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ABSTRACT. SFTI-1 is a novel 14 amino acid peptide comprised of a circular backbone constrained by
three proline residues, a hydrogen-bond network, and a single disulfide bond. It is the smallest and most
potent known BowmanBirk trypsin inhibitor and the only one with a cyclic peptidic backbone. The
solution structure of [ABASFTI-1, a disulfide-deficient analogue of SFTI-1, has been determined by

IH NMR spectroscopy. The lowest energy structures of native SFTI-1 and JABSETI-1 are similar

and superimpose with a root-mean-square deviation over the backbone and heavy atomstod.026

and 1.10+ 0.22 A, respectively. The disulfide bridge in SFTI-1 was found to be a minor determinant for
the overall structure, but its removal resulted in a slightly weakened hydrogen-bonding network. To further
investigate the role of the disulfide bridge, NMR chemical shifts for the backbdnprétons of two
disulfide-deficient linear analogues of SFTI-1, [ABA|SFTI-1[6,5] and [ABA31SFTI-1[1,14] were
measured. These correspond to analogues of the cleavage product of SFTI-1 and a putative biosynthetic
precursor, respectively. In contrast with the cyclic peptide, it was found that the disulfide bridge is essential
for maintaining the structure of these open-chain analogues. Overall, the hydrogen-bond network appears
to be a crucial determinant of the structure of SFTI-1 analogues.

Sunflower trypsin inhibitor-1 (SFTI-1)s the smallest and SFTHIL14 SFTHIES]

most potent known peptidic trypsin inhibitor in the Bow- K 5 ¢ F'
man-Birk (BB) class of proteins, 2). The structure of
this novel 14 amino acid cyclic peptide has been determined £F '; o

recently both in complex with trypsiri) and free in solution
(3) and consists of a double-stranded antiparafledheet r ¢
R

stabilized by a single disulfide bond bridging tfiesheet mnquloon

region. Flanking this sheet at one end ig-hairpin turn K TA
5 4

containing two Pro residues, P8 and P9, adopting cis and . Pt = | 5
trans conformations, respectively (binding loop), and at the 7a e "D o \ LGy 5
P 1

other end, a second loop containing one Pro residue, P13, I AB/G F
in the trans conformation completing the circle (secondary
loop) shown in Figure 1. SFTI-1 has an extensive hydrogen- &

K T C
bonding network, as shown in Figure 2, and this, coupled IR ep "o
with its cyclic backbone, disulfide bridge, and fixed set of 'R . o-P _3|oP
Pro residue conformations, constrains it to adopt a rigid PP T ¢F

structure {, 3). SFTI-1 is one of a number of head-to-tall SFTI-1{13mer] SFTHi[mer]

cyclized peptides that have been discovered in recent yearsricure 1: Amino acid sequence and schematic structure of SFTI-1
from bacteria, plants, and anima#y,(and there is increasing and selected acyclic permutants, disulfide bond variants, and
shortened constructs of SFTI-1. Amino acids are shown in one-
letter code, and the disulfide bond between residues Cys3 and Cys11
t This work was funded by a grant from the Australian Research is indicated by a bold line. The binding loop of SFTI-1 is colored
Council (ARC). D.J.C. is an ARC Professional Fellow. black, and the secondary loop is colored gray. Because the peptide
* The atomic coordinates for the solution structure of [ABASFTI- backbone is cyclic, the starting point for numbering is arbitrary.
1 have been deposited in the Protein Data Bank (accession code 1T9E)Here, Glyl is chosen based on the initial report by Luckett et al.
*To whom correspondence should be addressed: Institute for (1). The nomenclature SFTI4] for acyclic premutants of SFTI-1
Molecular Bioscience, University of Queensland, Brisbane, Queensland denotes (in that order) the position of the N and C tern@i or
4072, Australia. Telephone: 61-7-3346 2019. Fax: 61-7-3346 2029. example SFTI-11,14] is an acyclic permutant in which the N
E-mail: d.craik@imb.uq.edu.au. terminus is Gly1 from the original sequence and the C terminus is
. Abbreviations: H NMR, proton nuclear magnetic resonance; 1D, Aspl4. The peptide [ABASFTI-1 has the Cys residues replaced
one dimensional; 2D, two dimensional; BAPNXa-benzoylt -arginine with ABA. SFTI-1[13-mer] and SFTI-1[9-mer] are truncated

p-nitroanilide; BB, Bowman-Birk; DQF—COSY, double-quantum- : . > i :
filtered 2D correlation spectroscopy; NOE, nuclear Overhauser effect; \éeLr_sg)r:l; D(i ];3?('): T_:_#ehivcljr;%g:gss_er;?ngﬁgy I(()):) 'Fl)'rrs gion replaced with

NOESY, 2D NOE spectroscopy; MCoTI-Momordica cochinchinensis
trypsin inhibitor-1I; RTD-1,Rhesus thetdefensin-1; SFTI-1, sunflower . . .. e
trypsin inhibitor-1; TOCSY, 2D total correlation spectroscopy; WA- interest in backbone cyclization for the stabilization of

TERGATE, water suppression by gradient-tailored excitation. peptides and proteind),
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secondary loop by effectively adding a cyclic backbone to
SFTI-1[11-mer] using @- andL-Pro linker, forming a 13-
residue bicyclic peptide, SFTI-1[13mer], shown in Figure
1. NMR analysis of this peptidé.{) revealed that the binding
loop was structurally conserved relative to SFTI-1 and the
inhibition constant was almost identical to that of SFTI-1.
The new secondary brace appears to have maintained the
rigidity of the binding loop much like the secondary loop of
SFTI-1.

Descours et al.1(1) explored another variant of SFTI-1
in which they replaced the disulfide bridge and secondary
loop with the same- andL-Pro linker, forming a 9-residue

Ficure 2: Hydrogen bonds in SFTI-1 (pdb code 1JBL). The mon_ocyclic peptide, SFTI-1[9—mer],.shown in Figure 1. The
network of hydrogen bonds stabilizing both loops of the molecule binding loop structure was essentially conserved, but the

is indicated by dashed lines. The side chains of all residues areP€ptide displayed a 10-fold reduction in the binding affinity
colored gray. The lle7-Pro8, Pro8-Pro9, and Phel12-Pro13 peptiderelative to SFTI-1. The reduction in potency most likely

bonds reading from left to right are denoted cis, trans, and trans, resulted from the slightly different conformation in the
respectively. binding loop where the disulfide was replaced by the Pro
linker. This demonstrates for the first time that a secondary
brace is potentially not required if the rigidity from the

: o ... secondary loop, Pro residues, and disulfide bond can be
recent studies. These have been primarily concerned W'threproduced by using a single bracing loop. The hydrolysis
investigating the importance of its structural elements, rate of this peptide was not reported.

ngme_ly, th? cyclic backbone, hydrogen-bond net_work, and  pe stabilizing effect of the secondary loop in SFTI-1 has
disulfide bridge. V\/.e. recently reporteﬂ)(g comparison of been studied indirectly in other ways. For example, we
Struc'gural and activity features of cyclic SFTI-1 a”‘?' an recently demonstrated ?) that an SFTI-1 acyclic permutant
acyclic permutant, SFTI'l[.M] [nomencla.ture by Korsin- containing an open-chain binding loop, SFTBH] shown
czky et al. @)] shown in Figure 1, that is thought to be j, Figure 1, was equally potent to SFTI-1imvitro trypsin

topologically related to the putative acyclic precursor of assa . :

e : ' ys. This acyclic permutant has a broken backbone at the

SF-II;H g)’) In v1v0. T_Qe seé(:JLndadryleszw SF-I—Il.']L[M(]j IS icPosition in SFTI-1 corresponding to the scissile bond or
roken between residues G1 an - 1N€ cyclic and acyc ICtrypsin cleavage site in BBI inhibitors. NMR studies

;t]rurturesfwerehesdsentlallg |d§ntlcgli \.N'ttr;] the exczptloT of demonstrated that the structural conservation in the secondary
€ 10ss ot one hydrogen bond a In the seconaary 00pIoop including the disulfide bond allowed hydrogen bonds

of SFTI'1[1'14.]’ _resulti_ng _in_r_ninimal disordering aroun_d the 5 form when the open-chain binding loop adopted the native
N and C termini. The |nh|b|t_|0n potency and hydrolys.ls rate |7_pg cis orientation, causing SFTIEIE] to rebind to

of SFTI-1[1,14] were or}Iy slightly “?duce‘ﬂ 6, 7) relative . trypsin. This suggests that the secondary loop may also be
to SFTI-1, demonstrating that an intact cyclic backbone in g independent motif as was found for the binding loop

the secondary loop is not essential for structural and (13). It is interestin : - -
. ) . S . . . g to hypothesize that it may be sufficiently
functional integrity. The disulfide bridge, coupled with the figid to maintain the structure of the binding loop and

two hydrogen l_oonQS in the secqndary loop, proyides enothfunction of SFTI-1 in the absence of the disulfide bridge.
stability to maintain theS sheet in SFTI-1 and in turn the To investigate the role of this disulfide bond in SFTI-1,

rigidity of the binding loop. Jaulent et al. §) and Zablotna et al.7) synthesized the

In the absence of the secondary loop though, the potencysEgT|-1 variants [GYSFTI-1 and [ABAYYSFTI-1, respec-
is significantly reduced. Brauer et a8)(synthesized an 11-  tjvely, devoid of a disulfide bridge, shown in Figure 1.
residue SFTI-1-like molecule, SFTI-1[11-mer], shown in |nterestingly, replacing the disulfide bridge with two Gly
Figure 1, with a disulfide bond bridging the peptide chain residues causes a 90-fold reduction in potency, whereas
one residue away from the N and C termini. NMR studies replacing it with two amino butyric acid (ABA) residues
(8) revealed that the binding loop conformation was almost causes only a 2.4-fold reduction in potency relative to native
identical to that in SFTI-1, even with the omission of three SFTI-1. The G|y residues may have introduced too much
residues from the secondary loop. This peptide inhibits fiexibility. In the case of the ABA substitution study, despite
trypsin @, 10) with a potency approximately 50-fold lower  the only minor drop in inhibition potency, it was reported
than SFTI-1, demonstrating that the absence of the secondaryhat the hydrolysis rate was significantly increaséd The
loop lowers the binding affinity even though the binding loop authors mentioned that the binding loop region might be
is structurally conserved. It appears that the disulfide bridge, structurally different to SFTI-1 and speculated that the
Pro residues, and intramolecular hydrogen-bond network aregjsulfide bridge was more important for the binding affinity
not as efficient in maintaining the rigidity of the binding  than the cyclic backbone. In that study, there was no mention
loop in the absence of such a secondary brace. about the hydrogen-bonding network or of what role the

Further evidence that a secondary brace is required todisulfide bond may play in other functional analogues of
stabilize the disulfide bridge and binding loop was provided SFTI-1.
by Descours et al1(l) who demonstrated that the reduction In this paper, we have determined the structure of
in potency of the open-chain 11-residue peptide can be[ABA3SFTI-1, a monocyclic variant of SFTI-1. It is found
restored {1) via an alternative linker. They created a new that its solution structure is almost identical to that of SFTI-1

binding loop

secondary loop

The high potency and potential applications of SFTI-1 as
a molecular scaffold?) have made it the focus of several
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and that the disulfide bond does not play a critical role in at 290 K on Bruker ARX500 and DMX750 spectrometers
maintaining the structure. We also investigated the structureswith triple-resonance self-shielded z-gradient 5 mm probes.
of [ABA3SFTI-1[6,5] and [ABA3SFTI-1[1,14], disul- Quadrature detection in the indirect dimension was achieved
fide-deficient analogues of the cleavage product and putativeusing TPPI 15). A water suppression by gradient-tailored
precursor of SFTI-1, respectively. It is found that the disulfide excitation (WATERGATE) 16) scheme was used for water
bond locks in the orientation of the peptide chain of SFTI- suppression. Two-dimensional (2D) total correlation spec-
1[6,5] and SFTI-1[,14], allowing the formation of hydrogen  troscopy (TOCSY) experiments used the MLEV16 sequence
bonds, and is therefore essential for maintaining the function (17) for isotropic mixing. The following spectra were
of its open-chain analogues. The findings for SFTI-1 recorded on [ABAYSFTI-1: 2D nuclear Overhauser effect
analogues are compared with other cyclic disulfide-rich (NOE) spectroscopy (NOESY) spectfs8) with 4096 x 600
peptides from plants and animals and suggest that thedata points in f1 and f2, respectively, and mixing times of
sequence of SFTI-1 is particularly well-optimized to have a 150 and 250 ms; TOCSY spectiEf with 4096 x 512 data
strong hydrogen-bonding network. The stability of this points and a spin-lock period of 80 ms; and double-quantum-
hydrogen-bond network and the small size of SFTI-1 make filtered 2D correlation spectroscopy (DQEOSY) spectra

it an interesting molecular template for drug design applica- (20) with 4096 x 512 points. Slowly exchanging amide

tions. protons were identified by recording a series of one-
dimensional (1D) spectra and 2D TOCSY spectra at 290 K
EXPERIMENTAL PROCEDURES over a period of 24 h after dissolution of a fully protonated

Solid-Phase Synthesis of [ABA|SFTI-1[6,5], [ABA® Y- sample in BO.
SFTI-1[1,14], and [ABAMSFTI-1 [ABA3v£1]S'FTI—1[é 5] Structure Calculations for [ABRAYSFTI-1. Distance
and [ABA3’11]’SFTI-1[1 14 were aésembled using m:';mual constraints were derived from the intensity of cross signals
solid-phase peptide synthesis with Boc chemistry on a 0.5 in NOESY spectra recorded in,8 or DO with a mixing

: : . time of 250 ms. Initial structures were generated using
mM scale. The C-terminal residue was attached to the resin . . X
via a PAM linker (Applied Biosystems, Foster City, CA), X-PLOR 3.851 21). Dihedral angle constraints were derived

and amino acids were added using HBTU with situ from' stereospgcific assignment of side—chain protons ac-
neutralization {4). The side chains of Asp and Lys were cording to their NOE pattern§JHNHa_coupI|ng constants
protected with Fm and Fmoc groups, respectively, for were obta_ln_ed f_rom I|_ne-sh_ape analy5|s_ of the antiphase cross-
[ABA31]SFTI-1[1,14]. Cleavage of the peptide from the signal splitting in a high digital resolution 2D DQR:OSY
resin was achieved using hydrogen fluoride wgtttresol Slpectrum or from a 1'.3 proton ”“C'ef'” magnetic resonance
and p-thiocresol as scavengers [9:0.5:0.5 (v/v) HF/cresol/ (*H NMR) spectrum. Distance constraints for hydrogen bonds

thiocresol]. The reaction was allowed to proceeed-atto 0 were .ger)erated based on Qeuterium-exchqnge data and by
°C for 1.5 h: HE was removed under vacuum. and the examination of structure families calculated without hydrogen-

peptides were precipitated with ether. After cleavage, the bond constraints. The final 20 structures were calculated
peptides were dissolved in 50% acetonitrile containing 0.05% using a torsion-angle-simulated annealing .protocol within
TEA and lyophilised. The crude peptides were purified on a CNS @2). The resultant structures were subjected to further

. - o molecular dynamics and energy minimization in a water shell
ZQS leﬂeq.eg AJiﬂgerg%%%ﬁccﬂgoﬂﬂ'ﬂE/rglgfg(}/i ();F?&O?,vﬁr e (23). The final 20 structures with the lowest overall energies

; ; were retained for analysis. Structures were visualized using
emp!oyed with a flow rate of 8 mL/mln_, _and the eluent was Insightll (Biosym) and MOLMOL 24) and analyzed with
monitored at 230 nm. These conditions were used in PROMOTIE d PROCHECK-NMR 76
subsequent purification steps. The Fm and Fmoc protecting i @5) an ) ) Z. )- .
1[1,14] were removed by dissolving the peptide in 1:1 DMF/ {0 th93 1r11ethod of Erlaggler et al27). Concentratlosnls of
piperidine and stirring at room temperature for 30 min. The [ABASYSFTI-1, [ABA**ISFTI-1[1,14], and [ABA®]-
deprotected peptide was purified by RP-HPLC. SFTI-1[6,5] were determined by amino acid analysis. Trypsin

[ABA31SFTI-1 was synthesized by dissolving [ABA- activity was assayed at 2% in a 96-well plate with 350

. L of total reaction volume per well, with 42 nM bovine
SFTI-1[1,14] (22 mg, 0.011 mmol), with the Fm and Fmoc H . i .
protection of Asp and Lys still present, in DMF (0.1 mg/ 2-irypsin (Type XIII TPCK treated, EC 3.4.21.4) usihty.-

mL), and a +-10-fold molar excess of both HBTU and DIEA benzoylt-argininep-nitroanilide (BAPNA) substrate (1.25

: ; mM) and buffer at pH 8 (50 mM Tris-HCI and 25 mM
was added. The reaction mixture was left at room temperature o b .
for 5 min and then diluted with 0.05% aqueous TFA and CaCb). SFTI-1 inhibitors (6-400 nM) and trypsin were

= . ) . o Incubated together in buffer f@ h at 25°C. The reaction
g?rclgiﬁcu?:g;i]gi#?;o }Fféd':lri rzg éOF(:ggg g:g;o'(:r?;? ) at 25 °C was initiated by addition of the substrate and

protecting groups on Asp and Lys, respectively, were monitored at 405 nm with readings taken every 60 s for 120

- - 1 ) min using a Molecular Devices SpectraMax 250 or a
:ﬁmgl\;eig ti)'/ld:;ﬁﬂollf\//gilgetrd?rgsia}d]ssglilnlg (;,[2 rrggrhofgr%?air- Labsystems Multiskan Ascent. Reactions for each inhibitor
ature for 30 min. The reaction mixture was then diluted with COncentration were carried out 3 times.
0.05% aqueous TFA and purified by RP-HPLC to yield 8
mg (0.0054 mmol, 84%) of [ABASFTI-1.

NMR SpectroscopyThe [ABA3YSFTI-1 sample for [ABA3YSFTI-1, [ABA3YSFTI-1[6,5], and [ABA31]-

NMR spectroscopy was dissolved in 90% 20 mM sodium SFTI-1[1,14] were synthesized using solid-phase methods.
phosphate (£D)/10% DO at pH 4.5. Spectra were recorded The three peptides were soluble in water and showed no signs

RESULTS
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Ficure 3: Fingerprint region of the NOESY spectrum of [ABA]SFTI-1. The spectrum was recorded at 750 MHz and 290 K (pH 4.5).
The sequential connectivity pattern is only broken at the proline residues between 17 and 110 and between F12 and D14.

of aggregation. The NMR spin systems of all individual [ABA3SFTI-1, both peptides have random-coil chemical
amino acids were identified and assigned to specific residuesshifts, indicating that they have no defined structure.

using TOCSY, DQFCOSY, and NOESY spectra. Byway A series of hydrogendeuterium-exchange experiments
of example, Figure 3 shows a 750 MHz NOESY spectrum at 290 K revealed a number ofhprotons in [ABASFTI-

of [ABA®H]SFTI-1 with the sequential assignments indi- 1 that exchange with solventD over a time scale of several
cated. The cycle of H-HN sequential connectivities is  hours. This slow exchange behavior is unusual for such a
unbroken apart from the proline residues, demonstrating thesmall peptide and indicates a surprisingly stable hydrogen-
cyclic backbone of [ABAM]SFTI-1. The NMR data for the  ponding network. Slowly exchanging amide protons indica-
Pro residues were used to assign the X-Pro peptide bondtve of strong hydrogen bonds present fer3 h were
conformations. P9 and P13 are in the trans conformation in gbserved for G1 and R2 and presentfd h were observed

all of the peptides, as evidenced by stront(iH- 1) Pro-  for T4, 110, and F12. The same amide protons in native SFTI-
H°(i) NOE signals and the absence of(H— 1) Pro-Ht(i) 1, whose hydrogen-bond network is stronger still, exchanged

connectivities 28). P8 is in the cis conformation in [ABA]- approximately 4-fold more slowly. Carbonyl acceptors for

SFTI-1, as evidenced by a strong cross peak between H each of these protons were unequivocally identified in

(I7) and H(P8), but is trans for the other peptides. preliminary structures calculated in the absence of hydrogen-
Secondary StructureSecondary chemical shift@9) for bonding restraints. No slowly exchanging amide protons were

the backbone Hprotons of [ABASFTI-1 in H,O were  detected in [ABRSFTI-1[1,14] or [ABA3MSFTI-1[6,5],
calculated as the difference between measured chemical shift§urther demonstrating the lack of structure in these peptides.
and random-coil values3(). Secondary shifts provide a Table 1 summarizes the amide exchange data for the various
useful first insight into elements of secondary structure Peptides and also provides comparative data for the parent
present in a peptide. As may be seen from Figure 4, [ABA peptide. The table also summarizes the proline peptide bond
SFTI-1 has many secondary shift€0.1 ppm, with some  conformations deduced from NOE data.

approaching 0.8 ppm, indicative of a well-structured peptide. ~ Structure Calculations for [ABAYSFTI-1. A total of 70
Despite lacking a disulfide bond, thetidhifts of [ABA31]- distance constraints comprising 31 sequential, 11 medium
SFTI-1 have a pattern similar to its rigid parent peptide. range and 28 long range NOE contacts, and 5 hydrogen
Much like for SFTI-1, interstrand NOEs between residues bonds were used for structure calculations. No intraresidual
R2 and T4 and 110 and F12, as well as large coupling NOEs were included, and the hydrogen-bond restraints were
constants{un-H« > 8 Hz) and the consecutive positivéH  added only after initial structures calculated in the absence
secondary shifts, indicate the presence of a short antiparallelof these restraints were used to unequivocally confirm
/3 sheet. Secondary chemical shif2®) were also calculated  carbonyl acceptor groups matching slowly exchanging amide
for the backbone Mprotons of [ABA*]SFTI-1[6,5] and protons. The stereospecific assignments jgnaingles were
[ABA3MSFTI-1[1,14] in H,O (Figure 4). In contrast with  determined for ABA3 (189, S6 (60), ABA11 (180°), F12



Structure and Function of SFTI-1 Biochemistry, Vol. 44, No. 4, 20051149

1 a ABA
ABA
0.5 ABA
B lew o | D
"W - i — [ABA*VISFTI-1
-0.5 -
15
| I
0.5 ®
i I ok I I
Sf——rl 1
0.5
(o C
il [ j
E
£ K
5 =~
Sls
B I I
i
[=]
(3] 6
- AR T T G 1 - - &
g ? SFTI-1[6,5]
0.5 | c s
| |
1
d K
s~_ABA
05 Sis
ABA " . ABA
0 mm - .—.—. ABA
5 [ABA*"|SFTI-1[6,5]
0.5
ABA

, B <::::%

G G R T K S 1 F P I A il

Ficure 4: H« secondary chemical shifts of [ABAYSFTI-1 and [ABASFTI-1[6,5] in water (pH 4.5) recorded at 750 MHz and 290 K.
Random-coil chemical shifts for ABA were not available; therefore, a pseudo-random-coil value for ABA was calculated using averaged
values from [ABAYSFTI-1[1,14] and [ABA3SFTI-1[6,5]. The assumption is that [ABAYSFTI-1[1,14] and [ABA3SFTI-1[6,5]

are essentially random-coil peptides, making dhift values of the ABA residues appropriate to use as pseudo-random-coil values.

[ABASTISFTI-1[1,14]

(—60°), and D14 (60) based on coupling constants and NOE from the average structure is 0.260.09 A for the backbone
patterns. Finally, seves angle constraints of- 120 4+ 40° atoms and 1.1& 0.22 A for all heavy atoms. An examina-
were inferred fronm?Jyp—ne couplings>8 Hz for ABA3, T4, tion of the¢ andy angles shows that [ABASFTI-1 adopts

K5, 17, 110, ABA1l, and F12. From the 50 structures the structure of an extended antipargiedheet whose strands
calculated, 20 were selected based on low overall energyare joined by an extended loop and ghieirn. The presence
and low constraint violations to represent the solution of a cis peptide bond between residues 17 and P8 causes a
structure of [ABASFTI-1. All structures satisfied the bulge in the second strand. The twg strands adopt a right-
experimental constraints with only minor deviations from handed twist conformation, which is commonly observed for
the idealized covalent geometry (Table 2). p sheets 31).

Figure 5 shows the ensemble of solution structures of The solution structure of [ABAYSFTI-1 is similar to that
[ABA 3 SFTI-1 superimposed over the backbone atoms of of SFTI-1. Both the overall fold and the dihedral angles of
all residues. The mean root-mean-square deviation (rmsd)the backbone and side chains of the two structures are nearly
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Table 1: Potency, Amide Exchange, and Proline Conformational Data for SFTI-1 and Its Permutants

sequence
peptide potency (nM) G R C T K S | P P | C F P D
SFTI-1 3) 0.1-13(1,3,6-8,11,44) ++° ++ +++ cis trans +-++ ++4+ trans
[ABA3SFTI-1 0.247) + + A ++ cis trans ++ A ++ trans
SFTI-1[6,5]-isomer112) 0.5 (12 + + ++ cis trans ++ ++ trans
SFTI-1[6,5]-isomer 2 (2) ND trans trans trans
[ABA3SFTI-1[6,5] NA A trans trans - A trans
SFTI-1[1,14] (3) 0.1-12@3,6,7) ++ +++ cis trans +++ +++ trans
[ABAZYISFTI-1[1,14] NA A trans trans A trans

aNA and ND denote no trypsin inhibition and no determined trypsin inhibition, respecti/&lye presence of a slow-exchange amide is represented
by + if present afte 3 h but less than 6 ht+ if present afte 6 h but less than 24 h, and++ if present>24 h after dissolution in BD.

Table 2: Structural Statistics for the 20 Final Structures of The _d'Stance bem’e_en th_e two strands of theheet is
[ABA3SFTI-1 approximately 0.5 A wider in [ABAMSFTI-1 than SFTI-
deviations from idealized geometry 1 and the s.econdary Ioop is slightly more d|sordered_. T.hIS
bond lengths (A) 0.003 0.000 increased disorder most likely reflects increased flexibility
angles (deg) 0.38F 0.025 caused by the absence of the disulfide bond. The hydrogen-
impropers (deg) 0.284: 0.027 bonding network in [ABASFTI-1 is also weakened, as
enzraies (keal mo) 0.734 0.37 demonstrated by faster amide exchange relative to native
e 511 6.8 SFTI-1. However, the hydrogen bonds and the conforma-
Ecain 0.01+0.01 tional restraints imposed by the three prolines in [ABA-
Evaw —25+35 SFTI-1 are sufficient to maintain a structure very similar to
Eb°”d+ Eangle + Bimproper £35§11£76 4 that of SFTI-1. The similar structure but reduction in rigidity
restrants violations ' of [ABA3SFTI-1 relative to SFTI-1 would explain the
NOE violations> 0.2 A 0 reduction in trypsin inhibition potencyr). The structure of
dihedral violations> 2° _ 0 SFTI-1 when in complex with trypsin is almost identical to
'mi%féo(”g\)e’(pe”me“ta' constraints 0,01 0.004 the unbound solution structurel,(3). While the same
dihedral angles (deg) '0.12 0.08 functional groups that contribute enthalpically to binding are
pairwise rmsd present in both molecules the more flexible [ABASFTI-
backbone atoms-114 (N, G, and C) (A) 0.26+0.09 1 would presumably experience a greater loss of entropy on
heavy atoms (A) 1.18-0.22 binding to trypsin than SFTI-1, which could explain its
Ramachandran statistics (%) . L
residues in most favored regions 86 reduced potency. Sgch entropic losses in pmdmg energy are
residues in additionally allowed regions 14 well-established in ligand macromolecule interactidd®).(
residues in disallowed regions 0 Overall, it appears that the disulfide bond is not crucial for

determining the three-dimensional structure and activity of
identical. The rmsd between the structures is (430.12 SFTI-1 but serves to reinforce a structure that is defined

and 1.25+ 0.26 A for the backbone and heavy atoms, largely by a network of hydrogen bonds and proline

respectively. Both the binding and secondary loops of conformations.

[ABA3SFTI-1 are slightly less defined than in SFTI-1, ~ The hydrogen-bond network in [AB®ISFTI-1, as

reflecting a smaller number of NOE constraints, probably a demonstrated by the amide-exchange experiments, coupled

result of increased flexibility in the peptide because of the Wwith its well-defined solution structure determined in this

omission of the disulfide bond. study help explain the similar high potency toward trypsin
Trypsin AssaysTheK; for inhibition of [ABA3SFTI-1 of a ;ynthetic 71 gmino aci_d BB inhibitor, [A?3BBI, also

has previously been reported to be 0.24 nM. Trypsin assaysdevo'(_j of a trypsin loop dlsulf_lde_ bonchS)._ Re_mo_val of

were undertaken for both [ABBISFTI-1[1,14] and [ABA3- the disulfide bond resulted in its trypsin-binding loop

SFTI-1[6,5], but both were inactive against trypsin under essentiglly exp_anding_ _fror_n 9 to more than 15 .residues.
the same conditions as used for the cyclic peptide. Interestingly, this modification to BBI only resulted in a 5.4-
fold reduction in potency, most probably because of the

DISCUSSION conservation of the I#P8 and P8 P9 conformations and
hydrogen-bond network throughout the loop region, much
In this study, we have determined the solution structure like in [ABA3SFTI-1.
of [ABA3SFTI-1, a synthetic 14 amino acid cyclic trypsin Because the disulfide bond in SFTI-1 appears not to play
inhibitor deficient of a disulfide bond relative to the naturally a crucial role in defining the structure, what then is its main
occurring trypsin inhibitor SFTI-1 that is present in sunflower function? Because inhibition of trypsin by SFTI-1 is an
seeds. The structure is surprisingly well-defined and has theequilibrium reaction, it was important to investigate the role
same set of proline conformations and a similar hydrogen- of the disulfide bond in the cleavage product, SFTBEB].
bonding network to SFTI-1. Because small peptides lacking We previously solved the structure of this peptide and
disulfide bonds are normally disordered, the remarkable showed that the disulfide bond appears to anchor the binding
similarity between the two peptides was not expected but loop of the cleaved peptide, allowing it to adopt the correct
helps explain some recent data on the inhibitory activity of conformation to remain active against trypsin. In the current
the disulfide-deficient peptide. study, we tested this hypothesis by synthesizing [ABR
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Ficure 5: Ensemble of 20 structures of [ABAYSFTI-1 superimposed over backbone and heavy atoms of all residues, (A) with and (B)

without side-chain residues. The molecules are shown in stick form with the side chains colored gray and the backbone colored black.

SFTI-1[6,5], a disulfide-deficient analogue of SFTIEp].
A comparison of M secondary shifts of SFTI-&[5] and
[ABA 31SFTI-1[6,5] together with the measurement of their

1[1,14] is an extremely potent inhibitor of trypsin and that
mature SFTI-1 may have evolved from this peptide. To gain
further insight into the evolutionary advantages of cyclization,

activities demonstrates that the loss of the disulfide bridge it is useful to examine other examples of naturally occurring
causes the peptide to lose its structure as well as its ability cyclic peptides.

to inhibit trypsin. On the basis of the combined results, it
appears that the main role of the disulfide bond in SFTI-1 is
to minimize hydrolysis by anchoring SFTI€.5] such that
the hydrogen bonds can maintain structural integrity. The
low hydrolysis rate for SFTI-1, higher hydrolysis rate of
[ABA3YSFTI-1 (7), and the lack of trypsin inhibition
activity of [ABA3]SFTI-1[6,5] shown here support this
suggestion.

The disulfide bridge in SFTI-1 might also have the
additional function of protecting it from other proteases
vivo. We have shown that SFTI-L[L4] is a very potent
acyclic permutant of SFTI-1, maintaining its activity even
with a cleaved secondary loo)( To investigate the role
of the disulfide bond in SFTI-1[14], we synthesized
[ABA3SFTI-1[1,14], a disulfide-deficient analogue. A
comparison of M secondary shifts of SFTI-1[14] and
[ABA3SFTI-1[1,14] revealed a total loss of secondary

SFTI-1 is one example of a growing number of cystine-
rich backbone-cyclized peptides that have been discovered
over recent years4], including, the cyclotides34), Mo-
mordica cochinchinensisypsin inhibitor-11 (MCoTI-Il) (35)
and thef defensins, exemplified biRhesus thetdefensin-1
(RTD-1) (36, 37). The 6 defensins are most similar in size
to SFTI-1 and comprise 18 amino acids, including 6 Cys
residues that are connected to form a “ladder” arrangement
of disulfide bonds as illustrated in Figure 6. At first, it might
be expected that with its extra amount of cross-bracing
RTD-1 would have an even more well-defined structure than
SFTI-1, but recent NMR studie88) show that this is not
the case. RTD-1 has an elongafedheet-type structure with
two turns at each end. These turns are well-defined in
themselves but appear to be mobile with respect to one
another. The striking differences in apparent flexibility
between SFTI-1 and RTD-1 suggest that the hydrogen-

structure and associated hydrogen-bonding network when theébonding network in SFTI-1 is more optimized to achieve

disulfide bond is removed. Inhibition studies also showed
that [ABA3SFTI-1[1,14] is inactive against trypsin, dem-
onstrating that the disulfide bond is integral to activity in
the linear analogue. This may have significant implications
for thein vivo activity of SFTI-1 in that the disulfide bond
may function to prolong the trypsin inhibitory activity of
SFTI-1 in the presence of other proteases ininitsvivo
environment. That is, SFTI-1 may retain its activity with an

rigidity than that in RTD-1.

The cyclotides 39) are twice the size of SFTI-1, compris-
ing roughly 30 amino acids, and have 3, rather than 1,
disulfide bonds, which are arranged in a cyclic cystine knot
motif (34), as illustrated in Figure 6. There are some
interesting parallels between studies of acyclic permutants
of the cyclotides and the findings reported here for SFTI-1
analogues. In particular, in the cyclotides, breaking the cyclic

open secondary loop after endoproteinase attack only if it backbone does not greatly perturb the overall structure

retains an intact disulfide bridge as is the case with SFTI-
1[1,14] (3). Furthermore, if exoproteinases subsequently
cleave amino acids from the N and C termini of the open

provided that the backbone segments associated with the
embedded ring of the cystine knot motif are not brok&d).(
For the cyclotides, it appears that the cystine knot motif is

secondary loop, the cleaved peptide may still be able to retainparticularly important in defining the compact fold of these

activity, as is demonstrated by the inhibitory activity of SFTI-
1[11-mer] B).

A third function of the disulfide bond may be to facilitate
the biosynthetic cyclization of SFTI-1. We have proposed
that SFTI-1[,14] is a possible biosynthetic precursor peptide
of SFTI-1 @, 3). The residues G1 and D14 from SFTI-
1[1,14] are in close proximity and are spaced ideally for a

molecules, although one disulfide can be removed without
greatly perturbing the structures, much like in SFTHI)(
MCoTI-1l also contains a cyclic cystine knot motif but
differs from other cyclotides in its peptide sequence and
indeed is more homologous to the knottin family of acyclic
squash trypsin inhibitors4@). Interestingly, the region in
the backbone where the termini of the homologous acyclic

spontaneous or enzyme-assisted cyclization event to occurinhibitors are putatively joined to form the cyclic peptide is

Because the disulfide-deficient analogue, [ABASFTI-
1[1,14], has no defined structure, it seems likely that the

quite disordered in the ensemble of NMR structuBs; 43).
Because of this disorder, entropic factors are unlikely to be

disulfide bond needs to be present to anchor the N and Cthe primary driving force for the evolution of this family of

termini of SFTI-1[1,14] in close proximity to allow cycliza-

tion to occur. This proposal is based on the fact that SFTI-

cyclic peptides 43). Rather, protection against attack by
exopeptidases has been suggested as the most likely evolu-
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SFTI-1 RTD-1 kalata B1 MCoTI-lI
(14 aa) (~18aa) (~30aa) (~34aa)

Ficure 6: Sequence and structural comparison of cyclic peptides related to SFTI-1. A is a schematic of SFTI-1 (purple), RTD-1 (blue),
kalata B1 (green), and MCoTI-II (red), respectively. Amino acid residues not involved in secondary structure are shown as letters in circles.
Disulfide bonds are represented by lines joined to circles containing Cys residugsshret structure is represented by filled arrows. B

shows the same peptides as the solution structures in stick form colored with respect to the schematic peptides. Flexible regions in the
peptides are colored gray. RTD-1 is shown side-on to highlight the relative flexibility of the molecule.

tionary advantage of MCoTI peptides over their acyclic thought. A tight binding inhibitor would not be effective if
squash family cousins. it also has a high hydrolysis rate. That is, a short life span

It is interesting that SFTI-1 and MCoTlI-II, which exem-  of an inhibitor because of rapid degradation would render it
plify two separate classes of trypsin inhibitors (BBl and useless regardless of its potency. Excising the secondary loop
squash families, repectively), have evolved a strategy for or the disulfide bridge of SFTI-1 reduces its ability to resist
stabilization involving backbone cyclization. Both classes are hydrolysis. It may well be that SFTI-1 has already been fully
found in seeds, suggesting that cyclization provides advan-optimized for trypsin inhibitory activity and that any further
tages in minimizing proteolytic degradation, given that their improvement may not be possible. However, redesigning
putative operational environment in the guts of the predators SFTI-1 to target proteolytic enzymes with different mech-
of the plants is proteolytic. This protective role may also be anisms to the serine proteases may be a promising approach
the case for RTD-1 and the cyclotides. to drug development.

A comparison of the structural features of the aforemen-
tioned four classes of cyclic peptides provides further insight SUPPORTING INFORMATION AVAILABLE
into why SFTI-1 is an extremely rigid molecule and why its
disulfide bridge is not required to maintain its structural
integrity. While all four molecules contain disulfide bridges
and a cyclic backbone, RTD-1 lacks a network of hydrogen
bonds and prolines in its sequence, resulting in it having a REFERENCES
relatively flexible structure, as shown in Figure 6. This
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