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Squash inhibitors of serine proteinases form an uniform family of small proteins.
They are built of 27-33 amino-acid residues and cross-linked with three disulfide
bridges. The reactive site peptide bond (F1-P1’) is between residue 5 (Lys, Arg or Leu)
and 6 (always Ile). High resolution X-ray structures are available for two squash
inhibitors complexed with trypsin. NMR solution structures have also been
determined for free inhibitors. The major structural motif is a distorted,
triple-strat:ded antiparallel p-sheet. A similar folding motif has been recently found
in a number of proteins, including: conotoxins from fish-hunting snails, carbo-
xypeptidase inhibitor from potato, kalata B1 polypeptide, and in some growth factors
(e.g. nerve growth factor, transforming growth factor 2, platelet-derived growth
factor). Squash inhibitors are highly stable and rigid proteins. They inhibit a number
of serine proteinases: trypsin, plasmin, kallikrein, blood clotting factors: X, and XI1,,
cathepsin G. The inhibition spectrum can be much broadened if specific amino-acid
substitutions are introduced, especially at residues which contact proteinase. Squash
inhibitors inhibit proteinases via the standard mechanism. According to the
mechanism, inhibitors are substrates which exibit at neutral pH a high kcat/Km index

for hydrolysis and resynthesis of the reactive site, and a low value of the hydrolysis

constant.

Protein proteinase inhibitors form a large and
well-characterized group of proteins [1-3]. The
action of the inhibitor is almost always re-
stricted only to one out of four mechanistic
classes of proteinases, hence there are protein
inhibitors of serine, aspartic, cysteine and me-
tallo proteinases. Of these four groups, serine
proteinase inhibitors are most widely repre-
sented in nature and are the most popular sub-
jectof investigations. They are commonin plant
and animal tissues as well as in microorgan-
isms. Within this group of inhibitors one can
easily distinguish “small” inhibitors (27-200
amino-acid residues) and serum proteinase in-
hibitors (glycosylated proteins containing

about 400 amino-acid residues). “Small” inhibi-
tors do not form an evolutionarily uniform
group. Instead, they can be divided into about
15 different families on the basis of amino-
acid and/or nucleotide sequence similarity,
topology of disulfide bonds and global spa-
tial structure [1, 3, 4]. Also the position of the
reactive site peptide bond, which is primarily
responsible for inhibitory action, is fully
preserved within the inhibitor family [5]. At
present high-resolution crystallographic
structures are available for representatives of
almost all inhibitor families, either in a free
state or in a complex with a cognate protei-
nase [3].

*To whom all the correspondence should be addressed; tel. 71- 402824; fax. 71- 402608; c-mail: otle-

wski@ii.uni.wroc.pl.
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Proteinase inhibitors isolated from seeds of
different squash plants are the smallest of
“small” inhibitors. They are built of 27-32
amino-acid residues and they are cross-linked
with three disulfide bridges. So far they were
isolated exclusively from squash seeds (the Cu-
curbitaceae family). They were discovered in
late 70s independently by our group at the
University of Wroclaw and by the group of the
late Prof. ].J. Pisano at the National Institutes of
Health. “Our” squash seeds inhibitor was dis-
covered as a bovine trypsin inhibitor [6-10].
The protein isolated from pumpkin seeds in
Bethesda inhibited bovine trypsin and Hage-
man factor [11, 12]. Amino-acid ences of
both proteins appeared to be identical [7]. Since
that time our group isolated and characterized
inhibitors from the seeds of summer squash [9,
10,13], zucchini [8, 13], watermelon [14, 15], red
bryony [14, 15], cucumber [13, 14], figleaf gourd
[14] and spaghetti squash [14]. The squash in-
hibitors were also described in more exotic
squash plants from South Africa [16], Japan
[17-20), China [21] and France [22]. At present
they form a well established inhibitor family:
41 squash inhibitors were sequenced, spatial
structures of 3 inhibitors were studied by high
resolution X-ray crystallography, 4 inhibitors
were investigated by multidimensional NMR,
31 inhibitor analogues were chemically syn-
thesized. Due to their small size, rigidity and
stability of the molecule, squash inhibitors pro-
vide a particularly encouraging material for
studying the serine proteinase-protein inhibi-
tor interactions.

ISOLATION OF SQUASH INHIBITORS

Pure samples of squash inhibitors are relative-
ly easy to obtain as they are very stable and
harsh purification techniques (e.g. reverse
phase HPLC, organic solvents) can be applied.
Typically, the isolation protocol includes defat-
ting of seeds with acetone, extraction, ammoni-
um sulfate and/or organic solvent fractio-
nation. Further purification steps involve dif-
ferent chromatographic techniques: affinity
chromatography onimmobilized trypsinoran-
hydrotrypsin, classic low-pressure ion-ex-
change or molecular sieve chromatography or
high pressure reversed phase HPLC. Finally,
one can obtain pure inhibitors in quantities

varying from 1 mg to approximately 100 mg per
1 kg of seeds, depending on plant species and
inhibitor form to be purified. Detailed purifica-
tion protocols are presented in references [8, 9,
11, 14, 16-18, 20, 22]. So far, the seeds of figleaf
gourd (Cucurbita ficifolia) are the richest known
source of squash inhibitor. Our purification
procedure [14] yields about 110 mg of pure
inhibitor from 1 kg of seeds. The amino-acid
sequence of this protein is identical with that of
Cucurbita maxima trypsin inhibitor [ (CMTI ),
which is the best characterized representative
of the whole inhibitor family (see below).

PROPOSED NOMENCLATURE

The nomenclature of squash inhibitors [13]
uses the latin names of the plant species e.g.
Cucurbita maxima trypsin inhibitor is CMTI and
Momordica charantia elastase inhibitor is MCEL
The designation of different inhibitor forms
first employs Roman numerals according to the
order of trypsin inhibitory activity peaks ob-
tained after initial chromatography. If, upon
subsequent chromatography in other systems
these are shown to be heterogenous, the sub-
fractions are designated by lower case letters:
a, b, ¢, e,g. CSTI [Ib. Other groups use this
abbreviation system with minor modifications.
Numbering of amino-acid sequences of squash
inhibitors is based on the sequence of the CMTI
| inhibitor.

AMINO-ACID SEQUENCES AND LOCA-
TION OF DISULFIDE BONDS

All so far published amino-acid sequences of
squash inhibitors are presented in Fig. 1. Forty
one inhibitors have been sequenced and 39
amino-acid sequences are unique. Within these
41 sequences, there are 7 which differ by an
extended N-terminus: His-Glu-Glu, Glu-Glu,
Glu or pyroglutamic acid. There is one case of
Val-Ser extension at the C-terminus (CSTI IIb).
Evidently, squash inhibitors are synthesized as
longer polypeptide chains and are proteolyti-
cally processed both from the N- and C-termin-
us. This is in agreement with the recently
determined cDNA and gene sequences of TGTI
Il inhibitor, which revealed that mature inhibi-
tor sequence is flanked by sequences of 21 and
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1 5 6 i0 20 254 2 Ref
CMTII RVICPRIlLME[Ckkps[pclL A E[CvIClLER - ¢ ¥Y[T G im
CMT1 I RVICPRILMKCKKDS|DC|LAE|C/VICILEH- G Y|C G| ]
CMTI IV HEERYCPR|I|LMKEKCKKDS|IDC|LAE|CVICILEH- € ¥|C Gl 1131
CPGTII RVICPK|[ILMECIKKDS|DC|LAE|CII|CILEH- G Y|C ¢ 113
CPTIN RYCPK|ILMECKEDS|DCILAE|C|I|C|ILEH- GY|Cg 13
CPTIM HEERVCPKILMKCKKDSDC/|LAE|CI|C/LEH- GY|CG [13]
CST1 T MYICPKIILMECKHDSDCLLD|CIVICILEDI GY|CG|VS (23]
CSTIIV MM-?RILMKEIKHDSDCLPGE\-' LEHTI EY|CC 113]
VTl GRR|CP|R|I|YME|ClKRDA|DC|L AD|C/VICILOH- C1|CGC 115
BDTIN RGICPRI/LMR|CKRDS|DC|LAG|C/VIC/OKN- GY|CG [15)
MR1 GIICPRIILME|[CKRDES[DClL AQCIVICIKR Q- G Y|C g [16]
EETIN GICPIR|I/LMR|ICIKQDS|DC|L AG|C|Y|CIGP N- GF|C G 1221
MCTI1 <E RRICPRIILKQCKRDS|DCIPGE|C]I [C/MAH- GF|C g nn
MCTIN RI|CPRI|WME|CCKRDS[DCMAQIc/1Iclvp- - GHICG 1171
MCTIIn <E RGICPIR[ILKQ|ClKODS|(DC|PCGE|C|1 [C/MAH- CF|CG [&0]
MCTIA RS|CPR[I|WME|CITRDS|DC/MAKI|C|I |c]VA- - G H|C G [21]
MCEI 1 R1|CPILIIIWME|CIKRDS|[DC|LAQ|ClI|ClVD- - CH|CE 17
MCELD ERICPILIIIWME|C(KRDS|DC|L A Q|c/I lclvp- - GH|CG [50]
MCEI I EERI[CPLIIWME|CKRDS|DC|LAOQ|C/T|ClVD- - GH|CG (=]
MCEI IV EEERI CPILIIWMEICKRDS|D ClL AQ|cli lIcvD- - GH|CG 159
LCTI RICPR|I|LME|CS SDS|DC|LAE|C/I|C/ILEQ- GF|CGC 119
LTI 2 RICPRILME|CS SDSIDC|LAE|C|I [C/LEQDGF|CG el
LCTI T RI CPRIILME|ICIS YDSIDC|[FGE|CI|C]lLPS - cY|CG 751
LCTIm RIjCPRIIILME|IC|S sDS|IDCILAE|CI|ClLEN- €FICG 1751
LLDTLI <ERRICPRI|]YME|CKHDS|DC|LAD|CIVIC/ILEH- CG1I|C G| [18]
LLDTI IO RRICPIR[I|YME|CIKHDS|DC|L AD|civiclLER- c1|C@E [18]
LLTII <ERRICPR|I/YME[CKHDS|DC|L AD|C/VICILEH- G1]|C GG [20]
LLTIN RRICPIR[I|YME|C/KHDS|IDClL AD|ClVICILEH- GI(CG [20
LLT1 IO ERRICPR[I|YME|[CKHDS|DC|LAD|C/VICILEH- G1|CG [20]
BHTI11 "RICP|R|I|IYME|ICKHDS|DClL AD|CIVICILP Q- G1|C G 18]
BHTI RR|ICPIR[I|YME|CCKHDS|DC|L AD|C/V|CILPO- GI1|CG 118
TTII FIRII'LMPICCKYNDDCLRG|CK|CILS N- GY|CG [5%]
TN PIRII/LMP|CIQVNDDC|L RG|ICIK|CILS N- GY|CG [64]
HMTI VGICPRIIILME|ICCKTDDIDC|L L G|lC/K|C|LS N- G Y|C G 1231
TGTI1 1ICPRIILMP|CIS s DS|DC|L A E|lcjI [C]LEN- 6 F|C G 123
TGTIN G! CPRIILMP|ICCKTDD|DC|/ML D|C/R|C|LS N- € Y|[CGC (231
CMeTI A RMCPEKILMKCKODSIDC/ILLD|CV|CILKE - GF|CG fs1)
CMeTI B VGICPRIILMKICKTDR|DC|LT GlC|TIClKRN- GY|CG [&1]
CMCTLI MCPK[IIHLNKICCKODS DC|LLDICVICILKE - G F{CG [79]
CMCTI I RMCPKIIILNKICKQDSDC|LLD|CIV|IC|LKE - GFI|CG l791
CMCTI M <ER M r_leNugansuCLLnlngLHE CFICG [79]

Fig. 1. Amino-acid sequences of squash inhibitors of serine proteinases. An arrow indicates the reactive site

peptide bond.

13 residues of pre- and pro-inhibitor, respec-
tively [23]. This type of posttranslational pro-
cessing exists also in other plant inhibitors [24].

The shortest of squash inhibitors contain 27
amino-acid residues, the longest 33 residues.
No carbohydrate moiety was observed in the
inhibitors (there are no potential N-glycosyl-
ation sites in squash inhibitors). The amino acid
sequences of squash inhibitors are homolo-
gous. Since the inhibitors contain six totally
conserved half-cystines, alignment of their se-
quences is particularly easy. Squash inhibitors
always contain one aromatic residue (Trp, Tyr
or Phe) either at position 7 (P2’) or 27 (P22).
Surprisingly, simultaneous lack or presence of
both chromophores at these positions have
never been observed. The reactive site (P1-P1
peptide bond in notation of Schechter & Berger

[25]) is located between residues 5 and 6.
Residue 5, which mainly ensures proper recog-
nition by proteinase, is almost invariably Lys or
Arg. Thus far, the only exception detected is
Leu present in the sequences of MCEI [, II, III
and [V. The Lys5 or Arg5 containing squash
inhibitors always strongly inhibit bovine tryp-
sin, whereas the MCEI inhibitors do not inhibit
trypsin but porcine elastase. Taking into ac-
count the number of sequenced representa-
tives, squash inhibitors form the third largest
family of inhibitors.

Laskowski and coworkers [4, 26] found for a
set of 125 amino-acid sequences of orthologous
avian ovomucoid third domains that the pro-
teinase contact region exhibits greater vari-
ability of amino-acid residues than that of
noncontact residues. Later, a similar hypervari-
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ability of contact residues has been noticed in
the case of 29 proteins paralogous to bovine
pancreatic trypsin inhibitor (BPTI) [27].
Variability of amino-acid residues within
squash inhibitor family is shown in Fig. 2. It is
clear from this presentation that at variance
with the results reported for vertebrates the
positions of squash inhibitors which contact
trypsin do not exhibit hypervariability. Besides
six half-cystines, only four other positions are
invariant. Three of them (Pro4, lle6 and Gly29)
are in contact with proteinase. Of the seven
most variable positions, only two (P4 and P20")
are in contact with the enzyme. [t might be
argued that the possible hypervariability of
squash inhibitors was not evidenced, since
many investigators have screened plant materi-
al only for antitrypsin activity. This is, however,

. *Arg Met Gly WVal

*Wal Gly Met Arg lle Ser
*Cys

*Pro

“Arg Lys Leu

*lle

*Leu Tyr Trp

Met Lys Asn

*Glu Lys Arg Gin Pro

WONGBMAEWON -

11. Lys Gin Thr Ser

12. Lys His Arg Gly Ser Val Tyr Thr
13. Asp Asn

14. Ser Ala Asp

17. Leu Pro Met Phe
18. Ala Leu Pro Gly Arg Thr
19. Glu Asp Gly GIn Lys

21. Val lle Lys Arg Thr

23. Leu GIn Lys Gly Met Val

24. Glu GIn Lys Arg Pro Ala Asp Ser
25. *His Asp Asn GIn Ser

26. *Gly Glu

27. *Tyr lle  Phe His

28. *Cys

29. "Gly

Fig. 2. Variability of amino-acid residue positions
within the squash inhibitor family.

The sequence of Cucurbita maxima trypsin inhibitor [
(CMTII) is shown vertically. The reactive site is between
Arg5 and lle6.The residues that are in contact with bovine
trypsin, according to the X-ray structure of bovine B-tryp-
sin-CMTI 1 [16] are indicated by an asterisk.

not the case, since our group (unpublished
data) and others [6] looked without successalso
for inhibition of other proteinases. Moreover,
since the energy of association with trypsin is
dominated by P1 residue (Arg5 is involved in
almost half of the contacts with trypsin), we
suppose that other contact residues could be
relatively unconstrained to evolve.

It is striking that the proteins isolated from a
single plant family differ so much in their se-
quences. Despite sequence differences, overall
folding of squash inhibitors is very well
preserved. It seems that almost only structural
constraints determining conformation of
squash inhibitors are disulfide bridges. It
should be noted that hypervariable sequences
have been recently reported for toxins isolated
from venoms of cone snails [28], and moreover
molecular size, disulfide pairing and global
folding of these toxins are similar to those of
squash inhibitors.

The most important structural feature of
squash inhibitors is the tight cross-linking of a
relatively short polypeptide chain by three di-
sulfide bridges.The topology of disulfide
bonds has been established experimentally in
some laboratories by completely non-equival-
ent methods: high resolution X-ray crystallo-
graphy [29], 2D NMR [30, 31], sequencing of
cyanogen bromide-thermolysin generated
peptides [17] and thermospray HPLC/mass
spectroscopy analysis of enzymatic digest

[32].

STRUCTURE OF SQUASH INHIBITORS
IN AQUEOUS SOLUTION

Squash inhibitors are ideal candidates for
NMR studies for two reasons. First, despite
their small size, squash inhibitors possess a
stable and rigid spatial fold. Inaddition, due to
compactness and rigidity of the molecule, a
very large number of structural constraints
(NOEs) can be recorded. Thus far, three repre-
sentatives of squash inhibitors have beeninves-
tigated by multidimensional 'H NMR: Cucur-
bita maxima trypsin inhibitor | — CMTI I [30,
33-35], Cucurbita maxima trypsin inhibitor 11I
(CMTT M) [36, 371 and Ecballium elaterium tryp-
sin inhibitor [1— EETI 1 [31]. Moreover, several
other forms of squash inhibitors either enzy-
matically cleaved or chemically modified or
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synthesised have also been analyzed by NMR.
High resolution structures have been deter-
mined for CMTI I [30, 33-35] and EETI II [31,
38] by a combination of distance geometry and
molecular dynamics methods.

The solution structure of CMTI I based on
various two-dimensional spectra has been very
well defined (324 interproton distance con-
straints for 29 residues) (Fig. 3). The major
structural feature of CMTI [ are three buried
disulfide bridges, which make the mostimport-
ant contribution to the stability and rigidity of
the molecule. CMTI I inhibitor has few regular
secondary structure elements. There are two
reverse turns in the molecule-type II' for resi-
dues 17 to 20 and type | for residues 23 to 26.
Alal8 in the second position of Leul7-Cys20
turn is in a strained conformation since its
¢ angle = 60°. A short fragment (one turn) of
31p-helix is formed from Asp13 to Cys16. The
C-terminal part of the inhibitor (Cys20-Gly29)
can be considered as a small antiparallel B-
sheet. The hydrophobic loop that bears the re-
active site peptide bond (segment Val2-Met8) is
the least well-defined part of the molecule.
Similarly, the binding loops of uncomplexed
inhibitors representing other inhibitor families
were shown to exhibit the largest B factor
values [39,40]. The structure of CMTI | has been
further improved by the relaxation matrix re-
finement calculations to account for spin diffu-

Fig. 3. NMR solution structure of CMTI I [30].
Only three disulfide bonds and the side chain of
Arg5 (P1) is shown. For details see text.

sioneffects [34] and by addition of over 200 new
distance constraints extracted from 3D NOE-
NOE spectrum [33]. Compared to the initial
structure based on 2D spectra, both refined
structures of the inhibitor are closer to the X-ray
structure of the inhibitor complexed with tryp-
sin. The refined structures show smaller bonds
and angles deviations from ideality. They ex-
hibit a uniquely defined conformation of all
three disulfide bonds. In the initial structure
Cys3-Cys20 and Cys16-Cys28 bonds showed
mirror images at the y-sulphur atoms. The
quality of the refined structure corresponds to
that of high resolution structure as defined by
X-ray crystallography.

The structure of EETI II refined by restrained
molecular dynamics in water is essentially
identical to that of CMTI | [38)], despite 8 dif-
ferences in its amino-acid sequence. Some de-
viations which occur in the binding loop
conformation are rather difficult to interpret
due to relatively imprecise NOE distance con-
straints.

Another reported NMR structure concerns a
hybrid protein which inhibits trypsin and car-
boxypeptidase A. Squash inhibitors are spa-
tially similar to the carboxypeptidase A inhi-
bitor from potato (PCI) [29]. The major structu-
ral difference concerns functional sites: the C-
terminal segment which is responsible for
carboxypeptidase inhibition, is absent in
squash inhibitors, and the proteinase binding
loop in PCl is in a completely different confor-
mation. French group synthesised a variant of
EETI Il intentionally extended at the C-termin-
us by a four aminc-acid residues peptide to
inhibit carboxypeptidase Aa metallopeptidase.
The synthesised protein inhibited both enzy-
mes. NMR structure of the hybrid was closely
similar to that of EETI II [41].

Another chemically synthesised variants of
EETI Il were studied by Nielsen et al. [42]. They
found a significant decrease of affinity to tryp-
sin upon [le6= Leu substitution at the P1" posi-
tion. The possible explanation for this obser-
vation is that the reduced binding is due to
increased motional disorder of the binding
loop upon substitution. Ile at position 6 is fully
conserved in squash inhibitors. Another form
of EETI 1l synthesised from all D-amino acids
(mirror image of EETI II), in agreement with
theoretical expectations, had spectrum identi-
cal to that of native form.
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A recent NMR study of CMTI Il inhibitor
(CMTI 111 differs from CMTI 1 by a single amino
acid substitution Glu9 = Lys) was performed
at neutral pH range [36]. The inhibitor confor-
mation in the pH range 6-11 points clearly to
the His25-Tyr27 interaction [36]. According to
CMTI I structure, which was determined at pH
4.3, at low pH both aromatic rings are oriented
10 A away from each other [36]. As the pH rises,
the two side chains form a 3 A hydrogen bond
(witha pK around 6.0). This pK is perturbed by
Glu9 = Lys substitution and by hydrolysis of
the reactive site peptide bond [43]. As the bind-
ing loop and His25 are separated by more than
10 A, these results suggest that conformational
changes can be propagated throughout the
whole molecule. In agreement with this, chan-
ges of chemical shifts (Appm up to 0.2) upon
hydrolysis of the Arg5-Ile6 reactive site were
observed in large part of the protein [43]. The
secondary structure of the inhibitor has not
been however, affected.

HIGH RESOLUTION CRYSTAL
STRUCTURE OF THE TRYPSIN-SQUASH
INHIBITOR COMPLEX

Two complexes formed between squash in-
hibitor and trypsin have been analyzed by high
resolution X-ray crystallography: CMTI I-bo-
vine B-trypsin [29] and MCTI-A-porcine B-
trypsin [19]. The general scheme of trypsin-
-inhibitor recognition resembles that observed
in virtually all serine proteinase-protein inhibi-
tor complexes [2, 3].

The general view of the CMTI I-trypsin com-
plex is shown in Fig. 4. Thirteen residues of
CMTI I inhibitor are in van der Waals contacts
(below 4.0 A) with trypsin: the binding loop
(Argl-Leu7 and Glu9) and the His25-Gly29
segment. The C-terminus of inhibitor makes,
however, only 7 contacts of the total number of
138. On the other hand, ultimately important
for the proper recognition is Arg5 residue,
which participates in almost half of the contacts
with trypsin.

The binding loop of the CMTI [ forms a short
fragment of antiparallel B-sheet with the protei-
nase. The main chain-main chain hydrogen
bonds are formed between Cys3 (P3) and
Gly216; Arg5 (P1) and Ser214, Gly193 and
Ser195 and between Leu7 (P2') and Phe41. The

reactive site peptide bond Arg5-Ile6 is almost
planar, its carbonyl carbon is in short van der
Waals distance with O nucleophile of Ser195,
again similarly to the situation observed in
other complexes [2, 3]. The architecture of pro-
tein-protein interface in MCTI A-trypsin com-
plex is very similar [19].

The structure of inhibitor in complex with
trypsin is almost identical with that in solution
determined by NMR in terms of global folding
and secondary structure. The root-mean-
square difference for backbone atoms between
the refined NMR structure and the X-ray struc-

ture is only 0.61 A [35]. A characteristic feature
of CMT1 | is the ion pair between the guanidyl
group of Argl and the a-carboxyl group of
Gly29. This electrostatic interaction was, how-
ever, absent in the crystal structure of MCTI A
inhibitor. The most unusual structure feature of
CMTI Iinhibitor elucidated by crystallography
is the presence of three well-fixed water mole-
cules, which form an integral part of the inhibi-
tor structure. These solvent molecules link
binding loop region to the central part of the
inhibitor structure via a network of hydrogen
bonds. A similar stabilization of the binding
loop occurs in other inhibitor families. In those
cases, however, it is accomplished by a system
of hydrogen bonds and /or electrostatic inter-

Fig. 4. General view of the CMTI I-bovine B-trypsin
complex, according to 2.0 A crystal structure of the
complex [16].

The Aspl82-Arg5 interaction is shown as spacefilling
atoms. The inhibitor's main chain is shown in darker
calor,
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actions formed by evolutionarily conserved
amino-acid side chains [40, 44]. The importance
of structural water molecules is further stressed
by the fact that they occupy similar sites in
MCTT A inhibitor, despite large differences in
sequences of the two proteins (10 substitutions
plus 1 deletion). There is also one water mole-
cule in solution structure of EETI II refined by
restrained molecular dynamics, it is however,
in a somewhat different position [38].

The dynamic behaviour of the proteinase
binding loop (Val2-Met8) is completely differ-
ent in free and complexed state. In NMR solu-
tion structure this region is least constrained
and shows the greatest variability [35]. On the
other side, the main chain atoms of the binding
loop upon complexation with trypsin exhibit
the smallest temperature B factors observed in
the whole molecule. It should be stressed, how-
ever, that despite these dynamic differences,
the two structures exhibit an extremely similar
conformation of the loop [35]. Similar compari-
sons between the NMR (free inhibitor) and X-
ray (liganded inhibitor) structures were presen-
ted for bovine pancreatic trypsin inhibitor [45]
and barley inhibitor 2 [46]. In both cases, the
local variability of the binding loop was dem-
onstrated.

SPECIFICITY OF SQUASH INHIBITORS

Almost all natural variants of squash inhibi-
tors are potent inhibitors of bovine trypsin. The
reported values of association constants should
be considered with caution for at least three
reasons. Since the constants are very high and
approach 102 M, they are inherently very
difficult to measure. For CMTI I and CMTI 1II
the reported values differ by more than three
orders of magnitude [12, 13]. Secondly, not all
investigators specified the conditions of meas-
urement. Lastly, a pure form of trypsin (i.e. Bor
) should be used. Our measurements of inhibi-

tor association with bovine B-trypsin at pH 83-

were summarized in references [13] and [47].
Interestingly, removal of a His-Glu-Glu tri-
peptide from the N-terminus leads to an about
10-fold increase of the association constant [13].
Also one additional pyroglutamic acid residue
at the N-terminus of LLDTI I — a Lagenaria
leucantha inhibitor I decreased the association

constant by a factor of 2.5 as compared to
LLDTIII [18].

Strong inhibition of porcine trypsin by squash
inhibitors has also been reported [21]. Recently,
we have showed that some other serine protei-
nases of trypsin-like specificity, including
human trypsin, human plasma kallikrein and
human thrombin (very weakly) are also in-
hibited by squash inhibitors [48]. The latter two
enzymes, consistently with their substrate spe-
cificity, are much more strongly inhibited by the
P1 Arg inhibitor (CMTI I) than by P1 Lys inhibi-
tor (CPTI II). In agreement with early data [11,
12], squash inhibitors bind rather strongly to
human factor XII, [49]. The interaction is 62-
fold stronger for CMTI III (K, = 3.3 x 10° M,
Lys at P4’) than for CMTI I (Glu at P4'). The
N-terminal tripeptide His-Glu-Glu (CPTI III
versus CPTIII) again weakens 46-fold energy of
association with this proteinase. These results
stress the importance of secondary interactions
in the case of highly specific proteinases.

Rather surprisingly, a quite strong association
(K, slightly above 10° M™") was demonstrated
for human cathepsin G [48]. The proteinase
exhibits a preference for bulky hydrophobic
side chains at P1 position. Other serine protei-
nases, including subtilisin BPN’, porcine pan-
creatic and human leukocyte elastases and
bovine chymotrypsin, form very weak com-
plexes with the inhibitors.

MECHANISM OF INHIBITION

Itis generally accepted that “small” inhibitors
of serine proteinases share a common, so called
standard, mechanism of inhibition [1]. The
mechanism was formulated after careful
kinetic and thermodynamic analysis of bovine
p-trypsin-soybean trypsin inhibitor (Kunitz)
system and later verified for a few more inhibi-
tor families [5, 50-52]. The mechanism can be
expressed by the following scheme:

k -
E+] — C*;_—':r* E+I* (1)

om
where: E, proteinase; [, intact inhibitor; I*, reac-
tive site cleaved inhibitor; C, stable Michaelis-
type complex; kon and kon, second order rate
constants for the complex formation between
proteinase and intact or cleaved inhibitor, re-
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spectively; kot and kon and Ko, first order dis-
sociation rate constants of the complex.

Qur group investigated bovine B-trypsin-
CMTI1 interaction for two reasons. First, we felt
that the standard mechanism should be veri-
fied on other inhibitor families. Second, availa-
bility of large amounts of CMTI I and CPTL II
inhibitors which differ by Arg5 = Lys change
allowed us to study the effect of this substitu-
tion on their substrate and inhibitory proper-
ties. General conclusions for squash inhibitors
are similar to those for soybean trypsin inhibi-
tor (Kunitz)-trypsin interaction. Bovine B-tryp-
sin hydrolyses and resynthesises exclusively
Arg5-Ile peptide bond, which serves as the re-
active site. The equilibrium value of the reactive
site conversion, defined as hydrolysis constant,
Khyd = [I*]/[1], was approached both from in-
tact inhibitor side and from cleaved inhibitor
side in hydrolysis and resynthesis reactions,
respectively. The equilibrium values were
within 2% the same. The value of Kyyq at pH
6.0 is independent of pH and equals 1.54 for
CMTI 1 (P1 Arg) and 1.61 for CPTIII (P1 Lys).
The values are extremely similar, reflecting that
Ky depends mostly on tertiary interactions
maintaining proper conformation of the bind-
ing loop, and little on chemical nature of P1 and
P1’ positions [53]. The time dependence of hy-
drolysis and resynthesis reactions served to cal-
culate steady-state parameters ks and Kp ¢
and kg, r and Ky, ; [47]. We also measured the
values of ky, and k5, for lysyl and arginyl in-
hibitors. The conclusions can be analyzed using
the following equations:

eat/ Km)i/ (kcar/ Kmdr = Kiwd = (kon/ kon) / (ko /koit  (2)

The left side of the equation is the Haldane
equation, which relates to the substrate proper-
ties of the inhibitor. The right side describes
kinetics of the association/dissociation ratio of
the enzyme-inhibitor complex. Both sides are
related to the hydrolysis constant which is a
purely inhibitor dependent feature. At pH 8.3
we know all individual rate constants which
are present in the equation, since at neutral pH:
Keatf = koge and keat o = kg [53]. These rate con-
stants were used to calculate Ky value, ac-
cording to equation 2. The agreement between
the measured and calculated hydrolysis con-
stant was within £20%. Taking into account
huge differences in powers of individual con-
stants and conceptually different methods of

their measurement, this agreement provides
particularly strong evidence for validity of the
standard mechanism.

The height of the energy barrier for hydrolysis
of the reactive site peptide bond can be esti-
mated from k.,/ Kpy, specificity indexes or from
kon/kon and k40T Kot/ kon and ki ratios. For
squash inhibitors all these values indicate for a
very low hydrolysis energy barrier. The speci-
ficity indexes are the same for arginyl and lysyl
I.If'lhlblt(}‘.l'S. They are equal to about 2.0 x 1
M’ s fnr the hydrolysis reaction and 2.4 x 10°
M s for the resynthesis. In our opinion, this
shows that essentially the only requirement for
the excellent stabilization of the transition state
in the trypsin-catalyzed reaction is the presence
of arginyl or lysyl side chain in position P1. In
the case of squash inhibitors this stabilization is
identical for both side chains. It should be
stressed that stabilization of lysine side chainin
the Michaelis type complex C (reflected in
lower Kp, s value) is 2.7-fold stronger. Lower
energy of the Michaelis complex causes how-
ever, a slower rate of hydrolysis detected for
lysyl inhibitor.

INTERACTION OF SQUASH INHIBITOR
WITH TRYPSINOGEN

The interaction between squash l!'l.]'l.'lbll‘ﬂl‘s
and bovine trypsinogen is about 2 x 10° times
weaker than with bovine B-trypsin [54]. This
factor, equivalent to 9.9 kcal /mol at room tem-
perature, reflects the Gibbs energy utilized for
rigidification of the activation domain in tryp-
sinogen [55].

A similar effect was reported for the PSTI-and
BPTI-trypsinogen interactions [56]. The effect
of Lys = Arg substitution (2.1-fold) was within
experimental error identical with that reported
for PB-trypsin (see the preceding chapter). This
suggests that the interactions of both side
chains with trypsinogen are highly coopera-
tive, independent of the stereochemical nature
of the P1 position and preserved upon the tran-
sition to trypsin. The affinity of squash inhibi-
tors to the zymogen increases almost 3-fold
upon saturation of the calcium binding site. A
much stronger effect (more than 100-fold) on
the inhibitor binding to trypsinogen was ob-
served in the presence of 20 mM L-Ile-L-Val
dipeptide. It was also possible to resynthesize
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the reactive site peptide bond in CMTI I in-
hibitor using trypsinogen saturated with this
dipeptide. A]thuugh the reaction proceeded
very slowly (10* slower than with B-trypsin), it
has been proved that the squash inhibitor-
trypsinogen interaction obeys the standard
mechanism.

HYDROLYSIS OF THE LEU7-MET
PEFTIDE BOND WITH PEPSIN

Although native CMTI | is extremely resistant
to proteolytic cleavages, its binding loop can be
selectively hydrolyzed by a few proteinases.
Besides trypsin, thermolysin at 49°C hydro-
lyzed selectively the reactive site peptide bond
(Otlewski, unpublished). The Ile6-Leu bond is
the predominant site of proteinase K action
(Dryjanski & Otlewski, unpublished). Penicil-
lium camemberti aspartic proteinase and porcine
pepsin hydrolyze exclusively the Leu7-Met
peptide bond [57]. These results show that the
binding loop of squash inhibitors resembles
somewhat the bait region of ay-macroglobulin
[58] or the reactive site loop of a;-proteinase
inhibitor [59], although cleavages in CMTI 1
proceed much slower.

Our group probed the binding loop of CMTI
| by limited proteolysis with porcine pepsin
[57]. The reaction was performed in the pH
range 2.0-4.8. Some features of the Leu7-Met
peptide bond resembled those of the reactive
site Arg5-Ile6. The reaction could be carried out
both from the intact inhibitor (hydrolysis) and
from the cleaved inhibitor sides. From both
sides the same equilibrium was attained. The
value of pH-independent hydrolysis constant
(Khyd) equals 0.77. This value is similar to that
for the reactive site peptide bond (1.84) in the
same inhibitor. This reflects the fact that both
peptide bonds are situated within the same
covalent loop, linked through Cys3-Cys20 and
Cys10-Cys22 disulfide bridges. Similar energy
of both cleaved forms is prerequisite for the
standard mechanism. The second condition,
however, is stability of the complex. For the
pepsin-CMTI [ interaction K, values for the
hydrolysis and resynthesis machuns depend
little on pH and are of order of 10~ M. Thus,
CMTI Lis not a pepsin inhibitor.

CHEMICAL SYNTHESIS OF SQUASH IN-
HIBITORS AND THEIR VARIANTS

In view of their small size, squash inhibitors
are ideal candidates for total chemical syn-
thesis. Thus far, more than 30 inhibitor variants
were synthesized in several laboratories. Our
project was performed in cooperation with two
peptide chemistry groups of Prof. G. Kupry-
szewski, Gdarisk (Poland) and of Prof. U. Rag-
narsson, Uppsala (Sweden).

In1986 CMTI Il and CMTI I were synthesized
using the solid-phase procedure [60]. The syn-
thetic product was shown to be identical with
the inhibitor of natural origin. In the following
years, several analogs of CMTI Il were ob-
tained by our group [61-64] and by the group
from Monsanto Company [65]. Analogs were
also obtained for EETI Il inhibitor [66, 67] and
for TT1 I inhibitor [68].

Scientific interest was focused mainly on pro-
ducing variants with altered P1 positions. Val5-
CMTI I turned out to be potent inhibitor of
human leukocyte elastase (HLE) [61]. Com-
pared to natural CMTI 1II (Arg at P1) Val5-
CMTI Il inhibits this proteinase at least
107-fold stronger. A systematic study revealed
that also variants with P1 Val, Ile or Gly inhibit
HLE, however, no quantitative data have been
reported [65]. The screening indicated that Leu,
Ala, Phe and Met variants inhibited cathepsin
G and ch_vmnh*ypsin [65]. Our study showed
that Phe5-CMTI 111 is a weak inhibitor of chy-
motrypsin (K, = 10° M™) [62]. In order to im-
prove binding to chymotrypsin, the analog of
CMTI IIT was prepared in which the binding
loop of a strong chymotrypsin inhibitor — tur-
key ovomucoid third domain — was intro-
duced [62]. Indeed, compared to Phe5-CMTI
III, the variant Gly2,Thr4,Phe5,Glu6,Tyr7,
Arg8-CMTI 11l inhibited trypsin 6 x 10°-fold
stronger. Quantitative data were also reported
for EETI Il variants. The analogs with Ala, Nle
(norleucine), and Val at P1 and Nle at P3'
moderately (K, about 10°~10° M™") inhibited
porcine pancreatic elastase, whereas variants
with Phe at P1 and Nle at P3’ also inhibited
chymo sm although rather moderately (K,
=5x%10° M) [66].
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Besides the binding loop variants, our group
prepared a few analogs with altered scaffold of
the inhibitor. The variants of CMTI III short-
ened at the N-terminus by Argl and/or Val2
and/or at C-terminus by Gly29 exhibited as
strong inhibition of bovine trypsinas did native
CMTI 1 [62]. In order to further simplify the
inhibitor molecule, each of three disulfide brid-
ges was separately eliminated [64]. For each of
the three variants a huge decrease, by 56 or-
ders of magnitude in association constant was
observed. The results underline the essential
role of disulfide bridges in maintaining the na-
tive conformation of squash inhibitors.

Recently, a French group investigated a reduc-
tive and oxidative folding pathway of EETIL II
inhibitor [69]. A stable folding intermediate
lacking the Cys3-Cys20 disulfide bond has
been characterized using 2D NMR. The inter-
mediate exhibits clearly a disorder in the bind-
ing loop segment, which is the probable
explanation for the weak inhibiting properties
observed in our CMTI Il variant lacking the
Cys3-Cys20 disulfide bond.

Further NMR studies on a chemically syn-
thesised linear variant of EETI I (three disul-
fide bonds replaced with six Ser residues)
revealed a population of secondary structure
elements in regions 10-15, 16-19 and 22-25,
which might serve as nucleation sites during
early stages of the oxidative folding [70].

PERSPECTIVES

When three-dimensional structure of the
CMTI 1 in complex became available in 1989
there was only one known protein with a simi-
lar fold namely a carboxypeptidase A inhibitor
from potato (PCI) [29]. Nowadays we know a
much greater number of proteins, called knot-
tins, exhibiting a similar fold [71]. The charac-
teristic structural feature of this superfamily is
the presence of three disulfide bonds forming a
knot in such a way that the first two disulfides
(14 and 2-5) and the intervening polypeptide
backbone form a ring through which the third
disulfide (3-6) passes. The proteins are sequen-
tially unrelated and have diverse biological ac-
tivities: neurotoxic activity is a feature of cone
snails conotoxins, kalata Bl polypeptide exhi-
bits a strong uterine contracting activity, anti-
endoproteinase or anti-exoproteinase activity

characterizes squash inhibitors and PCI, re-
spectively. Moreover, a rather similar structural
motif is present in one family of growth factors
[72]. Possible engineering of knottin proteins
might involve grafting novel activity epitopes.
The firstexample is a successful combination of
antitrypsin and anticarboxypeptidase activity
in EETI II by the addition of extra C-terminal
residues [67]. The stable and rigid fold of knot-
tins seems to be extremely tolerant to sequence
substitutions, as found in conotoxins [28] and
in squash inhibitors (Fig. 1).

Another possibility includes designing of
new potent and specific antiproteolytic acti-
vities for squash inhibitors. The energy of the
inhibitor-serine proteinase interaction is highly
additive, i.e. energy of individual interactions
in the contact area sum up [73, 74]. Since wild
types of squash inhibitors block many different
medically important serine proteinases [11, 12,
48, 75] increasing of the strength of inhibition
should be possible with the help of three
dimensional structures of respective protei-
nases and knowledge of substrate preferences
of these enzymes. Very recently three groups
reported successful expression of squash in-
hibitors in E. coli [76-78], which is a prerequisite
for production of inhibitor variants.
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