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ABSTRACT: Three trypsin inhibitors (TIs), from the seeds of the squdsimordica cochinchinensi®1Co),

have been isolated and purified using gel filtration, ion exchange chromatography, and reverse-phase
HPLC. Their sequences could be determined only after proteolytic cleavages. In the case of MCoTI-I and
-1, it was shown that their polypeptide backbones are cyclic, a structure that has never been described in
squash Tls. They contain 34 amino acid residues with 3 disulfide bridges and measured molecular masses
of 3453.0 and 3480.7, respectively. They are the largest known macrocyclic peptides containing disulfide
bridges. Their sequences show strong homology to other squash Tls, suggesting a similar three-dimensional
structure and an analogous mechanism of action. A model of MCoTI-1l was constructed by analogy to
the crystal structure of the complex between bovine trypsin and CMTI-I, indicating that the linker connecting
the two termini is flexible and does not impose significant geometrical constraints. This flexibility allows

an Asp-Gly peptide bond rearrangement to occur in this region, giving rise to two isoforms of MCoTI-

Il. Although the importance of cyclization is not clear, it might confer increased stability and resistance

to proteolysis. A minor species, MCoTI-Ill, was also characterized as containing 30 amino acid residues
with a molecular mass of 3379.6. This component possesses a linear backbone with a blocked N-terminus.
MCoTIs represent interesting candidates for drug design, either by changing their specificity of inhibition

or by using their structure as natural scaffolds bearing new binding activities.

Serine proteinase inhibitors from various species belonging cyclic peptides such as kalata B1 and circulin #0{12).
to both animal and plant kingdoms have been thoroughly Most squash inhibitors target trypsin with high efficiency
studied and classified into several families according to their (K, = 10°-10'2 M 1), and their reactive site is located at
homology in primary structures, location of the reactive site, an Arg (Lys)-lle bond close to the amino terminus. One
and disulfide bridge connectivitied)( The squash family  exception is the elastase inhibitor MCEI-I fraomordica
(2) consists of almost 30 inhibitors identified from seeds of charantiawhich possesses a Lelle bond at its reactive
various Cucurbitaceae speci@s-6). They are characterized site (L3).
by an open chain of about 30 amino acids and display high Due to their small size and unique structure, these
sequence identities (Figure 1A). A major common feature inhibitors have been studied extensively. Peptide synthesis
is the presence of six well-conserved Cys residues. The(14, 195 and synthetic gene expressioh6( 17 are two
disulfide bridge pattern was established for EETIftom convenient routes to their preparation, and have allowed
Ecballium elaterium(6, 7) and CMTI-I from Curcubita  detailed structurefunction studies 18, 19. All of these
maxima(8), respectively, by 2-D NMR and X-ray crystal-  features, and also their high stability and rigidity, make these
lography, and shown to be-#, 2—-5, 3—6. This patternis  natural compounds very interesting models for the design
thought to be shared by all members of the family and has of inhibitors for other proteases, such as elastase and
been shown to assemble as a cystine k)t Buch a  chymotrypsin. Indeed, changing amino acid residues which
structural motif has also been observed in other toxic or interact with the protease can modify the specificity of
inhibitory peptides including)-conotoxin GVIA and macro-

1 Abbreviations: CM-Cys, (carboxymethyl)cysteine; CMTur-
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inhibition (9, 20. These small proteins may also be used as 6 N HCI containing 1% (w/v) phenol. Analyses were
structural scaffolds for the presentation of new binding performed with a Beckman 7300 amino acid analyzer.

activities @1, 29. N-Terminal Sequence Analysi¢-terminal sequence analy-

Here, we describe new members of the squash family ses were performed using an Applied Biosystems model
inhibitors, which have been isolated from the seeds of 477A protein sequencer, and amino acid phenylthiohydantoin
Momordica cochinchinensisa common Cucurbitaceae in  derivatives were identified and quantitated on-line with a
Viethnam. These seeds are used in cooking rice and inmodel 120A HPLC system, as recommended by the manu-
traditional Chinese medicin28). The amino acid sequences facturer.

of the major component, MCoTl-ll, and of two minor  proteqiytic Cleaages of MCoTlsThe inhibitors (2 nmol
species, MCoTI-l and MCoTI-lll, have been determined. It ¢ 4ch) were first treated with DTT (150-fold excess), at
is also shown that MCoTI-I and MCoTI-Il are cyclic 1483 tor 3 h at 37°C. The reduced cysteines were then
polypeptides. These inhibitors are the first members of the alkylated with iodoacetic acid (3-fold excess over DTT) for
squash family shown to exhibit such a structural feature. 1 't 4°C. The reduced and alkylated peptides were isolated
by reverse-phase HPLC and characterized by ES-MS. They
were then digested with endo-Lys-C at an enzyme/substrate

Materials Dormant MCo seeds were obtained from ripe "atio of 1/10 (w/w) in 0;1 M Tris-HCI, with 1 mM EDTA
MCo. Chymotrypsin, endoproteinase Lys-C (endo-Lys-C), (pH 8.5), fa 4 h at 37°C. The resulting fragments were
endoproteinase Asp-N (endo-Asp-N), and pyroglutamyl separate_d by reverse—phase_HPLC on a C18 Vydac colqmn
aminopeptidase were obtained from Boehringer (Mannheim, @ described, and characterized by ES-MS and N-terminal
Germany). lodoacetic acid was obtained from Sigma (St. Séquence analyses. The largest fragments were further
Quentin Fallavier, France). Acetonitrile was obtained from digested with bovine chymotrypsin at an enzyme/substrate

Acros (Noisy-Le-Grand, France). All other chemicals were 'atio of 1/50 (w/w), in 50 mM sodium phosphate buffer, pH
of analytical grade. 8.0, far 3 h at 37°C. The subfragments were separated and

analyzed as described above. The reduced and alkylated
MCoTI-Il was also submitted to digestion with endo-Asp-N

at an enzyme/substrate ratio of 1/50 (w/w) in 50 mM sodium
phosphate, pH 8.0, fcb h at 37°C. In the case of MCoTI-

lll, the reduced and alkylated inhibitor was treated with

EXPERIMENTAL PROCEDURES

Isolation and Purification of MCoTIDormant seeds were
crushed using a mixer, and extracted with 20 mM sodium
acetate, pH 4.5. After centrifugation at@, the supernatant
was loaded onto a Sephadex G75 columnx(@0 cm)
éigﬂm?é;a?e?ppsg Igio,S\;vtegeﬂr;)Warg(tjeec:?t;ag x&%zﬁgpggﬂ pyroglutamyl aminopeptidase as described by Podell and
inhibitory activity (TIA) was measured for each fraction (15 Abraham _27)' _ ) )
mL) using the method described by Hanspal et 24),(as Three-Dimensional Modelind he complex between trypsin
modified by Pham et al26). Fractions containing TIAwere ~ and MCoTI-Il was homology-modeled from the crystal
pooled and fractionated on a Mono-S column HR515 structure of the complex formed between bovine trypsin and
(Pharmacia) equilibrated with 5 mM sodium acetate, pH 3.6. CMTI-I, an inhibitor from the seeds of the squasShcurbita
Stepwise elution by increasing concentrations of NaCl was maxima(8) (PDB accession no. 1ppe). Homology modeling
performed as indicated in Figure 2, at a flow rate of 0.5 mL/ Was performed with the MODELLER program releas@é)(
min. Several peaks containing TIA were separated, and calledT0 build the macrocyclic inhibitor, the default patching of
A—F, in the order of elution. residues at the N- and C-termini was turned off, and typical
eptide bond restraints were applied to the inhibitor ends to
nsure proper cyclization. The N- and C-termini of trypsin
ere explicitly patched. To generate models in which the
P1 residue of MCoTlI-Il (Lys) fits adequately within the
specificity pocket of trypsin, distance constraints had to be
imposed between this residue and X8t the bottom of
the trypsin specificity pocket. Ten models were computed
with slight randomization of the starting coordinates. Small
deviations from the X-ray coordinates were invariably
observed that seemed to result from the optimization
procedure rather than from true structural problems arising
from the mutations and the cyclization. To reduce these
apparent artifacts, the models were energy-minimized with
the program AMBER 529). These energy minimizations
were doneri 6 A shells of water. A short molecular dynamics

MCoTls were further purified by semipreparative reverse- P
phase HPLC on a Waters DeltaPrep 4000 apparatus usin
two PrepPak cartridges Delta-Pak C18 (22125 mm)
(Waters). Elution was carried out with a linear gradient of
12—30% acetonitrile in 0.1% aqueous TFA in 90 min, at a
flow rate of 10 mL/min. A further step was necessary to
achieve purification of some fractions using the analytical
HPLC system described below.

Analytical Reerse-Phase HPLGChromatographic analy-
sis of MCoTls, either intact or after enzymic digestion, was
performed using the Beckman Gold system, including a
diode-array detector (detection at 215 and 280 nm), on a
Vydac (Hesperia, USA) C18 column (0.46 25 cm), by
means of a linear gradient (indicated in the appropriate figure

legend) O_f acetonlt_nle in 0.1% aqueous TFA over 30 min was first performed to best fit the solvent molecules around
(flow rate: 1 mL/min). the complex. Then several runs of minimization were applied
Mass Spectrometry Analysésectrospray ionization mass  jn which positional constraints that pull the molecule toward
spectra were obtained on an API Il triple-quadrupole mass x-ray coordinates for trypsin and conserved residues of the
spectrometer (PE/Sciex), equipped with a nebulizer-assistednhibitor were gradually lowered. At the end of the refine-
electrospray (ionspray) source, as described previo@sly (  ment process, only very small deviations from the X-ray
Amino Acid Analysisinhibitor samples were hydrolyzed coordinates were obtained for conserved atoms, as well
for 24 h under reduced pressure at 200n constant-boiling as large negative energies, indicating that the MCoTI-II
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A '
BDTI-II (Bryonia dioica) RGCPRILMRCKRDSDCLAGCVCQKN-GYCG
CMCTI-III (Cucumis melo) QRMCPKILMKCKQDSDCLLDCVCLKE-GFCG
CMTI-I (Cucurbita maxima) RVCPRILMECKKDSDCLAECVCLEH-GYCG
CMTI-III ( " " " ) RVCPRILMKCKKDSDCLAECVCLEH-GYCG
CMTI-IV - ( " " " ) HEERVCPRILMKCKKDSDCLAECVCLEH-GYCG
CPTI-IT (Cucurbita pepo) RVCPKILMECKKDSDCLAECICLEH-GYCG
CPTI-ITIT ( " " ") HEERVCPKILMECKKDSDCLAECICLEH-GYCG
CSTI-IIb (Cucumis sativus) MVCPKILMKCKHDSDCLLDCVCLEDIGYCGVS
CSTI-IV ( " " ") MMCPRILMKCKHDSDCLPGCVCLEHIEYCG
CVTI-I (Citrullus vulgaris) GRRCPRIYMECKRDADCLADCVCLQH-GICG
EETI-II (Ecballium elaterium) GCPRILMRCKQDSDCLAGCVCGPN-GFCG
ELTI-I (Echinocystis lobata) KEEQRVCPRILMRCKRDSDCLAQCTCQQS~-GFCG
ELTI-ITI ( " " " ) RVCPRILMRCKRDSDCLAQCTCQQS-GFCG
HMTI-I (Hami melon) VGCPRILMKCKTDDDCLLGCKCLSN-GYCG
LATI-I (Luffa acutangula) ICPRILMECSHDSDCFGECICLSS-GYCG
LATI-IT ( " " " ) TRCPRIYMECKHDSDCLGECICLES-GFCG
LCTI-I (Luffa cylindrica) RICPRILMECSSDSDCLAECICLEQ-GFCG
LCTI-II 2 " " " ) RICPRILMECSSDSDCLAECICLEQDGFCG
LLDTI-I (Lagenaria leucantha) QRRCPRIYMECKHDSDCLADCVCLEH-GICG
MCEI-TI* {(Momordica charantia) RICPLIWMECKRDSDCLAQCICVD--GHCG
MCTI-I { " " " ) ERRCPRILKQCKRDSDCPGECICMAH-GFCG
MCTI-IT [{ " " " ) RICPRIWMECKRDSDCMAQCICVD--GHCG
TIA { " " " ) RSCPRIWMECTRDSDCMAKCICVA--GHCG
MRTI-I (Momordica repens) GICPRILMECKRDSDCLAQCVCKRQ-GYCG
TGTI-I (Towel gourd) ICPRILMPCSSDSDCLAECICLEN-GFCG
TGTI-IT ( " " ) GICPRILMPCKTDDDCMLDCRCLSN-GYCG
TKTI-I (Trichosanthes kirilowii) CPRILMPCKVNDDCLRGCKCLSN-GYCG
TKTI-II { " " " " ) CPRILMPCQVNDDCLRGCKCLSN-GYCG
B

Endo-Lys-C fragments ILK

(SGSDGGVCPK CRRDSDCPGACICRGN—GYCG)
Endo-Asp-N fragments DGGVCPKILKKCRR
(SGS DSDCPGACICRGN—GYCG)

C 1 5 10 15 20 25 30 34

MCoOTI-I (SGSDGGVCPKILQRCRRDSDCPGACICRGN—GYCG)

MCoTI~II (SGSDGGVCPKILKKCRRDSDCPGACICRGN—GYCG)

MCoTI-IIT <ERACPRILKKCRRDSDCPGECICKEN-GYCG

Ficure 1: Comparison of MCoTI sequences with known squash family inhibitors. (A) Inhibitor sequences were taken from Swiss-Prot and
TrEMBL protein sequence databases, excepted ELTI-I and4), LATI-I and -II (55), and HMTI-I (36). (B) Amino acid sequences of
peptides generated by digestion of MCoTI-Il with endoproteinases Lys-C or Asp-N. The sequences are aligned against the squash TIs
presented in (A). Cys was detected asSt&arboxymethyl)cysteine derivative. (C) Amino acid sequences of MCoTI-I, MCoTI-Il, and
MCoTI-II.

sequence and cyclic feature were totally compatible with the no Trp. The molecular weight of this inhibitor was deter-
known structure of CMTI-I in complex with trypsin. mined by ES-MS to be 3453.@ 0.2. To check that the
peptide contained three disulfide bridges as shown for other
Tls of the squash family, and prior to determination of its

Trypsin inhibitory activities (TIA) were extracted from ~Sequence, it was reduced and alkylated as described under
dormant seeds dflomordica cochinchinensisis described ~ Experimental Procedures. As shown by mass spectrometry,
under Experimenta| Procedures. The Separation prof”e this treatment ylelded a Single derivative with a molecular
obtained by cation-exchange chromatography is shown inweight of 3807.0+ 0.3 (net increase of 354), indicating
Figure 2 with the superimposed profile of TIA. Several incorporation of six carboxymethyl groups. This result
components were isolated from peaks B except for the suggested that, as expected, the inhibitor contained six Cys
poorly defined peak C, with a purity suitable for sequence residues involved in three disulfide bridges (calculated value
determination, as shown by reverse-phase HPLC and masgor a three-disulfide-containing starting material: 3807.24).
spectrometry. MCoTI-l, -II, and -Ill, named according to their Amino acid analysis indicated that MCoTI-Il was composed
order of elution 2), were found to be the major components of 34 amino acid residues, including a high content of Gly
of peaks B, E, and F, respectively. Isoforms of MCoTI-Il (Table 1). However, the calculated molecular mass derived
were present in peaks D and F. Taken together, MCoTlI-Il from this analysis was between 15 Da (4 Asp) and 19 Da (4
was the major inhibitor present in seeds. Asn) greater than the molecular weight of MCoTI-II, as

The purified MCoTI-1l species eluted as a single homo- determined by ES-MS. Furthermore, attempts to directly
geneous peak on reverse-phase HPLC (Figure 3A), and itssequence the carboxymethylated peptide by Edman degrada-
UV spectrum indicated that it contains at least one Tyr but tion were unsuccessful, suggesting a blocked N-terminus.

RESULTS
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03 25 e Table 1: Amino Acid Analysis of MCoTI-II
| residues from residues from

g 2 k075 amino acid amino acid analysis sequencing

g 02 | Asp+ Asn 4.0 4 (3D, 1IN)

bt R Thr 0.0 0

5 g rose Ser 2.7 3

£ F L2 F Glu+GIn 0.2 0

£ 0.9 = ' Pro 2.0 2

b - 0.25 Gly 7.4 7

/\\’J F05 Ala 1.1 1

i i Cys 5.3 6°

op— i ity Ly Ly val 1.2 1

0 20 40 60 80 100 120 140 160 Met 0.0 0

_ lle 1.8 2

Time Leu 1.0 1

FiGure 2: lon-exchange chromatography of compounds with TIA Tyr 0.9 1

eluted from Sephadex G75. Collected fractions with TIA from Phe 0.0 0

Sephadex G75 chromatography were loaded on a mono-S column, His 0.0 0

and elution was performed as described under Experimental Lys 2.9 3

Procedures. Detection was made by absorbance at 280 nm. The Arg 3.0 3

NaCl gradient was achieved by stages as indicated on the figure. TP 0.0 0
Several peaks of TIA indicated-AF were collected,; their respective aThe amounts determined for Ala, Val, lle, Leu, Lys, and Arg were

TIAs [expressed as inhibitory units (IU)] are shown (1#amount used to calculate the integer urfitCys was analyzed as cystirfeCys
of inhibitor which reduces the activity of 2 mg of trypsin by 50%).  was detected as itS(carboxymethyl)cysteine derivative.

A 03 50
to amino acid sequencing. The sequence of the small

Lao fragment was found to be ILK, corresponding to the
measured mass of 37212 0.2. The sequence of the large
fragment (measured mass3342.1+ 0.7) was obtained by
N-terminal sequence analysis coupled with further digestion
using chymotrypsin.

The fragments were aligned as shown in Figure 1B,
indicating that the sequence of the largest endo-Lys-C peptide
displays strong similarities with the known TIs from the
squash family. However, it is remarkable that the sequence
0 10 20 30 of the first 20 residues is homologous to the C-terminal
Time (min) portion of the aligned Tls, whereas, conversely, the sequence
0.3 25 of the C-terminal part, ending by the putative reactive site,
;3 matches the N-terminal portion of the Tls. This strongly
5 suggests that MCoTlI-Il possesses a macrocyclic structure
in addition to its three disulfide bridges.

Addition of the molecular weights of the two fragments
produced by endo-Lys-C showed that a small portion with
a mass of 110.5 was missing. Considering the restricted
specificity of the enzyme for Lys residues and the amino
acid analysis of MCoTI-ll, it was hypothesized that the
. missing link was a Lys residue. If the peptide was linear,
0 S N the sum of the masses of the three pieces would yield a value

s 0 15 10 of 3825.0, i.e., an extra mass of 18 compared to the measured
Time (min) molecular weight of the alkylated MCoTlI-II. The position
Ficure 3: (A) Analytical reverse-phase HPLC elution profile of Of_ the extra Lys residue was _dEduced from the allgnmgnt
purified MCoTI-Il. Vydac C18 column, 0.46 25 cm; flow rate, with the known Tls. The resulting sequence of MCoTI-Il is
1 mL/min; solvent A, 0.1% TFA; solvent B, 0.09% TFA in shown in Figure 1C. This sequence was fully confirmed by
acetonitrile. The gradient was—30% solvent B in solvent A in digestion of the reduced and alkylated peptide with endo-

EAOCm':'rI].II(B) fe'a“"l“_f, re‘lzelrs(eg’ga;g H.P;-Cgfgzeg“o” “_mesp(”) kOf Asp-N. The produced fragments identified by ES-MS and
oTl-Il isoforms. Peak 1 (rt= 9.33 min), .8 species. Pea . . : g '
2 (t= 9.55 min), 3435.5 species. Peak 3+r0.91 min), MCoTI- N-terminal sequencing are aligned in Figure 1B. The amino

II. The relative peak heights of the superimposed selected chro-acid analysis (Table 1) was therefore fully consistent with
matographic profiles are not representative of the real proportion the amino acid content derived from sequence analyses.

of each species. S(;ame conditions as in (A), excepted for the gradientrhese combined data clearly indicated that MCoTI-Il has a
which was 15-25% solvent B in solvent A in 30 min. cyclic structure, in agreement with its observed resistance

The presence of a pyroglutamate residue was precluded ag0 Edman degradation.

no Glu residue was significantly detected by amino acid Other species were also separated and identified using a
analysis. The alkylated derivative of MCoTI-Il was digested similar approach. Two of these species, isolated from peaks
with endoproteinase Lys-C, yielding two fragments amenable D and F (Figure 2), were derived from MCoTI-Il. Figure

0.2
30

20

Gradient (%B)

0.1

Absorbance (215 nm)

10

-]

Gradient (%B)

Absorbance (215 nm)
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9 0 1C) could be determined after treatment with pyroglutamyl
CH; - C-OH CH;-C aminopeptidase. Taking into account the N-terminal pGlu
0 -H L .
NH-CH.C.NH.CH,. k. — _NH_CH_C/N-CHz- - residue, the molecular mass calculated from the sequence
ﬁ 2 3 (3379.9) corresponded to the experimental value (33%9.6
Succinimide 0. 5) .
(3435.5) Two different macrocyclic TIs were identified from the
o] 0 . C .
cu.- L. on Loon seeds oMomordica cochinchinensi§o evaluate the pos-
2' 0 | o sible impact of cyclization on the structure and the function
-NH-CH-€-NH-CH, - C- * -NH-CH-CHy - € -NH - CH, - C- of MCoTlI-Il, its complex with trypsin was homology-
o o modeled from the crystal structure of the complex formed
Normal peptide B-aspartyl peptide between bovine trypsin and CMTI-8). The resulting model
(3453.0) (3452.8) is displayed in Figure 5. Although it has not been experi-

FiGURE 4: Formation of succinimide at the A%pGly® bond of mentally established, the disulfide pattern of MCoTI-Il was
MCoTI-Il. The succinimide can then re-open to give MCoTlI-Il and assumed to be the same as that derived from the three-

a species with identical mass possessingd-aspartyl bond.  gimensional structure of the homologous Tis EETI-Il and
Measured masses are in parentheses. CMTI-I (6_8)

3B illustrates the relative chromatographic retention of these
isoforms. They displayed molecular masses of 345283
and 3435.5£ 0.7, i.e., identical to and about 18 mass units ~ MCoTI-I and MCoTI-Il represent the first examples of
less than that of MCoTI-Il, respectively. Endo-Lys-C diges- naturally occurring squash Tls that exhibit cyclization of the
tion of the carboxymethylated 3452.8 species yielded a shortentire amino acid backbone. To our knowledge, they are not
fragment, ILK, previously observed in the case of MCoTI- only the largest known squash Tls with 34 residues, but also
Il, and a large fragment with the same mass but a slightly the largest of the known macrocyclic peptides containing
different HPLC retention time compared to that obtained for disulfide bridges 10, 30-35). The extra residues form a
MCoTI-Il. The residues identified for the large fragment are probably flexible linker (see Figure 1C), which is essentially
also identical, starting at CM-C¥&s[numbering of MCoTI- hydrophilic and composed of small amino acid residues. It
Il (see Figure 1C)]. However, its sequencing stopped & Ser s likely that such features are necessary to accommodate
suggesting that the next two residues (Asp-Gly in MCoTI- the junction of the two “termini”. Analysis of the main chain
II) do not form a regular peptide bond. In the case of the conformation of the computed model indicates that the linker
3435.5 species, digestion with endo-Lys-C also produced thedoes not impose significant geometrical constraints (Figure
short ILK fragment, and, surprisingly, two isoforms of the 5A). On the other hand, the three-dimensional model shows
large fragment with a mass identical to that obtained with that GI\f is in close contact with AR4. Therefore, beside
MCoTI-Il, instead of a single one with an expected default the flexibility afforded by the glycines, Giymight also have
mass of 18 units. In addition, one isoform had an HPLC been favored due to spatial requirements. The only specific
retention time identical to that of the corresponding fragment interaction between the linker and the remainder of the
of MCoTI-Il, whereas the other one coeluted with the large inhibitor, as suggested by the model, is a possible H-bonding
fragment obtained for the 3452.8 species. The sequence obetween the side chains of Seand Arg®. The central
the former fragment was found to be identical to that obtained residues of the linker, S&rAsp', and Gly, are largely

for MCoTI-Il, while sequencing of the latter stopped atSer solvent-exposed. Cyclization to succinimide of an A3p
Taken together, these results strongly suggested that thebond, as strongly suggested in MCoTI-II (AsgGly® bond),
Asp*—Gly® bond of MCoTI-Il can cyclize and form a is a frequent phenomenon arising in proteins, and is mainly
succinimide (3435.5 species, peak F), which is then able to observed when X is small. The most favorable case is when
reopen, as observed during digestion of the 3435.5 speciesX = Gly, as in MCoTI-II. Cyclization to succinimide in this
yielding two isoforms, one corresponding to MCoTI-Il (peak region reinforces the idea that the N-to-C linker in MCoTI-

DISCUSSION

E), the other containing an unsequencegbbfesp—Gly bond II'is flexible.
(3452.8 species, peak D) (Figure 4). It is worth noting that an N-to-C cyclization of a different
A third species, with a measured mass of 3480.0.3, type has been previously observed in squash Tls since the

MCoTI-I, was purified from peak B and shown to possess a N-terminal arginine in CMTI-I is engaged in a salt bridge
sequence different from that of MCoTlI-Il. Endo-Lys-C with the C-terminal carboxylate8). This arginine is con-
digestion of its carboxymethylated form yielded a single served in 60% of the Tls shown in Figure 1A. Therefore, at
fragment, with a mass (3852430.4) approximately 18 units  present, three different cases have been recognized regarding
greater than that of the starting material, showing that the N-to-C interaction in the squash inhibitors as shown in
MCoTI-l also possesses a macrocyclic structure. Its sequencedrigure 5B: (i) no N-to-C interaction (i.e., in EETI-II); (i)
was determined (Figure 1C) and found to differ from that an electrostatic cyclization (i.e., in CMTI-I); (iii) a full
of MCoTI-Il at two positions: Gli-Arg4instead of Ly peptide cyclization, as shown in this paper.

Lys!4 Peak A (Figure 2) contained a species with a molecular Comparison of the sequences of MCoTI-I and -1l with the
mass identical to that of MCoTI-I. It was thought to be sequences of known squash Tls revealed 2®% sequence
derived from the same As{Gly bond rearrangement as identity (Figure 1). The homology is particularly high for
observed for MCoTI-II. It has not been further characterized. the sequence of the trypsin inhibitory loop (CPKILQRC and
The last species, MCoTI-lll (peak F), was not cyclic, CPKILKKC for MCoTlI-I and -lI, respectively, and CPRI-
although it had a blocked N-terminus. Its sequence (Figure LKQC for the closest known TI, MCTI-I). This strongly
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FicurRe 5: Schematic representations of the three-dimensional model of MCoTI-Il. Side chains are colored blue, red, green, yellow, and
orange for basic, acidic, polar, apolar residues, and cysteines, respectively. (A) Stereoview of MCoTI-1l. Most of the residues are numbered.
Cysteines are displayed as balls and sticks. Atk @Gtoms are displayed as spheres (colored white and black for Gly and Pro residues,
respectively). The tripl@-strand is displayed as green arrows and theh8lix as a red ribbon. Note that the first strand (residues1B)

of the sheet is viewed from the thin edge. (B) Comparison of the N-to-C linker in MCoTI-1l (gray backbone and black labels), CMTI-I
(purple backbone and label), and EETI-II (light blue backbone and label). The salt-bridge betwéamdtbe C-terminus in CMTI-I is

shown as black dashed lines. The orientation of MCoTI-Il is approximately the same as in panel A. (C)Rarkyg-Kortun representation

of MCoTI-Il in exactly the same orientation as in panel A. Cationic residues are in blue and hydrophobic residues in yellow.

suggests that MCoTI-I and -l share the same mechanismlinker sequence may not be involved in the cyclization
of trypsin inhibition as other squash inhibitors and that their process. The reasons why MCoTI-l and -l are the only
cyclic structure originates from a different processing. The characterized Tls of the squash family to be cyclic remain
posttranslational modification leading to the cyclization of to be determined. It might depend on the presence of a
the peptide backbone probably involves the Gly residue “34” specific and yet unknown transpeptidase. One may also argue
which corresponds to the C-terminus of most known Tls and that all squash TIs undergo cyclization first, and then re-
was shown to be the last gene-coded residue of TGT3@). open under the action of specific endo-peptidases, except in
Processing of Tl precursors in their N-terminal region is the case of MCoTI-I and -1l. However, such a process would
variable as already pointed out by Wieczorek et @). ( seem complicated and wasteful. In addition, we show here
(Figure 1A). In the case of MCoTI-I and -1l, seven residues that M. cochinchinensiss also able to produce a linear Tl
are present. It is noteworthy that this heptapeptide (SGS-(MCoTI-lll). Information regarding the structural require-
DGGV) shares high homology with the corresponding part ments for cyclization would be obtained from the sequence
of the precursor of TGTI-Il (SGRHGGIBE). Since TGTI- determination of the precursors of the macrocyclic peptides
Il has a linear structure, this homology suggests that the isolated from plants (see below).
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— — —
-RNG-IPC---GESCVWIP-CISAALGCSCKN-KVCY

It is not known whether cyclization occurs before or after
disulfide bridging. It is interesting to note that the formation Kalata Bl RNGLPVG- - - GETCVGGT - CNTD- ~ GOTESH - PVCT
of disulfide bridges during folding of synthetic kalata B1, a MCOTI-TT SGSDGGVCPKTLKKCRRDSDC- - - PGACTCRGNGYCG

peptide also containing a cystine knot and a macrocyclic Fcure 6: Sequence alignment of the cyclic peptides MCoTI-Il,
structure (see below), has been shown to be facilitated whenkalata B1, and circulin A on the basis of half-cystine positions and

Circulin A

the N-to-C cyclization is first performed7). However, it
is very likely that, in vivo, cyclization occurs after oxidative
folding which would bring the N- and C-termini of the linear

p-strand (arrows) hydrogen-bonding pattegh&trands for MCoTI-

Il are predicted from the 3-D structure of EETI-Il and CMTI-I
(6—8). The half-cystines are highlighted in bold. (Adapted from
10 and45.)

precursor in close proximity. Recently, a cyclic antimicrobial

18-residue peptide also containing 3 disulfide bridges, but structural similarities confirm that squash TIs could, a priori,
with a different pairing, was isolated from primate leukocytes easily accommodate such a cyclic configuration. However,
(38). The search for its precursor showed that the peptide although the members of the squash inhibitor family, on the
originates from a double head-to-tail ligation of two ho- one hand, and of the Rubiaceae and Violaceae families, on
mologous nine-residue peptides, each containing three cysthe other hand, share a similar three-dimensional structure,
teines. The ligation requires that the peptide termini are in they show very little sequence similarity apart from the six

close proximity, this being most probably achieved by

Cys residues, as exemplified by MCoTI-Il in Figure 6.

specific interaction between the two precursors and/or Moreover, folding studies of EETI-II42, 43 as well as

formation of one interchain disulfide bridge.

Very recently, the isolation of a Tl frorivl. cochinchin-
ensiswas reported by Huang et al39). This TI, called
MCCTI-1, is derived from cleavage at the level of the
reactive site. Only the first 13 N-terminal residues were

careful three-dimensional structural comparisofd pave
suggested that the structural similarity between families is
limited to the elementary Cystine-Stabilized Beta-Sheet
(CSB) submoitif that includes the triple-strang&dheet but
only two out of three disulfide bridgegt9). In particular,

determined, and these were found to be identical to thethe N-terminal segment in the squash Tls, which bears the

corresponding part of MCoTI-Il. However, its reported
molecular mass (348& 2, see Figure 4 within reference
39) is different than expected for cleaved MCoTI-II (3471).
As a matter of fact, this mass is closer to that of intact
MCoTI-l (3481). One might therefore hypothesize that
MCCTI-1 is identical to MCoTI-I, but that only a contami-
nant corresponding to a cleaved form of MCoTI-1I could be
directly sequenced. This would explain that only partial data

inhibitory loop, has little in common with the corresponding
part of other cystine-knot peptides. Therefore, the N-terminus
of each family is clearly differentiated, and attempts to make
structural comparisons of the N-to-C linkers between the two
families would probably be irrelevant.

The biological roles of the macrocyclic peptides from the
Rubiaceae and Violaceae families in these plants are not
known, but, as for the squash Tls, they might be present as

concerning the sequence of MCCTI-1 have been reported,a defense mechanism. Indeed, antimicrobial activity was

and that no firm evidence pointing to a possible macrocyclic
structure could be reliably deduced.

The physiological role of the cyclization observed in
MCoTI-I and -ll remains to be determined. As linear squash
inhibitors already display both high stability and strong
affinity for trypsin, cyclization might confer resistance to

recently reported for some of these peptidé8).(Interest-
ingly, such properties were also observed for Momosertatin,
a Tl preparation isolated fromd. cochinchinensiseeds and
containing mainly MCoTI-Il (Pham, T. T. C., et al., personal
communication). It is generally considered that antimicrobial
peptides are characterized by clusters of hydrophobic and

exopeptidases and provide additional interaction sites with cationic amino acids exposed on their surfa&d.(Similarly,
trypsin. Indeed, examination of the three-dimensional models the surface of MCoTI-II displays both well-defined cationic

of the complex formed between MCoTI-lIl and trypsin
suggests that Agpn the N-to-C linker could possibly form
a salt bridge with Ly&* of trypsin. Confirmation of the

and hydrophobic clusters (Figure 5C), which could be related
to antimicrobial properties.
One very interesting feature of macrocyclic peptides is

effectiveness of such an interaction and its possible role in their high stability. Kalata B1 was shown to be resistant to

trypsin inhibition will await further experimental information.
MCoTI-I and -II share structural features with a series of

proteases, including thermolysin, trypsin, and pepsin, and
to boiling (11, 40. Circulins were also not significantly

macrocyclic peptides isolated from the Rubiaceae and cleaved by proteased). Similarly, MCoTI-Il is resistant

Violaceae plant families. These include circulins A and B
(Chassalia pawifolia) which exhibit anti-HIV activity 80),
cyclopsychotride A Psychotria longipes which inhibits
neurotensin binding to cell membrane3l), kalata B1
(Oldenlandia affiniy characterized for its uterotonic activity
(11, 40, and a number of homologous peptides isolated from
Viola arvensis V. hederacegeand V. odorata (32—34).
These small peptides (281 amino acids) contain 6 half-
cystine residues with disulfide pairings-4, 2—5, 3—6 (11,
41) as in TIs of the squash family. Structural studies
performed on members of this family (kalata B1, circulin
A, and cycloviolacin O1) showed that they contain a triple-
stranded, antiparalleB-sheet and a cystine knot, which

to cleavage by thermolysin for more than 48 h at&) and

to heat treatment of the seeds (unpublished data). Further-
more, the lack of N- and C-termini confers resistance to
exopeptidases. It is also noteworthy that these compounds
are probably orally active, as is the case of kalata B1, the
active component of extracts used in traditional medicine
(40). These plant macrocyclic peptides thus represent inter-
esting structures for drug design. Considering squash TlIs, it
has already been shown that it is possible to modify their
specificity of inhibition. For instance, changing the P1 Arg
residue in EETI-Il to Ala resulted in a powerful elastase
inhibitor (9). Grafting an anti-carboxypeptidase motif onto
the EETI-II structure yielded a double-headed inhibitor

superimpose reasonably well onto the corresponding partsefficient against both trypsin and carboxypeptidase2a).(

of the squash inhibitors (Figure 67,(10-12, 34. These

It would be interesting to use the very stable MCoTlI-Il as a
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starting point for a similar approach, either to change its
primary specificity or to target other Arg-dependent serine

proteases such as proteases of the coagulation and comple
ment cascades. Another approach would be to transfer

Biochemistry, Vol. 39, No. 19, 200%729

16. Chen, X. M., Qian, Y. W., Chi, C. W., Gan, K. D., Zhang,
M. F., and Chen, C. Q. (1992) Biochem. (Tokyo) 1125~

'17.poczewska, J., Rempola, B., and Fikus, M. (1986)a

Biochim. Pol. 43 255-264.

specific sites to this structure used as a natural scaffold in 18, Jaskiewicz, A., Lis, K., Rozycki, J., Kupryszewski, G., Rolka,

order to create new binding activities, as already described

for animal toxins 48, 49 and other disulfide-constrained
peptides %0, 51). The linking loop of MCoTI-II might be a

good candidate for such a modification as it is absent in most
squash Tls and, therefore, probably not involved in peptide
folding. Some TIs have already been synthesized by the

solid-phase method, in high yield as in the case of EETI-II
(15). Although the cyclic nature of MCoTI-Il represents a

challenge, methods for chemical synthesis of macrocyclic
peptides with three disulfide bridges have recently been

proposed 46, 52, 53.
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