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We have determined the NMR structure in aqueous solution of a
disulphide-cyclised 11-residue peptide that forms a stable b-hairpin,
incorporating a type VIb b-turn. The structure is found to be extremely
well ordered for a short peptide, with the 30 lowest energy simulated
annealing structures having an average pairwise r.m.s. deviation of only
0.36 AÊ over the backbone. All but three side-chains adopt distinct confor-
mations, allowing a detailed analysis of their involvement in cross-strand
interactions. The peptide sequence analysed originates from a previously
reported study, which identi®ed potent inhibitors of human leukocyte
elastase from screening a combinatorial peptide library based on the
short protein b-sheet segment that forms the reactive site loop of
Bowman-Birk inhibitors. A detailed comparison of the peptide's solution
structure with the corresponding region in the whole protein structure
reveals a very good correspondence not only for the backbone (r.m.s.
deviation �0.7 AÊ ) but also for the side-chains. This isolated b-hairpin
retains the biologically active ``canonical conformation'' typical of small
serine proteinase inhibitor proteins, which explains why it retains inhibi-
tory activity. Since the structural integrity is sequence-inherent and does
not depend upon the presence of the remaining protein, this b-hairpin
represents an independent structural motif and so provides a useful
model of this type of protein architecture and its relation to biological
function. The relationship between the conformation of this b-hairpin and
its biological activity is discussed.
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Introduction

b-Hairpins often play important functional roles
within proteins. They can act to reduce the confor-
mational space during folding, and frequently pro-
vide the key element in protein-DNA, protein-
RNA or protein-protein recognition, often
mediated via direct edge-on b-sheet contacts (Smith
& Johnson, 1988). The study of protein secondary
structure in peptide models has largely been domi-
nated by the investigation of helix formation due
to the availability of monomeric, independently
folding helical peptides (Kim & Baldwin, 1990;
Dyson & Wright, 1991; Scholtz & Baldwin, 1992;
Baldwin, 1995; Sieber & Moe, 1996). In contrast,
short peptide models of b-sheets and b-hairpins
have not been particularly forthcoming until
recently (Gibbs et al., 1998) because they tend to
# 2001 Academic Press



800 BBI Loop Structure
aggregate or do not adopt well-de®ned confor-
mations (Sieber & Moe, 1996). However, NMR-
derived structures have been calculated for some
linear peptides that adopt b-hairpin conformations
in solution (Blanco et al., 1993; Ramirez-Alvarado
et al., 1996; Das et al., 1998; Sharman & Searle,
1998), which in one case has even been shown to
mimic an antiparallel protein b-strand with an
r.m.s. deviation of 1.0 AÊ over the backbone
(Maynard et al., 1998). Because analysis is generally
complicated by the susceptibility of NMR-derived
distance and dihedral restraints to averaging by
conformational changes that are rapid on the NMR
time-scale, cyclisation has often been used to
restrain b-hairpin conformations further (Syud
et al., 1999). Well-de®ned b-turn segments have
been described in some disulphide-cyclised, all-
L-amino acid peptides (McInnes et al., 1993;
Campbell et al., 1995, 1996; Sieber & Moe, 1996).
A synthetic cyclic b-hairpin, designed by trans-
planting an eight-residue L3 loop from antibody
HC19 onto the type II0 b-turn promoting D-Pro-
L-Pro template, is exceptional in that its NMR
solution structure in DMSO closely mimics the
backbone conformation and even a T-stacked
arrangement of two Trp indole rings of the native
protein template (Favre et al., 1999).

Here we report the NMR structure of a cyclic 11-
residue, all-L amino acid b-hairpin peptide that
retains in aqueous solution both biological activity
and structure of a native protein. The peptide
design, originally based on the short disulphide-
bridged b-sheet segment that forms the reactive
site loop of Bowman-Birk inhibitors (BBI), was
optimized in an earlier study for inhibition of the
serine proteinase human leukocyte elastase (HLE)
using a combinatorial approach (McBride et al.,
1999). The optimized peptide inhibits HLE with a
Ki value of 65 nM and also exhibited the highest
degree of resistance against hydrolytic turnover by
the enzyme. HLE plays an important role in the tis-
sue destruction associated with pulmonary emphy-
sema, rheumatoid arthritis, cystic ®brosis, adult
respiratory distress syndrome and chronic bronchi-
tis (Geokas et al., 1968; Edwards & Bernstein,
1994). For this reason there is considerable interest
in construction of HLE inhibitors. BBI proteins are
a kinetically and structurally well-characterized
family of small proteins (60-90 residues) isolated
from leguminous seeds. They have a symmetrical
structure of two tricyclic domains each containing
an independent binding loop. Loop I typically inhi-
bits trypsin and loop I0 chymotrypsin (Chen et al.,
1992; Werner & Wemmer, 1992; Lin et al., 1993;
Voss et al., 1996). These binding regions each con-
tain a ``canonical loop'' structure, which is a motif
found in a variety of serine proteinase inhibitors
(Bode & Huber, 1992). Synthetic peptide mimics of
BBI proteins have recently been reviewed (McBride
& Leatherbarrow, 2001).
NMR Analysis and Structure Calculation

The NMR analysis of the undecameric peptide
NleCTASIPPQCY (cyclised via a disulphide bridge;
synthesized as described; McBride et al., 1999) was
performed in aqueous solution (90 % H2O/10 %
2H2O and 100 % 2H2O, with TSP as internal
reference) at 298 K to re¯ect the conditions of the
biological activity assay, except for a lowered pH*
of 3.8. Coupling constants, chemical shifts and line
widths do not change signi®cantly in NMR spectra
over a concentration range of 0.09 mM to 2.3 mM.
This, in combination with narrow resonance lines
throughout the spectrum, suggests that the peptide
does not aggregate at NMR concentrations. Wide
dispersion of amide and alpha proton chemical
shifts, large 3JHNHa coupling constants (all but three
are in the range from 8.7 Hz to 9.7 Hz), diagnostic
3JHaHb coupling constants (<4 Hz, >10 Hz for all
but for four residues) small amide temperature
coef®cients (up to ÿ0.9 ppb/K; Dyson et al., 1988),
slowed 2H-1H amide exchange rates (half-life times
in excess of 20 minutes), almost complete stereo-
speci®c assignment, de®ned side-chain confor-
mations and long-range NOE contacts (Table 1) all
indicate that this peptide has a high degree of con-
formational rigidity in solution. The conformation-
al rigidity and structural integrity of cyclic BBI-
derived peptides is sequence-dependent. This is
highlighted by the contrasting lack of non-sequen-
tial NOE contacts, stereospeci®c assignments and
de®ned side-chain conformations (as a conse-
quence of intermediate 3JHaHb coupling constants)
observed in the solution phase NMR analysis of
two shorter, nine-residue BBI-derived peptides,
which populate pairs of slowly exchanging confor-
mers in DMSO (Pavone et al., 1994).

For the peptide of this study, DQF-COSY
(Derome & Williamson, 1990), TOCSY (mixing
time 80 ms; Bax & Davis, 1985), NOESY (Jeener
et al., 1979) and ROESY (Griesinger & Ernst, 1987)
experiments were recorded on a Bruker AMX 600
spectrometer, and processed and analysed using X-
WinNMR and Aurelia software packages. Follow-
ing sequential assignment (WuÈ thrich, 1986), dia-
stereotopic proton assignment and w1

conformations (Wagner et al., 1987), 3JHNHa coup-
ling constants (Pardi et al., 1984), 3JHaHb coupling
constants (DeMarco et al., 1978) and proline ring
pucker (Cai et al., 1995) were analysed as
described. All coupling constants were derived
from one-dimensional spectra. NOE build-up
curves for this type of cyclic undecameric BBI-
derived peptide showed mixing times of 300 ms to
be within the linear approximation. Interproton
distances were derived from cross-peak volumes
calibrated against the geminal interproton distance
of 1.78 AÊ (Kessler & Seip, 1994), using the well-
resolved proline b-proton resonances.

Peptide structures were calculated with the pro-
gram X-PLOR (version 3.851; BruÈ nger, 1993)
employing a modi®ed version of a standard simu-
lated annealing and molecular dynamics protocol



Table 1. NMR restraints and statistics for families of 30
lowest energy simulated annealing structures calculated
for the 11 residue peptide

Distance restraintsa

Intraresidue 57
Sequential 19
i � 2 2
i � 3 1
i � 6 5
i � 8 1
Total 85

Stereospecific methylene groups 10
Dihedral restraintsb

f 8
w1 6
Total 14

3JHNHa restraintsc 5
Hydrogen bond restraints 0
Violations

Distance average r.m.s.d. (AÊ ) 0.0018 � 0.0018
Dihedral average r.m.s.d. (deg.) 0.0074 � 0.0086
3JHNHa average r.m.s.d. (Hz) 0.125 � 0.095

Deviation from ideal geometry
Bond length (AÊ ) 0.00064 � 0.00006
Bond angles (deg.) 0.452 � 0.001
Improper angles (deg.) 0.095 � 0.002

Pairwise r.m.s. deviations (AÊ )
All residues over backbone atoms 0.61 � 0.19
All residues over heavy atoms 1.94 � 0.51
Residues 2-10 (P3-P60) over backbone

atoms
0.36 � 0.12

Residues 2-10 (P3-P60) over heavy
atoms

1.98 � 0.52

a Interproton distance restraint limits were set to �0.35 AÊ for
the shortest distances and relaxed up to 1 AÊ for longer dis-
tances and methyl groups.

b f-Dihedral restraints were set to ÿ120 � with limits of
�60 �. w1-Dihedral restraints limits were set to �30 �, and to
�15 � for P30 Pro that adopts the DOWN pyrrolidine ring
pucker.

c 3JHNHa restraints were only implemented during ®nal gradi-
ent minimization.

Figure 1. Deviation of the chemical shift d from ran-
dom coil values (Wishart et al., 1991) for the backbone
amide (&) and alpha (&) protons of the BBI reactive
site loop I in aqueous solution. The N-terminal peptide
residue was omitted, because no random coil chemical
shift information is available for norleucine. Values for
the soybean BBI protein are taken from Werner &
Wemmer (1991). (a) NleCTASIPPQCY peptide (cyclized
via the cysteine residues) in 90 % H2O/10 % 2H2O, pH*
3.8, 298 K. (b) BBI protein (residues 14-23) in aqueous
solution with 18 % co-solvent acetonitrile, pH 5.7, 308 K.
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(Hofmann et al., 1989). The most important modi®-
cation was the addition of direct re®nement against
3JHNHa coupling constants for values >8.5 Hz
during the ®nal conjugate gradient minimization.
This improved signi®cantly the convergence of the
structures and also their consistency with all exper-
imental restraints, con®rming the reported
improvement of the accuracy of protein NMR
structures by direct incorporation of 3JHNHa coup-
ling constant restraints (Garrett et al., 1994). In the
peptide structure calculations, direct re®nement
against 3JHNHa coupling constants was not used
during the simulated annealing phase in order to
avoid an early bias for one of two possible f
values. No hydrogen bond restraints were used
during the calculations. The statistics for a family
of 30 lowest-energy structures are summarized in
Table 1. The structures were visualized and ana-
lysed using INSIGHT II (Molecular Simulations
Inc.), Swiss PDB Viewer (Guex & Peitsch, 1997),
WebLab (Molecular Simulations Inc.), Procheck-
Aqua (Laskowski et al., 1993), and WHAT IF
(Vriend, 1990) programs. All residues fall in the
fully allowed areas of the Ramachandran plot,
with the exception of the P1 Ala, which is located
in a partially allowed region. The ®nal structures
were checked for consistency with the experimen-
tal restraints. All NOEs that could be expected
from the interproton distances in the ®nal struc-
tures were present in the spectra within the detec-
tion limit.

Comparison of Peptide and
Protein Structures

The comparison of the proton chemical shift
deviation from random coil values of the peptide
backbone with the corresponding region in the
native BBI protein shows a strikingly similar pat-
tern (Figure 1). The mainly strong down®eld devi-
ations are characteristic of extended b-strand
conformations (Wishart et al., 1991). The two
up®eld deviations of the amide protons of P10 Ser
and P50 Gln correlate with their identi®cation as
the two strongest hydrogen-bond donors in the
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peptide, consistent with their exhibiting the two
lowest values for both temperature coef®cients and
2H-1H exchange rates. A comparison of the diag-
nostic NOE contacts described for the protein
(Werner & Wemmer, 1991, 1992) with the corre-
sponding NOE contacts in the peptide shows
further close structural similarities. In particular,
this includes a type VIb b-turn (Richardson, 1981)
from P10 to P40 centred on a cis-Pro in P30 reversing
an antiparallel b-strand. In the peptide, seven
sequential and three medium range contacts de®ne
the type VIb b-turn, while six long-range contacts
characterize an antiparallel b-strand organization.

The superimposition of the family of 30 lowest-
energy peptide structures onto the corresponding
region of a BBI protein structure solved by X-ray
crystallography is shown in Figure 2(a). This indi-
cates that the peptide essentially retains the three-
dimensional arrangement observed in the complete
native protein, con®rming the similarities of the
NMR parameters of the peptide and protein. An
inspection of the interproton distances within the
covalent reactive site loop I in the available BBI
protein crystal structures con®rms that the tem-
plate peptide shows all expected interresidue NOE
contacts within the detection limit.

Table 2 lists the pairwise r.m.s. deviations over
the backbone of the nine-residue binding loops of
all BBI related structures for which coordinates are
available. The r.m.s. deviations between BBI pro-
tein binding loops I lie in the range 0.20-0.45 AÊ in
the various X-ray crystal structures. The r.m.s.
deviations of both the protein and peptide NMR
structures are very similar, ranging from 0.62 AÊ to
0.80 AÊ , which is about twice that found between
crystal structures. The backbones of all structures
listed in Table 2, including the peptide, adopt the
canonical conformation in the P3 to P20 positions
typical of small serine proteinase inhibitor proteins
(Bode & Huber, 1992). All the BBI structures devi-
Figure 2. (a) Superimposition of
the 30 lowest energy simulated
annealing structures calculated
from the NMR data (grey lines)
onto the X-ray structure of the reac-
tive site loop (yellow) from mung
bean BBI protein (Lin et al., 1993).
The positions of the P1 residue and
the cis-Pro at P30 are indicated, as
are the locations of the N and C
termini. The disordered side-chain
of the C-terminal residue Tyr11 is
omitted for clarity. (b) Averaged
minimized simulated annealing
structures for the peptide calcu-
lated without the use of hydrogen
bond restraints. The broken lines
indicate important potential hydro-
gen bonds identi®ed using the pro-
gram HBPLUS (McDonald &
Thornton, 1994). (c) Superimposi-
tion of the averaged minimized
simulated annealing structure of
the entire peptide backbone (grey)
onto the corresponding atoms of
the bicyclic sun¯ower trypsin
inhibitor 1 (green) (Luckett et al.,
1999). The r.m.s. deviation between
the two structures is 0.70 AÊ . Most
side-chains are omitted for clarity.



Table 2. Pairwise r.m.s. deviations (AÊ ) over the backbone for BBI nonameric reactive site loop I in protein and peptide structures

Sequencea Free BBI protein
BBI protein in trypsin

complex
BBI fragment in
trypsin complex

This
study

PDB code 1pi2 1pbi ab 1pbi bb 1c2a 1bbi mbic 1d6r 1tab 1smfd 1sfi 1hd9
Resolution 2.5 AÊ 2.7 AÊ 2.7 AÊ 1.9 AÊ NMR 2.5 AÊ 2.3 AÊ 2.3 AÊ 2.8 AÊ 1.65 AÊ NMR
Referencee 1 2 2 3 4 5 6 7 8 9
Residue P3 P2 P1 P10 P20 P30 P40 P50 P60

Free BBI protein
1pi2 C T R15 S M P P Q C - 0.38 0.38 0.38 0.86 0.37 0.36 0.37 0.34 0.38 0.73
1pbi ab C T K16 S N P P T C 0.38 - 0.06 0.51 0.84 0.42 0.41 0.45 0.35 0.36 0.67
1pbi bb C T K16 S N P P T C 0.38 0.06 - 0.51 0.85 0.41 0.40 0.45 0.34 0.35 0.69
1c2a C T R17 S I P P I C 0.38 0.51 0.51 - 0.68 0.28 0.35 0.40 0.35 0.34 0.68
1bbi C T K16 S N P P Q C 0.86 0.84 0.85 0.68 - 0.73 0.85 0.81 0.78 0.73 0.62
BBI protein in trypsin complex
mbic C T K20 S I P P Q C 0.37 0.42 0.41 0.28 0.73 - 0.27 0.38 0.23 0.20 0.66
1d6r C T K16 S N P P Q C 0.36 0.41 0.40 0.35 0.85 0.27 - 0.37 0.28 0.27 0.80
1tab C T K26 S M P P K C 0.37 0.45 0.45 0.40 0.81 0.38 0.37 - 0.38 0.37 0.80
BBI-related peptides in trypsin complex
1smfd C T K11 S I P P E C 0.34 0.35 0.34 0.35 0.78 0.23 0.28 0.38 - 0.21 0.66
1sfi C T K5 S I P P I C 0.38 0.36 0.35 0.34 0.73 0.20 0.27 0.37 0.21 - 0.70
Monocyclic peptide
This study C T A4 S I P P Q C 0.73 0.67 0.69 0.68 0.62 0.66 0.80 0.80 0.66 0.70 -

a Residue positions are labelled according to Schechter & Berger (1967). The P1 residue is indexed with the sequential residue number as used in coordinates.
b a and b are different crystallographic subunits of the same crystal structure.
c Coordinates of mung bean BBI in complex with porcine trypsin were kindly provided by Professor W. Bode (1).
d Synthetic 22-residue peptide representing the binding loop I fragment of BBI from mung bean; only residues of the nonameric reactive site loop are resolved in the crystal structure.
e References: 1, Chen et al. (1992); 2, de la Sierra et al. (1999); 3, Song et al. (1999); 4, Werner & Wemmer (1992); 5, Lin et al. (1993); 6, Koepke et al. (2000); 7, Tsunogae et al. (1986); 8, Li et al.

(1994); 9. Luckett et al. (1999).
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ate from the usual canonical structure in the P30
position, due to the cis-Pro that is a distinctive fea-
ture of this family of inhibitors. A hyper-exposed
P1 residue is a characteristic and important func-
tional feature of the canonical conformation
(Apostoluk & Otlewski, 1998). The retention of the
backbone conformation of the BBI protein reactive
site loop in this isolated peptide indicates that this
b-hairpin is an independent structural motif that
does not require stabilization from the remaining
part of the protein.

The stability and consequently the biological
activity is supported by an extensive intramolecu-
lar hydrogen-bond network. This shapes the three-
dimensional conformation of the b-hairpin, which
is already constrained by the cis-Pro-trans-Pro
motif in the P30-P40 positions, and a disulphide
bridge covalently linking the P3 and P60 positions.
Figure 2(b) shows the averaged minimized peptide
structure in which potential hydrogen bonds that
were identi®ed using the program HBPLUS are
indicated (McDonald & Thornton, 1994). These ®ve
potential hydrogen bonds are consistent with the
experimentally determined hydrogen bond donors
and have a favourable geometry, with an average
donor-acceptor distance of 3.1(�0.6) AÊ and an
average angle of 141(�4) � formed by the donor-
hydrogen-acceptor atoms. The main-chain to main-
chain hydrogen bond between P2 and P10 appears
to be instrumental in projecting the P1 side-chain
outwards for the primary interaction with the
enzyme. This hydrogen bond has been described
in a complexed (Lin et al., 1993), as well as in a free
BBI protein crystal structure (Voss et al., 1996). In
the peptide structure, as in all BBI protein crystal
structures, the side-chain hydroxyl group of the P2
Thr is the centre of a bifurcated hydrogen bond.
One branch of this hydrogen bond forms a cross-
strand contact with the backbone amide group of
the P5 residue, while the other branch interacts
with the side-chain hydroxyl group of the P10 Ser.
For the inhibition of chymotrypsin, we have
demonstrated earlier a dual requirement of the P2
Thr side-chain to participate in an intramolecular
hydrogen bond network and to provide a hydro-
phobic contact with the catalytic His57 (McBride
et al., 1998).

The hydrogen bonded side-chain of the P2 Thr
and P10 Ser are well de®ned in the peptide struc-
ture, as are the w1 dihedral angles of P20 Ile, P30 Pro
and the two Cys residues in P3 and P60, all of
which adopt the conformations found in the crystal
structures. The chirality of the disulphide bridge is
not de®ned in the family of peptide structures.
This is possibly as a consequence of spectral over-
lap between the Hb resonances of the two Cys
residues, which limited the unambiguous identi®-
cation of NOE contacts between these two residues
to a single, but particularly strong, Ha-Ha NOE.
However, this short Ha-Ha distance and the
observed w1 rotamers of ÿ60o in both Cys residues
are consistent with the short right-handed hook
conformation (Richardson, 1981; Srinivasan et al.,
1990) observed in the protein crystal structures.

The P50 Gln side-chain is disordered in our NMR
structure and points outward into the solution. In
the free BBI protein structures this residue adopts a
similar orientation, although it appears ordered in
the crystal (Chen et al., 1992). The two exocyclic
terminal residues also show a high degree of dis-
order in our structure. Lack of order for residues
outside the internal disulphide-linked loop is also
found in the crystal structure of two different com-
plexed BBI-derived fragments, where only the nine
residues of the disulphide-linked reactive site loop
were resolved (Li et al., 1994; Zhu et al., 1999).
However, nonameric BBI-derived peptides show
signi®cantly reduced overall structural rigidity as
well as lower biological activity (Pavone et al.,
1994; Gariani & Leatherbarrow, 1997). The side-
chain of the peptide's N-terminal, exocyclic Nle is
broadly pointed towards an interaction with
enzyme surface, consistent with its favourable con-
tribution to binding (McBride et al., 1999).

The exceptional inherent structural integrity of
this peptide sequence is con®rmed by the recent
kinetic and crystallographic characterization of the
smallest naturally occurring plant protein inhibitor
found to date (Luckett et al., 1999). This bicyclic 14-
residue trypsin inhibitor from sun¯ower seeds
(SFTI-1) cyclo(RCTKSIPPICFPDG) remarkably
incorporates the complete 11-residue peptide
sequence described above with only minor vari-
ations. In the crystal structure of this peptide in
complex with trypsin the complete inhibitor is
resolved in the electron density map. The reactive
site loop's backbone and side-chains adopt strik-
ingly similar conformations to the monocyclic 11-
residue peptide presented here (Figure 2(c)). This
suggests that the unusual head-to-tail cyclisation
that is found in the sun¯ower inhibitor is not
essential to maintain a functional structure. The
restraining effect of the additional seven-residue
disulphide-linked loop may, however, be respon-
sible for the observed improved inhibitory potency,
which is as good or better than the full-length BBI
protein.

Conclusions

The BBI protein-derived synthetic cyclic 11-
residue peptide described here is exceptional in
that it can retain both conformation and biological
activity of the native protein. The structure that it
adopts includes the canonical serine proteinase
inhibitor motif that is found in a range of inhibitor
proteins. The conformation is restrained and stabil-
ized by several features including covalent cyclisa-
tion, a cis-Pro as part of a type VIb b-turn and an
intramolecular hydrogen bond network. Together,
these allow small peptide sequences independently
to form a biologically active canonical loop, to the
extent that naturally occurring small peptide
inhibitor sequences can be found (SFTI-1). This
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suggests that this disulphide-linked b-hairpin pep-
tide represents an independent structural motif. It
is interesting to note that this motif encompasses in
a short peptide many characteristics that are com-
monly associated with proteins. These include
well-de®ned secondary structure elements (b-
strand, b-turn), three types of hydrogen bonds
(backbone to backbone, side-chain to backbone
and side-chain to side-chain), cis- and trans-proline
and disulphide bonds (whose establishment are
crucial rate-limiting steps in protein folding) as
well as biological activity. The systematic investi-
gation of these protein-related aspects with regards
to conformational stability and structure-function
relationships is facilitated by the small size, the
solubility, the synthetic accessibility and the con-
venient biological testing of this isolated b-hairpin
motif.

Coordinates

The molecular coordinates have been deposited
with the RCSB Protein Data Bank (procession code
EBI-4390).
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Supplementary Material is available at IDEAL and
consists of the assignment table of the peptide
(including coupling constants, amide temperature
coef®cients and 2H-1H exchange rates), a compari-
son of diagnostic NOE contacts observed in the
peptide and the native protein, a description of
the simulated annealing and molecular dynamics
protocol, Karplus and Ramachandran diagrams of
the family of 30 lowest-energy structures, and the
geometric details of the potential hydrogen bonds
in the peptide structure.
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