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Abstract

Bowman-Birk inhibitor (BBI) proteins contain an inhibitory motif comprising a disulfide-
bonded sequence that interacts with serine proteinases.  Recently, a small 14-residue peptide
from sunflowers (SFTI-1), which has potent anti-trypsin activity, has been found to have the
same motif.  However, this peptide also has an unusual head-to-tail cyclisation.  To address
the role of the core inhibitory sequence itself, we have solved the 1H-NMR solution struc-
ture of an antitryptic 11-residue cyclic peptide that corresponds to the core reactive site loops
of both SFTI-1 and Bowman-Birk inhibitor proteins.  A comparison is made between the
secondary chemical shifts found in this family and the canonical regions of several other
inhibitors, giving some insight into relative flexibility and hydrogen bonding patterns in
these inhibitors.  The solution structure of the core peptide in isolation is found to retain
essentially the same three-dimensional arrangement of both backbone and side chains as
observed in larger antitryptic BBI and SFTI-1 fragments as well as in the complete proteins.
The retention of the canonical conformation in the core peptide explains the peptide’s
inhibitory potency.  It therefore represents a minimization of both the BBI and SFTI-1
sequences.  We conclude that the core peptide is a conformationally defined, canonical scaf-
fold, which can serve as a minimal platform for the engineering of biological activity.

Introduction

Inhibition by serine proteinase inhibitor proteins is often mediated by an exposed
reactive site loop that is fixed in a characteristic “canonical” conformation, which
is complementary to the proteinase active site (1, 2).  Bowman-Birk inhibitors
(BBIs), which are in clinical trials (3) for their anti-carcinogenic effects (reviewed
in 4), are small plant proteins of typically 60 to 90 residues stabilised by seven
disulfide bridges.  Typically, they have a symmetrical structure of two tricyclic
domains, each containing an independent reactive site loop, one of which usually
inhibits trypsin (5, and references therein).  An isolated tricyclic BBI domain main-
tains a functional reactive site loop (6) and is, therefore, amongst the smallest
canonical inhibitors, comparable in size to members of the squash seed family (2).
Only very recently, a significantly smaller canonical inhibitor, the sunflower
trypsin inhibitor 1 (SFTI-1), was isolated from sunflower seeds (7).  SFTI-1
encompasses a disulfide-linked ring of 9 amino acids, which is homologous in
sequence to the antitryptic reactive site loops of BBI proteins.  The other five SFTI-
1 residues form a second, backbone-cyclised loop not present in BBI proteins.
SFTI-1 combines a minimal size with potent inhibition of serine proteinases such
as trypsin, cathepsin G, and martriptase (7, 8).  SFTI-1 has been chemically syn-
thesised by several groups (8, 9).  Both NMR solution and crystal structures (7, 9)
reveal a canonical inhibitor and demonstrate that the sequence homology with BBI
reactive site loops results in an equivalent three-dimensional arrangement.  BBI-
derived synthetic peptides, even shorter than SFTI-1, have previously been demon-
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strated to retain much of the inhibitory potential of the complete protein (reviewed
in 5).  This has lead to the proposal that the BBI reactive site loop sequence repre-
sents an independent structural motif (10).  In this study we present the NMR solu-
tion structure of an 11-residue antitryptic peptide, which represents the biological-
ly active “core structure” of both BBI and SFTI-1 reactive site loops. 

Materials and Methods

The peptide of this study was generated by established solid-phase peptide synthe-
sis methods as previously described (11).  The NMR analysis was performed in
aqueous solution (90% H2O / 10% D2O and 100% D2O, with 3-(trimethylsilyl)-1-
propane sulfonic acid as internal reference) at 298 K and pH* of 3.8.  DQF-COSY
(12), TOCSY (mixing time 80 ms; 13), and NOESY (mixing times of 50, 100, 200,
and 300 ms; 14) and ROESY (mixing times of 50, 100, 200, and 300 ms; 15) exper-
iments were recorded on a Bruker AMX 600 spectrometer, and processed and
analysed with X-WinNMR and Aurelia software packages on Silicon Graphics
work stations.

Peptide structures were calculated with the program X-PLOR (version 3.851; 16)
by employing a modified version (10) of a standard simulated annealing and molec-
ular dynamics protocol (17).  The most important modification was the addition of
direct refinement against 3JHNHα coupling constants for values > 8 Hz during the
final conjugate gradient minimisation.  In the peptide structure calculations, direct
refinement against 3JHNHα coupling constants was not used during the simulated
annealing phase in order to avoid an early bias for one of two possible φ values.  No
hydrogen bond restraints were used during the calculations.  The structures were
visualised and analysed with INSIGHT II (Molecular Simulations Inc.), Swiss PDB
Viewer (18), WebLab (Molecular Simulations Inc.), and WHAT IF (19) programs.

Results and Discussion

Design and Trypsin Inhibition of the Core Peptide

The sequence of the peptide of this study, here referred to as the core peptide, is
shown in Table I (no. 1).  The sequence closely resembles those of both BBI and
SFTI-1 proteins.  The disulfide-linked loop sequence (P3 to P6’, Schechter and
Berger nomenclature; 20) is identical to the one found in BBI proteins from at least
nine different sources (Macrotyloma axillare seeds (21), Torresea cearensis seeds
(22), adzuki bean (23), cow pea (24), kidney bean (25), lima bean (26), mung bean
(27), horse gram (28), alfalfa leaves (29)).  It differs from that of SFTI-1 (no. 3)
only in a single substitution at P5’.  The two terminal residues, which are exocyclic
extentions of the reactive site loop, were chosen as suggested by Maeder et al. (30):
The P7’ position, which is occupied by a Phe in SFTI-1, was modified to a Tyr to
serve as a spectrophotometric marker; a small residue, Ser, was placed at the P4
position in order to minimize the potential for steric clashes with trypsin as indi-
cated by molecular modelling.

The core peptide is exceptional amongst the antitryptic BBI-derived peptides, of
which at least 30 variants of different length and sequences have been described in
the literature, in that it combines minimal size with the highest inhibitory potency.
Several inhibition constants (Ki) with bovine pancreatic trypsin have been reported
for the core peptide.  These range between 10 nM (11) and 100 nM (30).  A detailed
kinetic study of the inhibition properties of the core peptide indicates that this dis-
crepancy is in part a result of a slow hydrolytic turnover of the peptide by trypsin.
This study estimates a Ki value of 19 nM for the intact, bioactive peptide (31).

While ten structures of complete BBI proteins have been solved to date (see 10,
32), only two structures of antitryptic BBI-derived peptides have been determined.

60

Brauer et al.



These relatively large synthetic fragments of mung bean BBI in complex with
trypsin have been investigated by X-ray crystallography (no. 6 and 7, Table I).  In
both structures only those residues that constitute the reactive site loop, which
includes the contact region with the enzyme surface, could be identified in the elec-
tron density maps.  These residues are highlighted in bold.  This finding raises the
question whether the antitryptic core region retains its structural integrity in isola-
tion.  We therefore investigated the structural properties of the uncomplexed core
peptide in aqueous solution by NMR and compared these with those of larger frag-
ments and complete proteins.
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Table I

Comparison of the sequences and antitryptic Ki values of the peptide of this study (no. 1) with BBI and SFTI-1 proteins and
fragments. Inhibitor residues identified in the crystallographic analyses are highlighted in bold. The positions are labelled
according to the Schechter and Berger nomenclature (20). Solid bars show positions of disulfide bonds; dotted bars indicate
head-to-tail cyclisation in SFTI-1.

No. Position
P
4

P
3

P
2

P
1

P
1'

P
2'

P
3'

P
4'

P
5'

P
6'

P
7'

Name AA
Ki in
nM

NMR structures in isolation

1 S  C  T  K  S  I  P  P  Q  C  Y Core 11 19
Peptide*

2 G  R  C  T  K  S  I  P  P  I  C  F  P  D Monocyclic 14 12
SFTI-1*

3 G  R  C  T  K  S  I  P  P  I  C  F  P  D SFTI-1* 14 0.5

4 ~E  S  P  K  C  P  E  Y  C  F  D  T  I~ BBI (SOY) 71 0.6 a

~S  S  K  P  C  C  D  Q  C  A  C  T  K  S  N  P  P  Q  C  R  C  S  D  M  R  L~

Crystal structures in complex with bovine pancreatic trypsin

5 G  R  C  T  K  S  I  P  P  I  C  F  P  D SFTI-1 14 0.1

6 Q  P  C  C  D  S  C  R  C  T  K  S  I  P  P  Q  C  H  C  A  N  I BBI (M.B.) 22 120
Fragment*

7 M  S  E  C  P  K  Y  C  F BBI (M.B.) 35 5 b

Fragment*
S  S  E  P  C  C  D  S  C  R  C  T  K  S  I  P  P  Q  C  H  C  A  N  I  R  L

8 ~E  S  P  K  C  P  E  Y  C  F  D  T  I~ BBI (SOY) 71 0.13

~S  M  K  P  C  C  D  Q  C  A  C  T  K  S  N  P  P  Q  C  R  C  S  D  M  R  L~

*Synthetic material; AA, number of amino acid residues; SOY, soy bean; M.B., mung bean. PDB codes and references: 1,
1gm2; 2, 1jbn (9); 3, 1 jbl (9); 4, 1bbi (33), a (40); 5, 1sfi (7); 6, 1sfm (64); 7, 1sbw (27), b (64); 8, 1d6r (65). Please note that
the sequences are written from the N- to C-terminus, except for the attached third loop in no. 4, 7, and 8, which is written
from the C-terminus to the N-terminus.



NMR Analysis and Comparison with Protein NMR Parameters

NMR parameters of the fully assigned core peptide are summarised in Table II.
Coupling constants, chemical shifts and line widths do not change significantly in
spectra over a concentration range of 0.3 mM to 5 mM.  This, in combination with
narrow resonance lines throughout the spectrum, suggests that the peptide does not
aggregate at NMR concentrations.  Several factors indicate that this peptide is com-
paratively rigid in solution.  These include a wide chemical shift dispersion for HN
and Hα protons; large 3JHNHα coupling constants typically >8.3Hz, diagnostic
3JHαHβ coupling constants (< 4 Hz or >10 Hz for all but two non-proline residues);
HN temperature coefficients which suggest occurrence of hydrogen bonding;
almost complete stereospecific assignment; defined side-chain conformations; and
several long-range NOE contacts (Table III). 

In order to reflect the solvent and the temperature of biological activity assays, the
NMR spectra were recorded in aqueous solution at 298 K.  On the basis of these
spectra, the core peptide could be fully assigned.  This is in contrast to both BBI
protein and SFTI-1, where the completion of the assignments required the presence
of approximately 20% organic co-solvent to enhance dispersion of the chemical
shifts.  The co-solvent acetonitrile appeared to be necessary to suppress self-asso-
ciation of BBI protein (33), whereas TFE as a co-solvent and low temperature
served to increase the population of the dominant conformer of SFTI-1 at the
expense of minor conformers (9).  The population of minor SFTI-1 conformers in
aqueous solution was reported to be approximately 40%.  Although we also
observed minor conformers in the spectra of the core peptide, these were signifi-
cantly less populated and did not interfere with the assignment process.

Backbone secondary chemical shifts of the core peptide and the corresponding
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Table II
1H- NMR assignment table of the core peptide in aqueous solution at pH 3.8* and 298 K. Stereospecifically
assigned protons are numbered in brackets according to (66); a assigned in the process of structure calculation.
Coupling constants were extracted from one-dimensional spectra recorded at 298 K (b at 285 K). χ1-Values are to
indicate the dominant low-energy rotamer (67, 68). Amide temperature coefficients (∆δΗΝ/∆T) are derived from
one-dimensional spectra recorded at temperatures ranging from 285 K to 298 K.

HN Ηα Ηβ Ηγ Ηδ other H
∆δΗΝ/∆T
in ppb/K

3JHNHα

in Hz

3JHαHβ

in Hz
χ1

in o

P4 Ser - 4.22 3.99
3.88

- - 4.1
5.8

P3 Cys 8.90 5.52 3.10 (2)
2.96 (3)

− 6.7 9.0b 11.0
4.0

− 60

P2 Thr 8.89 4.47 4.58 1.47 − 5.3 7.2b 3.5 + 60

P1 Lys 8.52 4.48 2.03
1.71

1.52
1.44

1.71 ε 3.02
ζNH 7.54

− 7.0
− 6.4

7.6 10.2
4.7

P1’ Ser 7.43 4.39 3.90 (2)a

3.80 (3)a
− 0.7 7.2b 4.1

4.1
+ 60

P2’ Ile 8.23 4.30 1.80 γ1 1.47
    1.07
γ2 0.85

0.85 − 9.7 9.4 10.5 − 60

P3’ Pro - 5.11 2.06 (2)
2.47 (3)

1.86 (2)
1.98 (3)

3.61 (2)
3.55 (3)

- - 3.2
8.8

+ 26

P4’ Pro - 4.26 1.85 (2)
2.44 (3)

2.09 (2)
2.11 (3)

3.70 (2)
3.83 (3)

- - 5.0
8.8

P5’ Gln 7.92 4.56 2.03 2.27
ε21

ΝΗ 7.42
ε22

ΝΗ 6.86

− 1.7
− 5.3
− 5.8

9.5

P6’ Cys 8.68 5.21 2.97 (2)
3.06 (3)

− 8.8 9.3 11.7
3.6

− 60

P7’ Tyr 8.18 4.47 3.12 (2)
2.90 (3)

7.10 ε 6.79 − 4.9 8.3 4.7
10.1

− 60



regions of the complete proteins are compared in Figure 1.  The similarity of the
patterns is striking and indicates a close structural similarity.  The common pattern
is dominated by positive deviations, which characterise extended or β-type confor-
mations (34).  The magnitude of the deviation from random coil values is margin-
ally attenuated in the core peptide, which may reflect the absence of organic co-sol-
vents.  It may, however, also indicate some increased mobility in the smaller struc-
ture.  The most pronounced increase of mobility would be expected for the points
of disconnection from the complete protein.  This is indeed the case for the core
peptide’s terminal residues, the backbone protons of which have chemical shifts
close to random coil values and show no non-sequential NOEs.  This, however,
does not result in a corruption of the peptide’s structural integrity.  The pattern of
sequential NOE correlations is essentially identical to those reported for the corre-
sponding regions of SFTI-1 and BBI proteins: All non-Pro residues are correlated
by strong Hαi-HNi+1 NOEs in the presence of only one intense HNi-HNi+1 NOE
across the scissile peptide bond between P1 Lys and P1’ Ser.  A strong Hαi-Hαi+1
NOE between P3’ Ile and P4’ Pro is diagnostic of a cis peptide bond, while strong
Hαi-Hδi+1 NOEs between P4’ Pro and P5’ Pro define a trans peptide bond (35).
This suggests a β-hairpin structure in which stretches of extended conformation are
connected by a type VI β-turn centred on the cis peptide bond.  This is in agree-
ment with the backbone chemical shifts and 3JHNHα coupling constants > 8 Hz.  As
indicated by the only prominent HNi-HNi+1 NOE, a particular arrangement is
found at the scissile peptide bond.  While most 3JHNHα coupling constants > 8 Hz
reported for SFTI-1 are reproduced in the core peptide, the values for P1 Lys and
P1’ Ser are marginally attenuated.  It cannot be directly distinguished whether this
reflects a small local rearrangement or increased mobility.  The high level of struc-
tural integrity of the core peptide, however, is further confirmed by the presence of
the interstrand NOEs and χ1 conformations reported for the corresponding region
of SFTI-1 (9).  The reduction in size from SFTI-1 to the core peptide is accompa-
nied by a reduced number of non-sequential NOE correlations.  The pattern of
interstrand NOEs, however, is retained.  There are only three changes compared
with the interstrand NOEs explicitly reported for SFTI-1, all of which involve cys-
teine protons and appear to be related to the discontinuation of the β-sheet struc-
ture in the shorter core peptide.  The preferred χ1 side chain conformations of most
residues of the core peptide could be determined unambiguously (Table II).  These
are fully consistent with the χ1 conformations reported for SFTI-1.  In addition, the
pyrrolidine ring pucker of P3’ Pro in the core peptide could be determined as
DOWN, whereas the pyrrolidine ring of P4’ Pro appears to be in rapid exchange.
The co-existence of a cis peptide bond and DOWN ring pucker at P3’ Pro is fully
consistent with the finding that the majority of cis-Pro residues in proteins (91%)
and polypeptides (70%) adopt a DOWN ring pucker (36).

Secondary Chemical Shifts of Canonical Loops

As canonical inhibitor proteins share the geometry of the P3 to P3’ polypeptide
backbone within narrow limits (1, 2), we investigated whether this is reflected by
the backbone secondary proton chemical shifts in the more general context of
canonical inhibitors.  Examples from five different families were identified from
the BMRB data bank and are compared with the core peptide in Figure 2.  As pos-
itive deviations are generally associated with extended or β-strand conformations
(34), this is broadly consistent with the canonical conformation, which is dominat-
ed by extended β-type backbone geometries (1).  The HN proton of the P1’ residue
exhibits a prominent negative deviation of at least −0.6 ppm in all examples but
one.  The dominant determinants of HN chemical shifts are backbone dihedral
angles and hydrogen bonds (37).  It would appear from the φ−ψ−chemical shift
hypersurface presented by Beger and Bolton (38) that the P1’ backbone dihedral
angles alone are insufficient to explain this negative shift.  A significant influence
from the small value of the φ dihedral angle of the preceding bulged P1 residue (9º
to 50º; 1) is likely (37).  It is this dihedral angle which contributes to hyperexpos-
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Figure 1: Secondary chemical shifts ∆δ (deviation
from random coil values; 37) for backbone HN (�)
and Hα (�) protons.

(a) Core peptide (cyclized via the cysteines) in 90%
H2O / 10% D2O, pH* 3.8, 298 K.

(b) Soybean BBI protein in aqueous solution with 18%
co-solvent acetonitrile, pH 5.7, 308 K (69).

(c) SFTI-1 protein in aqueous solution with 20% co-
solvent TFE, pH 4.5, 273 K (9).



ing the P1 residue by changing the direction of the backbone, as can be seen in
Figure 3.  Negatively shifted HN protons have been noted in partially formed turns,
helices, and cyclic peptides and have been associated with weak intramolecular
hydrogen bonding (39).  Indeed, the bulge in the canonical backbone arrangement
appears to be stabilised by a hydrogen bond originating from the P1’ HN, as in the
crystal structures of the proteins in Figure 2 (soybean BBI: 1d6r, (40); OMTKY3:
1cho, 1ppf; CMTI-1: 1ppe; BPTI: 6pti, 1bpi).  In the examples in which the P1’ HN
exhibits a negative deviation, the hydrogen bond closes a ring of 7 atoms, in which
the acceptor is the P2 carbonyl, or (in the case of OMTKY3) the side chain of the
P1’ Glu.  This P2-P1’ backbone hydrogen bond is conserved in the core peptide.
Since HN chemical shifts depend on the hydrogen bond energy (34), it can be spec-
ulated that the requirements of the 7-membered rings impose a geometry on the
hydrogen bond, which contributes to the observed negative shift.  A different
hydrogen bond arrangement in BPTI, in which the acceptor is located on another
loop, is notably not associated with a negative shift.  The involvement of the P1’
HN in hydrogen bonding is reflected by the temperature coefficients, which are −
0.7 ppb/K for the core peptide, and –2.3 ppb/K for BPTI (41).  However, the P1’
HN proton exchange rate was not classified as slow for BBI (33), SFTI-1 and its
acyclic variant (9), OMTKY3 (42), Ascaris trypsin inhibitor (43), and BPTI (44).
These seemingly contradictory findings provide a further example to support the
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Figure 2: Secondary chemical shifts ∆δ (37) for the
backbone HN (�) and Hα (�) protons of the P3 to
P3’ residues of canonical inhibitors belonging to dif-
ferent families.

(a) Core peptide. 

(b) BBI family: Soybean BBI (69). 

(c) Kazal family: Turkey ovomucoid third domain
(OMTKY3) (70). 

(d) Squash seed family: Curcurbita maxima trypsin
inhibitor I (CMTI-1) (71). 

(e) Ascaris family: Ascaris trypsin inhibitor (43). 

(f) BPTI-Kunitz family: Bovine (basic) pancreatic
trypsin inhibitor (BPTI) (67).



view of Baxter and Williamson (41) that surface exposed hydrogen bonded amide
protons are likely to exhibit temperature coefficients more positive than –4.5 ppb/K
but not necessarily slow HN proton exchange.

Another aspect highlighted by Figure 2 is that the magnitude of the deviation from
random coil values varies greatly.  While the magnitude is particularly large in BBI-
related loops, it is not significant for most of the BPTI loop.  This may indicate that
the BBI-related loops are particularly rigid structures, whereas the BPTI loop is
more flexible.  The latter is supported by a recent study of the effect of thermal
motion on the secondary chemical shifts of BPTI (45), in which the authors state
that only a mixture of different conformations of this flexible loop could explain
the observed chemical shifts.  The different degree of loop flexibility may help to
explain why even the best peptides based on the BPTI reactive site loop showed a
reduction of the inhibitory potency by seven orders of magnitude (46, 47).  An 11-
residue bicyclic BPTI-derived peptide with a Ki value of 33 µM, for example,
exhibited even in complex with trypsin in the crystallographic analysis only poor-
ly defined electron density and large spatial differences to the corresponding region
of the complete BPTI protein structure (46).  This contrasts with the high inhibito-
ry potency and structural rigidity of the BBI-derived core peptide of the same size.
In this study we demonstrate that the retention of biological activity results from
the retention of the three-dimensional structure of the complete proteins.
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Figure 3: Structures (P4 to P7’) superimposed over the
backbones of the P3 to P6’ residues. Only selected side
chains and potential hydrogen bonds are shown for clarity.

(a) Family of 30 lowest-energy simulated annealing
structures of the core peptide (O, C, N, and S atoms in
increasingly lighter shades of grey).

(b) Core peptide (black) and NMR structures no. 2, 3 and
4 (increasingly lighter shades of grey). 

(c) Core peptide (black) and crystal structures no. 5, 6, 7
and 8 (increasingly lighter shades of grey) in complex
with trypsin.

Table III
NMR restraints and statistics for the family of the 30 lowest-energy simulated annealing
structures of a set of 300 structures calculated for the core peptide.

Distance restraints a

intraresidue 56
sequential 21
i + 2 3

i + 3 1
i + 6 5
i + 8 3
Total 89

Stereospecific methylenes 9

Dihedral restraints b

φ 8
χ1 7
Total 15

3JHNHα restraints c 5

Hydrogen bond restraints 0

Violations (average  r.m.s.d.)
Distance (Å) 0.0033 ± 0.0012
Dihedral. (°) 0 ± 0
3JHNHα (Hz) 0.22 ± 0.11

Deviation from ideal geometry (average  r.m.s.d.)
Bond length (Å) 0.00187 ± 0.00003
Bond angles (°) 0.4914 ± 0.0026
Improper angles (°) 0.1014 ± 0.0025

Pairwise r.m.s. deviations (Å)
all residues over backbone atoms (N, Cα, C, O) 0.61 ± 0.19
all residues over heavy atoms 1.50 ± 0.30
residues 2-10 over backbone atoms (N, Cα, C, O) 0.43 ± 0.14
residues 2-10 over heavy atoms 1.49 ± 0.28

a Interproton distance restraint limits were set to ± 0.35 Å for the shortest distances and
relaxed up to 1 Å for longer distances and methyl groups. 

b φ-Dihedral restraints were set to – 120° with limits of ± 60°. χ1-Dihedral restraints limits
were set to ± 30°, and to ± 15o for P3' Pro that adopts the DOWN pyrrolidine ring pucker.

c 3JHNHα  Łrestraints Łwere Łonly Łimplemented Łduring Łfinal Łgradient Łminimisation.Ł



Structure of Core Peptide and Comparison with Protein Structures

For the structure calculations of the core peptide we found that additional direct
refinement against 3JHNHα coupling constants for values > 8 Hz during the final
conjugate gradient minimisation significantly improved the convergence of the
structures and also their consistency with all experimental restraints.  This confirms
the improvement of the accuracy reported for protein NMR structures (48).  The
statistics of the family of 30 lowest-energy simulated annealing structures are sum-
marised in Table III.  All  residues fall into the allowed areas of the Ramachandran
plot.  The final structures were checked for consistency with the experimental
restraints.  All the NOEs that could be expected from the interproton distances in
the final structures were present in the spectra within the detection limit.

The family of 30 lowest-energy structures is shown in Figure 3a.  The core peptide
adopts a well-defined β-hairpin structure with a slight right-handed twist and a type
VIb β turn centred around the cis peptide bond at the P3’ Pro.  The terminal
residues are the least well-ordered region of the molecule, which is consistent with
their secondary chemical shifts.  In the family of structures both chiralities of the
disulfide bridge are populated.  This is possibly a consequence of spectral overlap
between the Hβ resonances of the two Cys residues, which limited the unambigu-
ous identification of NOE contacts between these two residues to a single, but par-
ticularly strong Hα - Hα NOE.  This short Hα - Hα distance and the observed χ1

rotamers of −60º in both Cys residues are consistent with the short right-handed
hook conformation (49, 50) observed in the BBI protein crystal structures.
Moreover, the population of this native-like disulfide bridge conformation increas-
es sharply in families of structures calculated using tighter limits on the NMR-
derived restraints.  One strand of the hairpin has a bulge which hyperexposes the
P1 Lys.  This is an important characteristic of the canonical conformation of small
serine proteinase inhibitor proteins (1), which the core peptide adopts between the
P3 and P2’ residues.  The P3’ cis-Pro causes, as in all BBI protein structures, a
deviation from the canonical conformation at that position.  Differences at that
position from other families of canonical inhibitors are also evident in the second-
ary chemical shifts shown in Figure 2.

The covalently closed backbone of the core peptide shows only small root-mean-
square deviations (r.m.s.d.) ranging between 0.4 Å to 0.6 Å with the structures of
complete SFTI-1 and BBI proteins as well as larger protein fragments (Table IV).
Figure 3b and 3c show that the retention of the native structure extends to impor-
tant side chains, two of which are involved in a cross-strand hydrogen bond net-
work.  At the central position is the side-chain hydroxyl of P2 Thr.  This is the
hydrogen bond acceptor with the most favourable geometry for the HN of P5’ Gln,
which was identified as a donor on the basis of its temperature coefficient of –1.7
ppb/K.  Another hydrogen bond of optimal geometry (51) is possible between the
side chains of P2 Thr and P1’ Ser.  This bifurcated hydrogen bond at the P2 Thr side
chain is present in all available BBI and SFTI-1 protein crystal structures.  In addi-
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Table IV
Pairwise r.m.s.d. values in Å over the backbone of the disulfide-linked reactive site loop
(P3 to P6’). The numbering of the structures is as in Table I.

NMR structures Crystal structures
No. 1 2 3 4 5 6 7 8

PDB code 1gm2 1jbn 1jbl 1bbi 1sfi 1smf 1sbw 1d6r
1 1gm2 - 0.58 0.41 0.60 0.44 0.48 0.42 0.59
2 1jbn 0.58 - 0.34 0.80 0.45 0.45 0.44 0.49
3 1jbl 0.41 0.34 - 0.67 0.34 0.37 0.33 0.41
4 1bbi 0.60 0.80 0.67 - 0.73 0.78 0.75 0.86
5 1sfi 0.44 0.45 0.34 0.73 - 0.22 0.15 0.28
6 1sfm 0.48 0.45 0.37 0.78 0.22 - 0.19 0.28
7 1sbw 0.42 0.44 0.33 0.75 0.15 0.19 - 0.30
8 1d6r 0.59 0.49 0.41 0.86 0.28 0.28 0.30 -



tion, two native, regular β-sheet type hydrogen bonds are geometrically possible on
either side of the disulfide bridge.  However, the intermediate temperature coeffi-
cients of about –5 ppb/K of the potential donors, HN of P2 Thr and P7’ Tyr, may
indicate that these hydrogen bonds are of a more transient nature than they are in
the complete proteins.  This would be consistent with the increased flexibility at the
termini resulting from the separation of the rest of the protein.  The same effect of
weakened hydrogen bonds in the terminal region ascribed to changed dynamics but
without major structural rearrangements has been observed in SFTI-1 upon the
opening of the smaller loop.  This modification, the creation of free exocyclic ter-
mini, is analogous to the truncation of the core peptide, and results in almost the
same increase of the Ki value by two orders of magnitude.  This suggests a link
between the internal dynamics of the inhibitor and its biological activity.

Sequence-Inherent Stability of the Core Peptide

The core peptide is currently the smallest member in the series of structures solved
for antitryptic BBI fragments (Table I).  Although its size is minimal, it equally
retains the three-dimensional structure observed for the covalently closed reactive
site loop in complete native proteins (Table IV and Figure 3).  The core peptide is,
therefore, an independent structural β-hairpin motif and presents itself as a context-
free minimal model system for the detailed analysis of the nature of this sequence-
inherent stability.  Upon the reduction of the disulfide bridge, no significant inhi-
bition was detected (11), highlighting a critical role as a conformational restraint.
The disulfide bridge adopts a conformation which is typically found to bridge
antiparallel β strands (50), suggesting that strand alignment is its primary function.
This is confirmed by the finding that this disulfide bridge is dispensable in the con-
text of the complete BBI protein (52), presumably because the β-strands are suffi-
ciently aligned by the extended β-sheet structure.  The aligning function of the
disulfide bridge appears to be supported by regular main-chain cross-strand hydro-
gen bonds.  Additional irregular hydrogen bonds, which are shown in Figure 3 and
were discussed above, appear to be instrumental in shaping and stabilising the cen-
tral segment of the canonical conformation (53).  The role of the two Pro residues
in the core peptide has been analysed by sequential Ala substitutions (31).  A P3’
Pro in the cis conformation was found to be essential for the retention of a native-
like biologically active three-dimensional structure.  Substitution of the P4’ Pro
resulted in increased cis-trans isomerisation at the preceding P3’ Pro.  Thus the
restraining effect of the P3’-P4’ Pro-Pro motif is instrumental in stabilising the
native cis conformation at the P3’ position.

Role of Exocyclic Extensions

The sequence-inherent stability of the covalently closed reactive site loop raises
questions about the role of the exocyclic extensions in the parent proteins.  The core
peptide described in the present study has a single amino acid extension at both N-
and C-termini.  Only two BBI-derived loops without any extension have been struc-
turally investigated.  These were targeted at chymotrypsin, though only one of these
showed any inhibition, which was of a moderate level (55).  The NMR analyses in
DMSO revealed conformational heterogeneity and were hampered by a lack of
non-sequential NOEs and defined side-chain conformations.  However, NMR
parameters such as chemical shifts, 3JHNHα coupling constants, and temperature
coefficients of the moderately active peptide bear a significant element of resem-
blance to those of the core peptide.  This indicates that two exocylic residues in a
paired arrangement, as in the core peptide, provide substantial additional structural
stabilisation.  This stabilisation may result from electrostatic interactions between
the termini and/or from a favourable extension of the β-sheet structure.  Both effects
have been shown to contribute to the stability of linear peptides that highly popu-
lated β-hairpin conformations (56-58).  Additionally, in the complete proteins these
extensions may serve other purposes.  One obvious role is to provide the scope for
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additional interactions with the enzyme, which may be aimed not only at tight bind-
ing but also at specificity.  The P4 position of the core peptide, for example, was
found useful in generating potent inhibitors of different specificities (59, 60).
Larger extensions may also be required to achieve the inhibition mechanism usual-
ly associated with the canonical inhibitor proteins, the so-called standard mecha-
nism (1, 2).  The standard mechanism describes a dynamic equilibrium in which the
scissile bond of the inhibitor is both cleaved and re-synthesised by the cognate pro-
teinase.  The NMR parameters of the core peptide show significant changes upon
cleavage of the scissile peptide bond (31).  Although intermediate 3JHNHα coupling
constants indicate substantially increased flexibility, the HN resonances are still
well-dispersed, and the secondary chemical shift pattern of the cleaved core peptide
is still dominated by positive deviations.  This suggests that the cleaved core pep-
tide retains structural elements of extended or β-type conformations.  Further exten-
sions, possibly as small as the non-binding second SFTI-1 loop, may restrain the
dynamics sufficiently to promote adherence to the standard mechanism.

Conclusions

The structure of the core peptide confirms our proposal that the reactive site loop
sequence of BBI and SFTI-1 proteins is an independent structural β-hairpin motif.
The retention of the canonical conformation of serine proteinase inhibitor proteins
is identified as the basis of the potent biological activity.  The core peptide, there-
fore, presents itself as a mini-protein and thus as a minimal, structurally defined
“molecular scaffold” (for a review of other molecular scaffolds see 61) for the engi-
neering of biological activity.  For example, the minimal size of this scaffold was
recently demonstrated to be essential for the successful inhibition of human mast
cell tryptase, a tetrameric serine proteinase that is not inhibited by the complete
BBI protein or macromolecular endogenous inhibitors (62).  The core peptide’s
high level of integrity as a β hairpin also makes it a suitable model system for struc-
tural studies (63).

Co-ordinates

The molecular co-ordinates have been deposited with the RCSB Protein Data Bank
(code 1gm2).
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