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ABSTRACT: PMP-D2 and HI, two peptides froinocusta migratoriawere shown to belong to the family

of tight-binding protease inhibitors. However, they interact weakly with bovine trypgimaround 100

nM) despite a trypsin-specific Arg at the primary specificity site P1. Here we demonstrate that they are
potent inhibitors of midgut trypsins isolated from the same insect and of a fungal trypsir-irsamium
oxysporumK; < 0.02 nM). Therefore, they display a selectivity not existing for the parent chymotrypsin
inhibitor PMP-C. By NMR, we demonstrate that HI possesses a highly rigid structure similar to the crystal
structure of a variant of PMP-D2 in complex with bovinechymotrypsin. The main difference with
PMP-C is located in the region from residues 20 to 24 (positionsFA®) that interacts with the loop
containing Gly173 in chymotrypsin. The corresponding residue in mammalian trypsins is always a proline
that may generate a steric clash with the inhibitor. The residues thought to confer selectivity were mutated
with PMP-C as a model. The resulting analogue PMP-D2(K10W,P21A,W25A) loses some activity toward
insect and fungal trypsins but is a more potent inhibitor of mammalian trypsins, corresponding to a decrease
of selectivity. This work represents a first attempt in tuning the selectivity of natural peptidic serine protease
inhibitors by mutating residues out of the reactive loop<{P3).

During the last two decades, a large number of serine A P1
protease inhibitors have been characterized, ranging from
microorganisms to mammal@)( In particular, trypsin and PMP-C EISCEPGKTHKDKCNTCRCGADGKSAACTLKACPND
a-chymotrypsin inhibitors have been reported in the sGCI EVTCEPGTTHKDKCNTCRCGS DGKSAACTLKACEQ
hemolymph of a wide range of arthropods and inse8}s ( s m s
Most of these inhibitors fall into established families such PMP-D2  LEKCIPGOVEOODCRTCTO N Te7—BeCTReCCoES

as Kazal, Kunitz, Ascaris, or serpins.

In this context, one novel family has emerged, with il AGECTEGOTKKQDENTCTCT PTGT-HGCTRKACRTT
detailed biochemical and structural studies of peptidic SGTI EQECTPGOTKKQDCNTCNCTPTGV-JACTRKGCPEH
inhibitors isolated from the grasshoppéccusta migratoria 'm' 'T”'
andSchistocerca gregariéd, 5). These peptides were named (loop 20-24)

PMP-C, PMP-D2 and HI fot.. migratoria and SGCI and
SGTI for S. gregaria As illustrated in Figure 1A, PMP-C B pup-p2 (13-35) DCNTCTETPTGV-WGCTRKGCQOPA
and SGCI present 85% sequence identity while PMP-D2, ¢ oyp_p, EEKCTPGOVKQQDCNTHTCTPTGV-WEETRKGCQPA

HI, and SGTI are 7680% homologous. They are 336
residues long with six cysteines involved in three disulfide

bonds. We previously showed that PMP-C is a very potent Ficure 1: Sequences of the members of the grasshopper family.

o . o h (A) Alignment of PMP-C, SGCI, PMP-D2, HI, and SGTI. A gap
inhibitor of bovinea-chymotrypsin K; = 0.13 nM) while is introduced to optimize alignment. The P1 residue is underlined.

PMP-D2 and HI are only weak inhibitor&(= 1500 nM The cysteines are in boldface type. The aromatic residues are shaded
and 340 nM, respectively). The P1 residue in the reactive in gray. (B) Sequences of analogues derived from PMP-D2. The

site, which is the primary determinant for the enzyme mutated residues are shaded in gray.

specificity [nomenclature according to Schechter and Berger P1 residue (Arg). In the same manner, SGTI is a weak
(1)],* was determined to be Leu30 for PMP-C and Arg29 inhibitor of bovine trypsin while SGCI inhibits strongly
for PMP-D2 and HI. One unique mutation at P1 position bovine chymotrypsin and can be converted to a potent trypsin
(Arg to Leu) converts PMP-D2 and HI into potent bovine inhibitor by mutating P4P'1 residues. All these data indicate
o-chymotrypsin inhibitors4). Strikingly, PMP-D2 and HI differences in the inhibitory properties between the trypsin
fail to inhibit porcine trypsin although they bear a favorable inhibitors (PMP-D2, HI, and SGTI) and chymotrypsin
inhibitors (PMP-C and SGCI) among the grasshopper family.
* Corresponding authors: kellenberger@ciml.univ-mrs.fr and roussel@  The tertiary structures of PMP-C, PMP-D2, SGCI, and

afmb.cnrs-mrs.fr. : .
* Centre d'lmmunologie de Marseille-Luminy, UMR 145. SGTI were determined by NMR6{-8). They consist of a

§ Architecture et Fonction des Macroroldes Biologiques, UMR  twisted f-sheet, composed of three antiparallel strands,
6098. stabilized by three disulfide bonds. In addition, we solved
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the crystal structures of PMP-C and of an analogue of PMP- were the following: Boc for Lys and Trp;Bu for Asp, Glu,

D2 (PMP-D2v), in complex with bovine-chymotrypsin 9). and Thr; Pmc for Arg; and Trt for Asn, GIn, and Cys. The
This study highlighted structural divergences between the coupling reactions were achieved in DMF by use of53
two inhibitors that result in an additional interaction site for equiv of protected amino acid;-% equiv of BOP, and 12
PMP-D2v. 20 equiv of DIEA. The deprotection reactions were made

In the present report, we determined the solution structure with 25% piperidine in DMF. The cleavage of the peptide
of HI by NMR. We also show that PMP-D2 and Hl are very from the resin (156200 mg) was done in 10 mL of TFA/
potent inhibitors of digestive trypsins frotrocusta migra- ~ 0.75 g of phenol/0.5 mL of water/0.75 mL of TIS for +2
toria. We thus predict these proteases to be some of theirh. The crude peptide was recovered by filtration, washed
physiological targets. Contrarily to the chymotrypsin inhibi- three times with methytlert-butyl ether, solubilized in 10%
tors of the grasshopper family, the trypsin inhibitors display AcOH, and lyophilized. The crude peptides were air-oxidized
a high degree of selectivity. This phenomenon has rarely at 1-2 mg/mL concentration either in water at pH adjusted
been studied for peptidic inhibitors, while huge efforts have to 8 orina 0.1 M Tris buffer, pH 8. Before purification, the
been made to understand and improve specificity of small oxidized peptides were acidified with TFA. The mixtures
organic compounds. In that case, the differential activities were then directly loaded onto preparative and semiprepara-
are based upon subtle differences in the S1 site of the enzymdive columns (Vydac C18 and aquapore C8) and eluted with
(for an example, see rdD) but such mechanisms cannot be a stepwise gradient. The peptides were characterized by mass
exploited by natural peptidic inhibitors. Indeed the sequence spectrometry.
of the active loop (P3P'3) is highly conserved among the Serine Protease InhibitiorAll the experiments were done
family, except for the P1 residue. Therefore the structural in triplicate in buffers containing 100 mM Tris buffer at pH
features of discrimination displayed by PMP-D2 and HI have 8, plus 100 mM NaCl for bovine, porcine, and locust trypsins
to be investigated out of the active loop. Using data generatedat 25 °C. For Fusarium oxysporumenzyme and inhibitor
from crystal and NMR structures together with structure- were incubated in diluted HCI at pH 4, and to start the
guided analogues, we highlight the possible role of the reaction the pH was increased to 8 by adding 0.95 M Tris
secondary interaction site at position-F810. buffer, pH 8, and 100 mM Cagl The concentrations of
bovine trypsin and inhibitors were determined from their
optical density at 280 nm. The concentrations of active locust
and fungal trypsins were estimated by titration with locust
peptides (HI or PMP-D2).

In a first set of experiments, trypsins were used at a
concentration between 30 and 100 nM, with BApNa as the
substrate. Th&, constants were determinedl&g = Vmad/2
by incubating increasing amounts of substrate to a constant

EXPERIMENTAL PROCEDURES

Materials. The Fmoc amino acids derivatives, BOP, and
Wang resins were obtained from Neosystem and Novabio-
chem. The porcine and bovine trypsins were obtained from
Sigma. The substrate Br—Arg-pNa (BApNa), was from
Bachem, and Bz-lle-Glu-Gly-Arg-pNa (S-2222) and pyro-
Glu-Gly-Arg-pNa (S-2444) were from Chromogenix. BPTI 50 1t of enzyme and measuring the releagerfroaniline
was purchased from Blosyg. _ (pNa) at 405 nm. Th&, values are 2.6 0.2 mM (bovine),

TRY1 and TRY2A were kindly provided by W. Lamand - 274 0.06 mM (locust TRY1), 0.07% 0.01 mM (locust
colleagues, in 50 mM Tris-HCI buffer, pH 8, and 10 MM TRy2A) and 0.12+ 0.02 mM (fungal trypsin). In a second
CaCh; TRY2A also contained 500 mM NaCl. The active get of experiments, lower concentrations of locust trypsin
enzymes were titrated with PMP-D2 or HI, as described Trv1 were used (34 nM) together with more sensitive
below. Fusarium oxysporurntrypsin was a gift from Dr W. substrates, S-2444 or S-2222. Thér, for TRY1 was
Rypniewski. It was kept inhibited in a buffer containing 100  5jculated to be 0.4 0.01 and 0.029+ 0.006 mM,
mM boric acid, 2 mM CaGl 100 mM NaCl, and 100 MM regpectively. For low concentrations of TRY2A, no appropri-
3,3-dimethylglutaric acid, pH 6. ate conditions could be found with such a sensitive substrate.

Synthesis of Peptide$he syntheses of PMP-D2 and HI' petermination of Equilibrium Dissociation Constants.
were previously described). The analogues PMP-D2(33  Constant concentrations of enzyme {3M0 nM or 2-3 nM
35), PMP-D2(C17H/C27S), and PMP-D2(K10W/P21A/ range) and increasing concentrations of inhibitor were
W25A) were synthesized on an Advanced ChemTech 90 jncybated for 30 min at room temperature. The reaction was
(ACT 90) synthesizer, via Fmoc strategy, starting with started by adding specific substrate-@ L), either BApNa
WANG substituted resins. The side-chain protecting groups or 5-2222, and followed for 4 min at 405 nm. The results
were interpreted as described by Bieti)( The trueK; was
calculated fromKiapp by use of the equatioi; = Kiap/

1 Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; Bz-
Arg-pNa, benzoybL-arginine p-nitroanilide; FMOC, 9-fluorenyl- 1+ SYKm).
methoxycarbonyl; BOC, butyloxycarbonyl; tBigrt-butyl; Pmc, 2,2,5,7,8- - - P
pentamethylchroman-6-sulfonyl; Trt, trityl;, DMF, dimethylformamide; Det?rr_nmatlon of Association Rate ConstanigsKThe
BOP, benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluoro- @ssociation rate constakikssnwas measured under second-

phosphate; DIEA, diisopropylethylamine; TFA, trifluoroacetic acid; TIS, order conditions. Equal concentrations of enzyme and
triisopropylsilane; AcOH, acetic acid; DQF-COSY, 2D double-quantum-

filtered correlation spectroscopy; TOCSY, total correlation spectros-
copy; NOESY, two-dimensional nuclear Overhauser effect spectros-
copy; nOe, nuclear Overhauser effect; RMSD, root-mean-square
deviation. The SchechteBerger () nomenclature is used to specify
residue positions relative to the reactive-site peptide bond (P1 is the
residue whose side chain is recognized by the specificity pocket S1 of
the proteinase; residues Rre to the N-terminal side of the cleavage
site; residues 'R are to the C-terminal side).

inhibitor (at nanomolar range) were incubated for variable
periods of time (from 30 s to 30 min). The reaction was
started by addition of substrate S-2222-@ uL), which
slows the association process enough to measure the
fractional activity and the release of pNa was monitored at
405 nm. The results were expressed as fractional activity
(a) versus incubation timet) The incubation time that
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produces a fractional activity of 0.5+;) was graphically Table 1: Calculation Statistics for the 16 Best Solution Structures

deduced and,ssnwas estimated from the equati#ssn= of HI
1/(E9t1’2)' ) i distance constraints
Circular Dichroism.CD spectra were recorded on a Jasco . . -
spectrometer by accumulating three scans obtained with an ':]tergirﬁﬁfr:ﬁ/;g?]‘ggst'a' noes ?i%?’
integration time 62 s and sampling points every 0.4 nm. long-range nOes 87
Baseline spectra were subtracted from each spectrum. Peptide total nOes 406
concentration (in water) was about & 105 M, as gﬁgggggt?;ggs ig
; S e o
?Oiteg:\nﬂlg_eg 2{135250(;; Xla?ccrgc_)? 1? ;eglﬁlegﬁ F?- f[)2§ Ox[jn its total constraints 444 (12.8 per residue)
variants. The path length of the cell was 0.1 cm and the molar RMSD for RMSD for
ellipticity was expressed in degrees centimtiecimole™. backbone (A)  non-hydrogen atoms (A)
NMR Study:(A) *H NMR Spectroscopyl was dissolved overall 1.98 £ 0.51) 2.97 £ 0.60)
in 0.5 mL of H,O/D,O (90:10 v/v), pH 3, uncorrected for residues 328 0.62 (£ 0.20) 1.2540.29)
isotope effects. The amide proton exchange rate was
determined after lyophilization and dissolution in 100%0D The peptide is formed of ong-sheet made of three

All 'H NMR experiments were performed on a Bruker antiparallel strands (residues-82, 15-19, and 25-27) that
DRX500 spectrometer equipped with a proton/carbon/ gre connected by one turn (residues-18) and one loop
nitrogen probe and self-shielded triple axis gradients. All (residues 26-24). The N- and C-terminal extremities (resi-
spectra were recorded at 290 K: one DQF-COSY and onedues 17 and 36-35) are very exposed to the solvent and
TOCSY spectrum for spin system identification and two are not stabilized in the solution structure. The main
NOESY spectra with mixing time values of 80 and 150 ms difference between solution structures of HI and PMP-D2
for sequential assignment and nOe collection. is the stability of the loop 2624. In the description of PMP-
(B) Data ProcessingSpectra were processed with Bruker p2, the authors pinpointed that this loop was not well defined
UXNMR software and analyzed with the XEASY software que to the lack of nOes in this region. Furthermore, a
(12). The identification of the amino acid spin systems and gynamic study described slow movements of this loop on
the sequential assignment were performed by using thethe time scale of micro- to millisecond48). However, in
standard strategy described by'ihich (13). The nOe data e loop 26-24 of HI, a large number of nOes (including
were integrated wit_h the manual procedure Qf XEASY for long range) have been collected, leading to 21.6 nOes per
NOESY spectra. Distance geometry calculations were per-residue on the average, far over the overall value, implying
formed with the DIANA 2.8 software1), as previously  that there is a rigid conformation (see Supporting Informa-
desc_rlbedI_S). The \(alues obx torsion angle constraints were o Figure 1). In addition, Trp25 is highly constrained by
obtained via coupling constant measurement on the DQF'Iong-range nOes involving the-8.2 strand, especially Lys10
COSY spectrum. Th&un, coupling constant was translated  (rigure 2A). This strong interaction locks the overall
into —40°/—70° and—70°/170° angle restraints, correspond-  ~nformation of the loop 2624 (Figure 2B).
ing respectively to small{7 Hz) and large £ 8 Hz) coupling I . .
constants. The visual analysis of the quality of the structures lnh'b't'on of Boine and_ I._c_;cust Try_psms by Locust
was done with the Turbo-Frodo softwad). The exchange Peptides PMP-D2 and Hinhibition exp_erlments_sh_ow_ that
HI and PMP-D2 are rather weak bovine trypsin inhibitors

rate of amide protons with the solventD) was measured. . .
P AD) with K; values of about 40 and 100 nM, respectively (Table

Amide protons that were still present after 30 h of exchange ) ) i
were considered as being involved in hydrogen bonds. 2). These results are in accordance with the activitysof

Quantitative analysis was realized with PROCHECK-NMR  9régariatrypsin inhibitor (SGTI) recently published(=

7. 200 nM) (). SGTI, which was isolated from testis and
ovaries of the gregarious grasshopfemregaria displays
RESULTS 77% identity with PMP-D2, with an arginine residue at P1

Structure of HI in SolutionStructural studies have been POSItioN.
completed on several members of the grasshopper family. Recently, several isoforms of trypsins (cationic and
The structures of PMP-C7), PMP-D2 6), and SGCl and  anionic) were isolated in midgut preparations frdm
SGTI (8) have been solved by NMR. In addition, PMP-C migratoria by Lam et al. £9). In this study the authors
and PMP-D2 were further characterized at the atomic level reported their catalytic properties together with their N-
in complex with bovine chymotrypsird). Moreover, the  terminal sequences (11 residues). Here we assay the sensitiv-
coordinates of PMP-D2 have not been deposited within the ity of two chromatographically homogeneous proteases
Protein Data Bank and the structure of HI has not been TRY1 (cationic) and TRY2A (anionic) toward PMP-D2 and
investigated yet. We have therefore undertaken an NMR HI, and the well-characterized bovine pancreatic trypsin
study on this peptide. The structure was calculated by meansnhibitor, BPTI (Table 2). PMP-D2 and HI are potent
of proton—proton distances derived from nOes and hydrogen inhibitors of cationic locust trypsin TRYIK{ < 0.02 nM)
bonds and by means of angle restraints derived from couplingas suggested by the linear inhibition curves of TRY1
constant values. The resulting single family of solutions (Supporting Information, Figure 2A). The association con-
showed neither distance violatior®.2 A nor angle viola- stants of PMP-D2 and HI were evaluated under second-order
tions >5°. The repartition of nOes in different classes as conditions to beKassn = (1.5 &+ 0.5) x 10° Mt st
well as the structural statistics for the 16 best solutions are (Supporting Information, Figure 2B) arihssn=> (7 + 1.5)
given in Table 1. x 10° M~1 s71, respectively. BPTI is a rather moderate
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Pro 21
Gly173 %) Gly 173
active active
site site
chymotrypsin chymotrypsin

Ficure 2: NMR structure of HI and comparison with PMP-D2 and PMP-C. (A) Stereo plot of ther&e of the 16 final energy-
minimized structures of HI. The three disulfide bridges are colored in green. Trp25 and Lys10 that play an important role in the rigidity
of the molecule are colored in red. (B) The crystal structures of PMP-D2v and PMP-C in complex with chymotrypsin (schematic drawing)
are shown in a similar orientation as HIl in part A. The molecules are colored according to the secondary structure (strand in blue, rest in
yellow). The three residues mutated in the C-like PMP-D2 analogue are colored in red in PMP-D2v as well as the single aromatic residue
in PMP-C.

inhibitor of locust trypsin TRY1 with aK; = 2 nM TRY1, when low concentrations of more sensitive substrates
(Supporting Information, Figure 2C), while it is known as a (S-2444 or S-2222) are used with trypsin TRY2A, the values
highly potent inhibitor of bovine trypsin (from literaturk; of initial velocity (vo) and velocity in the presence of an

= 0.01-0.5 pM). inhibitor (v) were not reproducible enough to deduce more

Experiments with BApNa as a substrate demonstrate thatpreciselyK;.
PMP-D2, HI, and BPTI are also potent inhibitors of TRY2A In addition, supplemetary inhibition experiments indicate
trypsin with K; < 0.1 nM. However, in contrast to trypsin  that PMP-D2 and HI are also potent inhibitorsFafsarium



Selective Trypsin Inhibition by Insect Peptides Biochemistry, Vol. 42, No. 46, 20033609

Table 2: Kinetic Constant(, nM) of Locust Inhibitors and Analogues for Trypsins

peptide bovine locust TRY1 locust TRY2A fungal
BPTI 0.0005-0.0000% 2.0+£0.2 <0.104+0.01 ND
HI 404+ 12 <0.02+ 0.005 <0.05+0.01 <0.026+ 0.005
PMP-D2 100+ 30 <0.024 0.00% <0.104+ 0.015 <0.0264- 0.005
SGTH 200
PMP-D2 (13-35) NI 8.0 2.0 4004 100 NI
EcoPMP-D2 NI 0.5G+ 0.03 40+ 13 ND
C-like PMP-D2 9.2+ 3.0 0.2040.05 ND <0.134+0.03
SGCI (L30RY 5.5

2 NI means no inhibition under our experimental conditiokis 5000 nM). ND means not determingtVincent and Lazdunski2b). ¢ Value
estimated with S-2222 substratevialik et al. ().

oxysporuntrypsin withK; < 0.026 nM as estimated by the detected. Although this analogue was not further analyzed,
linear inhibition curves. the residual activity may indicate a properly folded peptide.
Evaluation of the Inhibitory Properties of Analogues of The loss of one of the disulfide bonds directly involved
Locust Peptidedn the field of cystine-rich peptides or small in maintaining the reactive loop (EcoPMP-D2) is less
proteins such as serine protease inhibitors, many efforts aredramatic than the truncation of the N-terminal part of the
made to shorten them while keeping their active binding molecule for the interaction with the locust enzymes.
loops, as illustrated by reéX0. But the minimal requirements Inhibitory Properties of C-like PMP-D2In a previous
and the key structural determinants for inhibition still remain report @), we made the hypothesis that the selectivity of
under careful investigatior2(). In this context, the role of ~ PMP-D2 and Hl is conferred by the loop lying from residues
the disulfide bonds and of the core scaffold of the locust 20 to 24, which forms the secondary interaction site with
peptides in their inhibitory power was investigated. We chymotrypsin. As shown by the NMR study, this loop is
designed analogues and assayed them on various trypsingnaintained in a rigid conformation by Pro21 and is positioned
mammalian (bovine and porcine trypsin) and nonmammalian, by Trp25, which bends the molecule (Figure 2B). The
i.e., insect IL. migratoria) or fungal . oxysporum hydrophobic interaction between Trp25 and the alkyl part
Importance of the Disulfide BondEhe importance of the  of Lys10 also contributes to firmly lock the conformation.
disulfide bonds was evaluated by two different approaches. To check this hypothesis, we designed an analogue of PMP-
At first the necessity of the whole scaffold was assessed. D2 lacking these two structural features. It appeared that an
PMP-D2 was simply N-terminally truncated of 12 residues aromatic residue is essential for the integrity of the peptide.
to yield a short analogue (Figure 1B), and Cys19 was Indeed, the refolding of the single variant W25A of PMP-
replaced by Ala. The resulting peptide is therefore missing D2 yielded several oxidation products and the major one
the Cys4-Cys19 bond. The refolding process yielded two showed a disordered conformation, as judged by NMR
isomers accounting for native and nonnative disulfide bonds, (unpublished results). In PMP-C, the aromatic residue (Phe)
with one isomer being totally inactive. The active analogue is located in position 10, away from the loop -224.
lost some of its inhibitory properties toward locust TRY1 Therefore, we interchanged these amino acids by mutating
and TRY2A, withK; = 8 nM and 400 nM, respectively Lys10 into Trp and Trp25 into Ala. Finally, to give more
(Table 2). Additionally, no activity could be detected toward flexibility, Pro21 was replaced by Ala. The resulting triple
bovine or fungal trypsinsK; > 5 uM) under our experi-  variant KIOW/P21A/W25A was named C-like PMP-D2. Its
mental conditions. activity toward locust TRY1 and fungal trypsins was
In a second instance, we used a structure-based approactflecreasedq; = 0.2 nM and=< 0.13 nM, respectively) while
When crystal structures of PMP-D2 were compared with it was increased toward bovine trypsin by 1 order of
those of other small canonical inhibitors, we found striking magnitude K; = 9.2 nM). In addition, porcine trypsin
similarities with Ecotin 22), a “multitask” inhibitor from became inhibited K; = 5 u«M). Altogether, these data
Escherichia coliPMP-D2 and Ecotin both display an internal  highlight the notable loss of selectivity of C-like PMP-D2,
segment (residues R0 and 4756, respectively) con- compared to the native peptide.
nected to the reactive loop by a disulfide bond (Cysl14 Circular Dichroism StudyWe previously reported the CD
Cys32 and Cys50Cys87, respectively) and a similar spectrum of PMP-D2, which showed an unusual behavior
hydrogen-bond network. However, the second disulfide bond for a -sheet structure, with a minimum at 200 nm and a
(Cys17Cys27) present in PMP-D2 is missing in Ecotin positive band at 227 nm. This was attributed to Trp25 in a
(His53 and Ser82 instead of the two cysteines). Therefore particular environment, i.e., in strong interaction with Lys10
the analogue PMP-D2(C17H/C27S) (Figure 1B) was de- aliphatic part. The variant C-like PMP-D2 exhibits some
signed to explore the importance of the CysT#s27 bond differences, the minimum and maximum bands andckthgis
in maintaining the binding loop of the resulting structure for intercept are slightly shifted. A more drastic change occurs
the inhibitory activity. The refolding of this analogue yielded for PMP-D2(13-35). The broad positive band at 227 nm
a complex mixture of disulfide bond isomers. Due to the was abolished while the negative band was unchanged. As
lack of sufficient amount of material, only the major product a control, a single mutation (T20A) of PMP-D2 does not
was purified and assayed. It was a weaker inhibitor of locust affect the CD spectrum. Although these data are hardly
trypsin TRY1 than native PMP-D2 witk; = 0.5 nM and it interpretable, several characteristics can be drawn. The Trp25
showed a residual activity toward trypsin TRY2A wittKa in interaction accounts for an important contribution to the
= 40 nM. No activity toward bovine trypsin could be shape of the spectrum, as negatively illustrated with the short
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C 162 182

Bos taurus CKSAYPG-QITSNMEC

Fusarium oxysporum CRAQYGTSAITNQMEC

Ficure 3: Model of PMP-D2 in complex with fungal and bovine trypsins. The complexes between PMP-D2 and fungal or bovine trypsins
have been modeled on the basis of the crystal structure of PMP-D2v in complex with bovine chymotrypsin by superposing trypsins onto
chymotrypsin. (A) Stereo plot showing the interaction between the region from residue 20 to 23 of the inhibitor (in blue) and the region
from residue 172 to 176 of the bovine (in magenta) or fungal (in yellow) trypsin. Pro21 of the inhibitor makes a steric clash with Pro173
of bovine trypsin. (B) Molecular surfaces of the two trypsins are colored in gray except for the loopd7& ghat are colored in yellow

(fungal trypsin) and in magenta (bovine trypsin). These loops are situated at the border of the active crevice in which the inhibitor has been
modeled. (C) Sequence alignment of region 4&82 in bovine and fungal trypsins.

variant PMP-D2(13-35). In C-like PMP-D2, this particular ~ out the high degree of selectivity of these peptides. These
behavior is restored by the creation of a local environment results are in accordance with the properties of SGTI from

for Trp25, in the absence of Lys10. S. gregaria This peptide is a poor bovine trypsin inhibitor
and interacts strongly with arthropod (crayfigtstacus
DISCUSSION fluiatilis and shrimpPenaeus monoddrrypsins @4). All

Here we report the properties of two peptides PMP-D2 these data may indicate a possible role in the protection from
and HI fromL. migratoria as potent inhibitors of trypsins damages caused by protease leakage in the insect. These may
localized in the digestive tract of the same insect. PMP-D2 also suggest that the more advanced trypsins of mammals
and HI are produced by many organs, in particular the fat diverged from insect/arthropod proteases, perhaps to escape
body but not the midgut2@), and are also found in the from inhibitors present in their meal.
hemolymph 4). Their differential activity toward several As previously described, chymotrypsin inhibitors PMP-C
trypsins (porcine, bovine, locust, and fungal) clearly points and SGCI do not display such a discrimination in their
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inhibition pattern. Therefore, the reasons for PMP-D2 and REFERENCES

HI selectivity were investigated by comparing PMP-D2v to
PMP-C, by use of their structures in complex with bovine
a-chymotrypsin. They reveal a main difference in the
orientation of the loop 2624. In the NMR structure of Hl
(Figure 2A), this loop is well-defined and stands in a
conformation superimposable to that of PMP-D2v crystal
structure. Its role in the inhibitory properties of PMP-D2 was
explored by designing the analogue C-like PMP-D2. Muta-
tions outside of the reactive loop (K10W, P21A, W25A)
produce an increased activity toward bovine and porcine
trypsins and thus a partial loss of selectivity.

We have modeled PMP-D2 and HI in interactions with
various trypsins based on the crystal structure of PMP-D2v
in complex with chymotrypsin. This was made possible due
to the rigidity of HI, as demonstrated by the NMR study.
The docking of PMP-D2 and HI to bovine trypsin results in
a steric clash between the loop-224 and Pro 173 of the
enzyme (Figure 3A,B). This could explain their weak activity
toward this protease. In all the chymotrypsins found in the
MEROPS database (http://merops.sanger.ac.uk), the corre-
sponding residue is a glycine (Gly173). The position 173 is
located on a small loop between the fifth and sixth strands
that displays a highly conserved sequence in mammalian
trypsins (MEROPS database). On the contrary, insect,
arthropod, and fungal trypsins display a larger loop devoid
of proline (Figure 3C). The docking of PMP-D2 and HI to
F. oxysporumtrypsin (PDB 1TRY) indicates a favorable
interaction with no obvious steric hindrance. Our model is
validated by the experimental data in which PMP-D2 and
HI appear as potent inhibitors of the fungal trypsig &
0.026 nM). We thus propose the residue 173 to be one of
the key determinants in governing inhibitory properties of
PMP-D2 and HI (and SGTI).

Trypsin-like proteases are involved in many important

biological processes such as digestion, defense, development,12-

and blood coagulation. Natural peptidic inhibitors from many
different sources have been studied in order to better

understand their regulation. Invertebrates have already been 13.

demonstrated to be truly useful models in this domain. In
this context, PMP-D2 and HI open a novel field of investiga-
tion for engineering their natural selectivity toward targets
of therapeutic or agronomical interest.
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Two figures, showing the nOe and RMSD distribution
versus the sequence of the NMR structure of HI and typical
curves of kinetics of inhibition of locust trypsin. This material
is available free of charge via the Internet at http://
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