowski, 1983).

(iii) many different serine proteinases
(belonging both to chymotrypsin and sub-
tilisin families) of completely different
specificities are inhibited at the same reactive
site (Ardelt & Laskowski, 1985). This results
from the similar mode of recognition between
the proteinase binding loop and the active
site.

(iv) keat/Ky index for the hydrolysis of
the reactive site peptide bend is high, suggest-
ing that inhibitors are good subsirates
(Finkenstadt et al., 1974). However, the index
features the enzyme-substrate reaction only
at very low ([S] < K,;,) substrate concentra-
tions. Since the K, values for hydrolysis are
extremely low, the reaction rate is propor-
tional to k.u¢ which is known to be extremely
low in the case of reactive site hydrolysis.

(v} the hydrolysis reaction is reversible,
i.e. the cleaved inhibitor is active and forms
the same complex with the enzyme as the in-

Figure 7. Ribbon presentation of
the solution structure of a
36-residue proteinase inhibitor
from Locusta migratoria (PMP-C)
(Mer et al., 1996).

The inhibitor conformation consists
of three stranded antiparallel S-sheets
forming a cavity filled with a Phel0
(shown). The reactive site peptide
bond Leu30-Lys31 (shown) is located
at the C-terminal segment side chain,
and tensed between two disulfide
bonds: Cysl7-Cys28 and Cys14-Cysdd
(the third disulfide is formed between
Cysd and Cyal9). A unique feature of
the protein is the ability to inhibit not
only serine proteinases but also to
block high voltage-activated Ca”" cur-
rents in rat neurones (Harding et al.,
1995).

tact form. During complex formation from
cleaved inhibitor side the resynthesis of the
reactive site peptide bond occurs (Finkenstadt
& Laskowski, 1967). Kinetic parameters for
the reactive site resynthesis are often similar
to those of hydrolysis. The phenomenon of hy-
drolysis/resynthesis occurs also at other pep-
tide bonds of the binding loop and can be also
catalyzed by non-serine proteinases (Otlewski
et al., 1994).

(vi) the equilibrium value of [I*1/[I] (hy-
drolysis constant, Kh,,d} is often close to unity
(i.e. about 50% of the inhibitor molecules con-
tain the reactive site cleaved) at pH 6 where
Kpyq is pH-independent (Finkenstadt et al,
1974; Siekmann ef al, 1988; Otlewski &
Zbyryt, 1994). However, there are known ex-
amples of natural ovomucoid third domain
variants with Kj,q in the range 0.4 to 35
(Ardelt & Laskowski, 1991).

{vii) while k,, values for proteinase-inhib-
itor association are typically about 108
M-1g! , kofr values may differ by many orders
of magnitude. The k,,* values can also differ
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Figure 8. The Ramachandran plot showing
ranges of ¢ and 1 dihedral angles that define ca-
nonical conformation of the proteinase binding
loop in canonical inhibitors.

The ranges of adopted ¢ and i angles are as follows: Py
(-140° < @ < —120 ; 140° <y < 170°% P_ (-100%<p <
-60% 140 <y < 180"; P, (-120°<p < -95% 8%y <
50°); P ' (-100° < p < -60° 140° < y < 180°); Py’
(~140° < < =100% 70° <y < 120°), and Py’ (-140°<
< -100% 70° <y < 120°).

by many orders of magnitude for the interac-
tion of one inhibitor with different protein-
ases (Ardelt & Laskowski, 1985).

L

Asp102(E)

08 Asn33(1)

(viii) at high concentration of enzyme and
inhibitor the existence of additional unstable
loose complexes L, L* and X can be detected
by stopped-flow methods (Finkenstadt et al.,
1974; Quast et al., 1978).

Proteinase-inhibitor complex

The mode of recognition between serine pro-
teinases and different canonical inhibitors is
always very similar. In a stable complex which
has been a subject of numerous crystallo-
graphic studies, a short antiparallel S-sheet is
formed between the Py and P, residues and
the 214-216 (Ser125-Glyl127 in subtilisin)
segment of the enzyme (Fig. 9). Energetic con-
tribution of one of these intermolecular main
chain hydrogen bonds (donated by NH amide
of P; residue of OMTKY3) has been recently
found to be about 1.5 keal/mole (Lu et al.,
1997a). There is an additional antiparallel
p-sheet between P4Pg fragment and
Tyr104-Glyl02 residues in subtilisin com-
plexes which does not exist in chymo-
trypsinlike enzymes (McPhalen & James,
1988; Takeuchi et al., 1991). Other very impor-

Figure 9. Schematic repre-
sentation of the canonical
inhibition based on the
three-dimensional strue-
ture of OMTKY 3:hNE com-
plex (Bode ef al., 1986a).

The inhibitor (shown in bold)
Phed1(E) binds to the proteinase simi-
larly as to a typical substrate.
Several characteristic inter-
actions are shown: (i} an
antiparallel Fsheet between
segmenta P;-P; of the inhibi-
tor and 214-216 of the pro-
teinase, (i} subwvan der
Waalas' contact between
Ser195 0" and the P; car-
bonyl carbon, and (iii) hydro-
gen bonds from the oxyanion
binding hole (NHs of Gly193
and Ser195) to the P; car-
bonyl oxygen.
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The proteinase
binding loop

P1 {Asn14)

Figure 10. Ribbon diagram of the ornithodorin-thrombin complex (van de Locht et al, 1996).

The inhibitor N-terminal domain {dark grey), Clerminal domain (middle grey) and thrombin (light grey} are
shown. The N-terminal domain interacts with the enzyme active site through Serl-Leu2-Asnd terminus forming a
short parallel f-sheet with thrombin Ser214-Gly219 segment. The C-terminal domain forms three ion pairs and hy-
drophobic interactions with the {ibrinogen binding exosite. The proteinase binding loops of both ornithedorin do-

mains stay away from the enzyme surface.

tant features of the complex include: a short
(about 2.7 A) contact between the Py carbonyl
carbon and the catalytic serine residue (signif-
icantly shorter in rhodniin-bTHRO and
MBTIL:pTP complexes) and two hydrogen
bonds between carbonyl oxygen of Py and
Gly193/8er195 amides of the oxyanion bind-
ing hole. The reactive site peptide bond re-
mains intact in all erystallographically stud-
ied complexes. All the above mentioned hy-
drogen honds and the shape complementarity
of interacting areas ensure a very similar
manner of recognition between different pro-
teinases and inhibitors. In the complex, about
10-17 amino-acid residues on the inhibitor
site and 17-29 residues of the proteinase
make numerous, mainly van der Waals (typi-
cally more than a hundred) and hydrogen

bond (about 8-14) interactions. The total area
of the components of the two complexes bur-
ied in the interface is about 1200-2000 A2. As
concluded, from NMR relaxation parameters
of free inhibitors (Peng & Wagner, 1992;
Shaw et al., 1995; Liu et al, 1926b), the
proteinase binding loop often belongs to the
most disordered part of free inhibitor, and be-
comes significantly rigidified in the complex.
However, the loops of anistasin (Lapatto et al.,
1997) and BPTI (Wlodawer et al., 1984) are
alzo well defined in uncomplexed state. There
are no significant conformational changes on
either enzyme or inhibitor side accompanying
complex formation.

In contrast, in the trypsinogen-inhibitor
complexes major structural rearrangements
are observed in the zymogen binding site
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P1 (Asn 14)

(Huber & Bode, 1978). The organization of the
activation domain in the complex with inhibi-
tor is remarkably similar to that observed in
active enzyme. The association constant is
about 10™fold lower than for the active en-
zyme (Bode, 1979; Antonini et al,, 1983), indi-
cating that about 10 kcal/mole of free energy
is required to force cooperatively the activa-
tion domain into the active, ordered confor-
mation. Despite inherently low activity, the
standard mechanism works also for
trypsinogen, which is able to resynthesise the
reactive site peptide bond of inhibitor (Zbyryt
& Otlewski, 1991),

Position P is of particular importance for
the proteinase-inhibitor association energy.
With the exception of Trp, Ile and Cys, all
amino acids have been observed at this posi-

Figure 11. Ribbon presentation of
the complex of the heavy chain of
factor Xa-rTAP (Wei et al., 1998),

The N-terminus of r-TAP is located in
the active site of factor Xa with the
side chain of Tyrl located in the 3,
pocket and Arg3 located at the aryl
binding pocket. The C-terminal helix
of inhibitor forms additional contacts
with factor Xa. Similarly as in the case
of ornithodorin-thrombin ecomplex
(Fig. 10), the P, side chain does not
form an interaction with the pro-
teinase.

tion in determined sequences of inhibitors
representing different families (Laskowski,
1986). P Gly and particularly Py Pro are very
bad residues for most of the tested protein-
ases (Lu et al., 1997b; Krowarsch et al., 1999).
Also charged P, side chains of Asp and Glu
(but not their uncharged forms), when placed
in hydrophobic S; pockets strongly oppose
complex formation (Qasim et al, 1995). The
P, side chain is fully exposed in all free inhibi-
tor structures and becomes imbedded in the
51 pocket upon complex formation. It can
form up to 50% of the interface contact area
and provide more than 50% of association en-
ergy as deduced from cognate P; — Gly P,
comparisons (Lu et al., 1997h; Qasim et al.,
1997). Cognate Py side chains enter the S,
pocket preserving optimal angles (Huang et
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Ser 359

al., 1995; Helland et al, 1999a). Improperly
matched P;-S; interaction in terms of size,
shape, charge, polarity or branching of the P;
side chain leads to severe effects on the associ-
ation energy (Beckmann et al.,, 1988; Kojima
et al.,, 1991; Qasim et al.,, 1997; Helland et al,,
1999a). Also alanine-scanning mutagenesis of
BPTI (Castro & Anderson, 1996) and theoreti-
cal calculations on proteinase-inhibitor inter-
action (Krystek et al, 1993) clearly reveal a
dominant role of P; residue. Since this resi-
due occupies a central part of the canonical
loop its substitutions with different amino ac-
ids in inhibitor families provides similar ener-
getic effects on binding to serine proteinases,
a phenomenon called interscaffolding addi-
tivity (Qasim et al, 1997; Krowarsch el al,
1999), Interestingly, in several cases where
extensive contacts between enzyme and inhib-
itor occur also at a remote site, noncognate

Figure 12. Ribbon drawing
of the three-dimensional
structure of the reactive site
hydrolyzed human -:Il-anti-
trypsin  (tetragonal form)
(Lobermann et al.,, 1984).

The newly liberated chain ter-
mini Met358 and Ser3f9 are
separated by 70 A. f-Sheet A is
located in front of the picture
in vertical orientation with s4A
strand inserted antiparalelly
between s5A and s3A.

side chains are found at P position {(ecotin —
P; Met, rhodniin — Py His). The plot of the
substrate transition state energy log(k a1/ Kry)
versus enzyme-inhibitor association energy
log{K,) determined for a set of P; oligopeptide
substrates and protein inhibitors is a straight
line with a slope not far from unity, suggest-
ing that interactions within the S, pocket are
not changed as the reaction proceeds from en-
zyme-inhibitor complex to transition state
(Kojima et al., 1991; Lu et al, 1997b; Pola-
nowska et al., 1998).

Free energies of individual interactions be-
tween residues forming the loop and the
proteinase are often found to be additive
(Wells, 1990; Qasim et al., 1997). This offers a
possibility of creating strong inhibitors even
for highly specific enzymes through careful
design of multiple mutants (Komivama et al.,
1991; Lu et al., 1993). There are also reports of
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successful applications of combinatorial
phage-displayed libraries based on BPTI,
APPI and TFPI inhibitors to create potent
variants of closely consensus sequence (Rob-
erts ef al, 1992;: Dennis & Lazarus, 1994a, b:
Markland et al, 1996).

In recent years two interesting variations of
the canonical interaction have been reported.
Rhodniin is a specific inhibitor of thrombin
composed of two Kazal-type domains. Its first
domain interacts through the canonical
proteinase binding loop with the active site of
thrombin in a typical way (van de Locht et al,,
1995). The C-terminal domain, due to accumu-
lation of negative charges, binds to the
fibrinogen recognition exosite through domi-
nant electrostatic interactions; only two di-
rect hydrogen bonds are formed, however.

Figure 13. Three-dimensional structure of
the active form of human alaantitrypsm
{tetragonal form) (Elliott et al., 1996).

The reactive site loop of the inhibitor fits into
the active site of trypsin without steric conflicts.
The loop superimposes well with the canonical
loops of Bowman-Birk inhibitor P11 and hPSTI
{rmsd for the Cer atoms is about 0.6 A).

These electrostatic interactions are reminis-
cent of the non-canonical hirudin-thrombin
interaction and the complex can be consid-
ered as characterized by both canonical and
non-canonical recognition. The canonical in-
teraction through the second domain is pre-
vented due to a single amino acid insertion
and distortion of the binding loop. A strategy
of linking two proteins that independently in-
teract at separate binding sites of proteinase
was successfully applied to generate a potent
inhibitor of factor VIla through fusion of
APPI domain and a soluble tissue factor vari-
ant (Lee el al., 1997).

Canonical inhibitors do not inhibit thrombin
due to the narrow and deep canyon-like active
site cleft which is too narrow for the broad ca-
nonical loop. Nevertheless, it was possible to
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construct a potent inhibitor of thrombin
based on canonical inhibitor LDTI. The design
scheme comprised addition of an acidic
Cterminal tail to facilitate interactions at
fibrinogen exosite and trimming the binding
loop region through multiple substitutions to
fit the narrow active site of thrombin
(Morenweiser et al., 1997). Also, the engineer-
ing of thrombin active site structure through a
single E192Q mutation significantly facili-
tated complex formation with BPTI through
rearrangement of the surface loops, particu-
larly 60-oop (van de Locht ef al,, 1997).
Ecotin illustrates an even more complicated
extension of the canonical interaction (Fig. 2).
First, the inhibitor exists in solution as a
dimer which binds two proteinase molecules,
each at two distinct areas. The first region in-
volves the reactive site loop (the 80s loop) and
the 50s loop. The second area includes two
loops: the 60s loop and the 100s loop from the
second ecotin molecule. The total buried area

Figure 14. The structure of la-
tent antithrombin (Carrell et
al, 1994).

This form crystallizes ss an ac-
tive:latent dimer. The active mol-
ecule has an exposed reactive site
loop with initial entry of two resi-
dues into the f-sheet A. The la-
tent molecule which is shown on
the Figure has a loop totally in-
corporated (shown as a dark grey
P-strand). The two molecules are
bridged by the reactive aite loop
of the active form which has re-
placed a strand from another ac-
tive:latent dimer in the latent
molecule, The structure reveals
unusual mobility of the reactive
gite loop. It also clearly suggests
the mode of polymerization
which cccurs spontaneously with
the Z mutant (Glu342Lys) of
D:IPI and leads to accumulation
of the polymerized inhibitor in
the liver.

of ecotin-proteinase is about 2800 .352, 100%
larger than for typical canonical inhibitors,
and 50% larger than for non-canonical inhibi-
tors of thrombin. The Py residue of ecotin is
Met84 which is able to bind in S pockets of
proteinases of wvery different
specificities, including: trypsin, chymo-
trypsin, chymase, pancreatic and leukocyte
elastases, plasma kallikrein, crab collagenase,
factor X, and XII, (McGrath et al.,, 1995). The
side chain of Met due to its flexibility adopts
different conformations in the S; pockets of
trypsin, chymotrypsin and collagenase
(McGrath et al., 1995) what partially explains
panspecific properties of the inhibitor. The
second and perhaps more important source of
its broad specificity are the strong interac-
tions at two secondary binding loops which
act cooperatively, and not additively, with
each other and with substitutions at P, site
and dimer interface (Yang et al, 1998). Sur-
prisingly, single mutations at P site have but

serine
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Table 2. Three-dimensional structures of serpins determined by X-ray crystallography.

Table includes all important serpin structures and lists serpin and proteinase abbreviations used in the paper.

PDB Method

Structure Abbreviation e (X-ray) Reference

Human a-anti in (tetragonal TAPI

form) (reactive site hydrolyzed)  P4FL @ 3L, Bagima, W

hex Pl mutant hetPI (F51L) 1PSI 29 A Elliott et al, 1996

hery PI mutant

(FS1L,T68A, T59A,A70G, Hepta ha,PI 1ATU  27A  Ryuetal, 1996

M3741, S381A,K387R)

Horse leuk elastase inhibitor Baumann et al,

(reactive site hydrolyzed) hrLEI* IHLE 19A  jggyp '

Human ay-anti otrypsin mutant

(3400, ABSOT TAR6T L007P, L A5GM. ha - ACT-P3-P3’ 95A  Weietal, 1994

A360I,1L361P,V368T)

ha -ACT* mutant ha-ACT® (A349R) 1AS4 21 A  Lukacs ef al, 1998

Chicken ovalbumin chOVA 0VA: 30K Sinehal. I

Ovalbumin (reactive site hydrolyzed) PLA 28 A  Wright et al, 1990

Bovine antithrombin I (reactive - Delarue et al, 1990;

site hydrolyzed) bATII ATT 327 Mourey et al, 1993

hATIIT hATIII 1ANT 26 A Wardell ef al,, 1993

hATIII (active:latent dimer) hATIII 2ANT 26 A  Skinner et al, 1997

hATIILhATII® (latent:cleaved \ Schreuder et al.,

A hATIII:hATIIT* 1ATH 324 S

hATIIE:pentasaccharide hATIIL: 1AZX 29A Jinetal, 1997
pan pentasaccharide : :

hATIIL:P, Py peptide hATIIL:P, Py IBRS 29 A  Skinner et al, 1998

Human plasmin activator Mottonen et al.,

inhibitor 1 (latent hPAL1 26 A Jog9

hPAT-1 hPAI-1 quadruple mu-

(N150H,K154T,Q319L,M3541) tant 1B3K  30A  Sharpetal, 1999

hPAI-mutant (reactive site hydro- 3 . erts et al.,

s hPAL1(A335P)  9PAI 274 friee

Eﬁiﬁ mutant (residues 6698 de-  ypayy 1BY7 20A  Harrop et al, 1999

Serpin 1K from Manduca sexta 1K 1SEK  12A lietal, 1999

neglible effects on association energy, as com-
pared to effects of mutations of typical canoni-
cal inhibitors.

NON-CANONICAL INTERACTIONS

In recent years also non-canonical com-
plexes between protein inhibitors and serine

proteinases have been studied by X-ray crys-
tallography (Table 1). These inhibitors origin
from blood sucking organisms and specifi-
cally block enzymes of the blood clotting cas-
cade, particularly thrombin or factor Xa. The
interaction is mediated mainly through inhibi-
tor N-terminus, which is disordered in solu-
tion and rearranges upon binding in the active
site of an enzyme (Szyperski et al., 1992a, b).
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The N-terminus binds through the parallel
B-sheet which is of somewhat different length.
The detailed interactions of the three
N-terminal residues are different in
non-canonical complexes. There are also ex-
tensive secondary interactions which provide
an additional buried area and contribute sig-
nificantly to the strength and specificity of in-
teraction. In the studied cases there is a
two-step kinetics of association — the initial
slow binding step occurs at the secondary
binding site, then the N-terminus locks in the
active site of proteinase.

The first recognized inhibitor of this class
was hirudin — a 66 amino-acid residues pro-
tein from the saliva of medical leech. Both for
hirudin in solution and for its complexes the
structure is known. There are several key fea-
tures which distinguish the hirudin-thrombin
recognition from the canonical interaction.
The enzyme-inhibitor contacts comprise 27
out of 65 hirudin residues (Rydel et al., 1990;
1991). The active site of thrombin is blocked
not by the loop segment but by insertion of the
three N-terminal residues in a parallel S-sheet
arrangement to S;-Sg sites, in contrast to
antiparallel orientation observed for the ca-
nonical inhibitors. Neither catalytic Ser1956
nor the S; pocket are specifically blocked by
the inhibitor. The ¢-amino group of lle1 forms
hydrogen bonds with hydroxyl of Ser195 and
the carbonyl carbon of Ser214; Thr3 does not
enter the S; pocket to make a hydrogen bond
with Asp189 at the bottom of the pocket. Nev-
ertheless, the complementarity of interacting
surfaces allows formation of hydrogen bond
and ion pair interactions, many of which are
mediated through water molecules. There is
an important additional region of contact be-
tween the extended C-terminal tail of hirudin
and the fibrinogen recognition exosite. The
hirudin tail starting from residue 49, which is
disordered in solution (Folkers et al,, 1989),
interacts through multiple electrostatic inter-
actions and also van der Waals contacts. The
electrostatic component of hirudin-thrombin
association allows for an extremely fast (k,y, =

1 x 10°M~1s71) and strong (K; = 1071 M) in-
teraction (Ascenzi et al., 1992).

Two other non-canonical inhibitors of coagu-
lation proteinases show, surprisingly, a scaf-
fold similar to an archetypical canonical inhib-
itor — BPTI. The ornithodorin from the soft
tick contains two BPTI-like domains contain-
ing insertion/deletion in the binding loop seg-
ment which lead to major distortions of both
binding loops (van de Locht et al, 1996). In
fact, these binding loops do not contact the
proteinase (Fig. 10). Similarly as in the
hirudin-thrombin complex, the N-terminal
tail penetrates into the active site and forms a
parallel [S-sheet with the thrombin
Ser214-Gly219 segment. There are also sev-
eral other regions contacting thrombin which
provide together a surface of 1100 A2, The
C-terminal domain contacts cover 700 A% and
include three salt bridges formed in the
fibrinogen exosite area.

TAP is another anticoagulant protein found
in the soft tick which is a strong inhibitor of
factor Xa (Waxman ef al,, 1990; Antuch et al.,
1994). Like in the hirudin-thrombin interac-
tion, TAP interacts through the N-terminus
with the active site of proteinase (Wei et al.,
1998). Conversely to expected preferences,
phenol ring of Tyr1 is bound in the $; pocket
and Arg3 interacts with the aryl binding site
(Fig. 11). The secondary binding determinant
comprises C-terminal helix of TAP which
forms electrostatic interactions with the
autolysis loop of factor Xa.

Finally, triabin, a 142-residue protein from
the saliva of triatomine bug, is an unusual in-
hibitor of thrombin which only slightly re-
duces its activity toward low molecular mass
substrates. Crystal structure of the triabin-
thrombin complex shows strong interactions
exclusively through the fibrinogen exosite
(Fuentes-Prior et al., 1997). Although comple-
xation occurs via the same area of thrombin
as in the case of rhodniin and ornithodorin in-
hibitors, the interactions with triabin are al-
most exclusively hydrophobic in nature, in
contrast to the electrostatic interaction de-
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scribed above for non-canonical inhibitors.
Also, in contrast to the complexes of the latter
inhibitors, the active site of
triabin-complexed-thrombin is free to act on
small substrates.

SERPINS

There are several notable features in which
serpins differ from the standard mechanism
inhibitors. Serpins are significantly larger
proteins (of about 400 residues). The complex
structure of serpins enables regulation of
their action through association with a variety
of cofactors and receptors. Although
non-inhibitory serpins are also known
(ovalbumin, hormone transporters, peptide
hormone precursors), most of the studied
serpins are plasma proteins which are tar-
geted toward serine proteinases and thus con-
trol critically important processes, such as
phagocytosis, coagulation, and fibrinolysis
(Table 2).

Serpins contain three f-sheets (A-C) and
nine a-helices (A-I). The proteinase binding
loop of serpins, located in the C-terminal part
of the molecule, comprises about 30 residues,
and, due to inherent flexibility, can adopt a
number of different conformations. The first
structure reported for a member of the family
was the reactive site (Met358-Ser359)
cleaved form of haPI (Lébermann, 1984). In
the structure, the P5-P;5 segment of the bind-
ing loop is inserted as the central strand (s4A)
in the B-sheet A, while the twisted S-sheet C
contains the downstream segment of the
cleaved binding loop as its edge strand s1C
(Fig. 12). The newly released N- and C-termini
in ha{PI* are separated in space by 70 A,
strongly suggesting that resynthesis of the
bond is impossible. Similar organization of
the cleaved molecule was later observed in the
case of other serpins: bATIII* (Mourey et al.,
1993; Schreuder et al., 1994), haACT®
(Baumann et al, 1991a), hrLEI* (Baumann et
al, 1991b), hPAI-1 (A335P)* (Aertgeerts et al.,

1995). Although the three-dimensional struc-
ture for the serpin-proteinase complex so far
has not been reported, the huge confor-
mational change accompanying the cleavage
reaction implies that the mechanism of serpin
action is different from the standard mecha-
nism. In non-inhibitory chOVA, cleavage of
the reactive loop does not lead to insertion of
the released segments (Wright ef al, 1990;
Wright & Scarsdale, 1995), again suggesting
that strand annealing is relevant to the inhibi-
tory mechanism.

Intact serpins show a surprisingly high bind-
ing loop flexibility. The loop can be fully in-
serted into the A f-sheet, in the structure of
uncleaved serpins, as found in hPAI-1
(Mottonen et al., 1992) and hATIII (Fig. 14)
(Carrell et al., 1994; Skinner et al., 1997). This
so called latent state can be obhserved not only
in crystallized dimers of serpins (one mole-
cule latent and one active), but can also be ini-
tiated by exposure to mild denaturing condi-
tions in other serpins, like @ PI (Lomas et al,
1995). Moreover, spontaneocus transition to
latent state is implicated in the physiological
action of PAI-1 that enables this serpin to ex-
ist in plasma in inactive state.

Conformation of the binding loop is also dif-
ferent among intact, non-latent forms of dif-
ferent serpins. The structures of haPI (Fig.
13) (Elliott et al., 1996) and ha-ACT (Wei et
al., 1994) show no insertion, while hATIII
(Schreuder et al, 1994; Carrell et al, 1994)
has a tworesidue insertion. However, upon
complexation with pentasaccharide heparin,
which is known to give a 300-fold increase in
inhibitory activity, the loop of hATIII becomes
fully exposed (Jin et al, 1997). The loop con-
formation also varies among intact serpins:
from a distorted a-helix in ha;-ACT to an al-
most canonical form observed in haPI, sug-
gesting that initial serpin-proteinase recogni-
tion might be similar to that found in canoni-
cal inhibitor complexes.

Synthetic exogenous peptides with the se-
quence of Po-P;4 segment can spontaneously
incorporate as strand 4 of §-sheet A in respec-
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tive binary complexes of a;PI (Schulze et al.,
1990) and ATIII (Bjérk et al., 1992). The stabil-
ity of the reactive site cleaved and latent
serpins and also of serpin-peptide binary
complexes is much higher than that of native,
uncleaved form (Bruch et al, 1988) this re-
sults from reorganization of the five stranded
f-sheet A in native molecule to a six stranded,
predominantly antiparallel form. Contrary to
the latent, non-inhibitory form, the binary
complex is a substrate for its target pro-
teinase, since upon cleavage this complex can-
not incorporate the binding loop segment into
B-sheet structure.

It follows that the active, inhibitory state of
serpins has a mobile and exposed binding loop
and exists as a metastable folding intermedi-
ate of relatively high energy. Non-inhibitory
serpins, like chOVA, do not show the
conformational change accompanying the
cleavage reaction (Stein et al, 1989). Recent
mutational studies on Pl have identified
several unfavourable hydrophobic interac-
tions in its central core which appear to create
strains in native wild type inhibitor and act as
a sheet-opening trigger (Ryu et al., 1996). Nev-
ertheless, an engineered variant of a;PI with
improved hydrophobic core interactions and
high stability (comparable to that of chOVA)
still preserved inhibitory properties (Lee et
al., 1998).

Studies on both natural, disfunctional vari-
ants (Stein & Carrell, 1995; Carrell et al,
1997) and engineered mutants (Hood et al.,
1994; Tucker et al, 1995) of serpins revealed
that the residues in P;3P;5 segment (the
hinge region) are essential for inhibitory ac-
tivity. In natural serpins this region is con-
served and contains small side chains which
are able to form a flexible turn. A current
working model of serpin action assumes two
step complex formation: rapid reversible ca-
nonical recognition, followed by cleavage re-
action which produces a stable acylenzyme
complex (Lawrence, 1997; Stone et al.,1997).
In the second step a rapid insertion of the loop
into f-sheet A at least up to the position Pqg

leads to formation of a stable complex (Shore
et al, 1995). A eritical factor for effective for-
mation of the complex is the rate of loop inser-
tion. If insertion of the binding loop is blocked
by an exogenously added peptide or if the rate
of full hydrolysis of the reactive site (the
deacylation rate) can be attained before loop
insertion into f-sheet, the serpin will behave
as a substrate. If the insertion rate is faster,
the complex will be stabilised. It is not clear,
however, what is the driving force of the de-
scribed molecular events: to what extent bind-
ing of an enzyme induces the insertion of the
loop and when hydrolysis of the P;-P;’ bond

does occur.
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