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Abstract

The isolated reactive site b-hairpin loop of Bowman–Birk-type proteinase inhibitors has become a widely studied proteinomi-

metic because it retains the three-dimensional structure and much of the inhibitory potency of the corresponding region of the

complete protein. Here we analyse the role of the P10 Ser residue which is highly conserved and intramolecularly hydrogen bonded in

the complete proteins. A combined kinetic and structural analysis of variant proteinomimetic peptides demonstrates that the hy-

drogen-bond potential of the side-chain oxygen atom of the P10 Ser is not essential for the integrity of the reactive site loop and that

it provides only a small contribution to the trypsin affinity and no apparent contribution to the stability against tryptic turnover. We

conclude that the potential of the P10 side chain to engineer improved inhibition and selectivity for serine proteinases is best explored

further in concert with the side chains of the P2 and P50 residues which may interact or compete for the same space.

� 2003 Elsevier Inc. All rights reserved.
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The reactive site loop sequence of Bowman–Birk

proteinase inhibitors (BBIs [1]; also present in sunflower

trypsin inhibitor 1, SFTI-1 [2]) has recently been iden-

tified as an independent structural b-hairpin motif [3].
This motif is a minimal peptide scaffold that incorpo-

rates the ‘canonical’ backbone conformation typically

found in small serine protease inhibitor proteins [4]. This

motif has attracted much interest as a proteinomimetic

peptide (reviewed in [5]) because it can retain the pro-

tein-like structure and potent biological activity. In or-

der to understand the sequence-inherent stability of this

system and thereby to explore its potential for engi-
neering biological activity, detailed structure–activity

studies have been performed on several residues within

its covalently closed nine-residue reactive site loop. The

P1 residue (Schechter and Berger nomenclature [6]) has

been shown to be the prime determinant of proteinase

specificity [7]. The P2 Thr and the P20 Ile are particularly

suitable residues to achieve high levels of both affinity
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and resistance against proteolytic breakdown [8–10].

The strictly conserved P30 Pro is essential for the native-

like cis peptide bond at that position, whereas the P40

Pro has a role supportive of the preceding P30 cis-Pro
[11,12]. Covalent cyclisation of the nine-residue loop is

essential for potent inhibition [7], but the native disulfide

bridge that tethers the P3 and P60 positions can be re-

placed by an alternative linkage [12].

Here we focus on the conserved P10 Ser residue and

present the first structure–activity study that combines

detailed kinetic and NMR analyses. A classic review of

protein inhibitors of proteinases emphasised the unusual
“stubborn conservation of P10 Ser in all known Bow-

man–Birk inhibitors” [13]. This finding, with only single

exceptions, has been confirmed by a more recent review

[14]. X-ray crystal structures of BBI proteins [15–20] and

SFTI-1 [2] consistently indicate that the P10 Ser side

chain participates in an intramolecular hydrogen-bond

network within the reactive site loop. We therefore

chose to analyse in detail the functional and structural
effects of selectively disabling the potential for side-chain

hydrogen bonding by a P10 Ser!Ala substitution in the

anti-tryptic loop. As this substitution was found to affect
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in particular the NOE pattern of the P50 Gln side chain,
the analysis was extended to the corresponding P50

Gln!Ala variant in order to test for an intramolecular

communication.
Materials and methods

The employed materials and methods have been described in detail

for the previous analysis of the strictly conserved P30 Pro residue in the

same model system [11]. In short, the peptides were synthesised by

using the Fmoc strategy with HBTU/HOBt activation and disulfide-

cyclised in solution by oxidisation with dimethyl sulfoxide. The

chemical homogeneity and the identity of the peptides were confirmed

by analytical reversed-phase HPLC and fast atom bombardment mass

spectrometry, respectively. For enzyme assays, the concentration of

bovine pancreatic trypsin was determined by active site titration with

p-nitrophenyl p0-guanidino benzoate. Trypsin inhibition was moni-

tored by competitive binding studies with the chromogenic substrate

benzoyl-LL-arginine p-nitroanilide [21] in 50mM Tris–HCl buffer con-

taining 50mM NaCl, 10mM CaCl2 at pH 8.0 and 298K. Substrate

concentration was determined by the final absorbance at 410 nm.

Peptide concentrations were determined by measuring the absorbance

at 280 nm [22]. The non-linear regression software package GraFit

(Erithacus Software) was used to analyse the inhibition data assuming

the tight-binding inhibition equation:

v ¼ v0 � ½E0�
�

� ðKd	

�
þ ½E0� þ x � ½I0�Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd	 þ ½E0� þ x � ½I0�Þ2 � 4 � ½E0� � x � ½I0�

q ���
2 � ½E0�f g:

The rate of enzymatic substrate hydrolysis v is expressed as a

function of the uninhibited rate v0, the apparent equilibrium dissoci-

ation constant Kd	, total enzyme concentration [E0], and total inhibitor

concentration [I0]. A factor x for the inhibitor concentration was in-

troduced to determine the apparent binding stoichiometry. This is

interpreted as the inhibitory active fraction of peptide which decreases

with incubation time as a result of enzymatic turnover. The equilib-

rium dissociation constant Kd was calculated by correction for sub-

strate competition, with [S0] and KM being the total substrate

concentration and Michaelis constant, respectively:

Kd ¼ Kd	 �
1

1þ ½S0 �
KM

:

The 1H NMR analysis was performed in aqueous solution (90%

H2O/10%
2H2O and 100% 2H2O; with and without 50mM phosphate

buffer) at a pH* of 3.8 and temperatures between 275 and 305K by

using standard DQF-COSY, TOCSY (mixing time 80ms), NOESY

(mixing times of 100, 200, and 300ms), and ROESY (mixing time

200ms) experiments recorded on a Bruker AMX 600 spectrometer.

3-(Trimethylsilyl)-1-propanesulfonic acid was used as an internal

reference. All coupling constants were derived from one-dimensional
Table 1

Sequences and inhibition parameters of the disulfide-cyclised proteinomimet

Variant

peptide

Sequence

P4 P3 P2 P1 P10 P20 P30 P40

Template S C T K S I P P

P10 Ala S C T K A I P P

P50 Ala S C T K S I P P

The equilibrium dissociation constant with bovine pancreatic trypsin (Kd

exposure time, and its estimated half-life time of tryptic turnover (t1=2) were
spectra. Model building and refinement for all three peptides were

performed with the software package TINKER [23] using the AM-

BER force field. The program DISTGEOM was used to refine model

structures against the NMR-derived restraints with the distance

geometry and simulated annealing protocol that has been described

in detail in the original publication [23]. Interproton distance re-

straints were classified into three ranges: 1.86–2.50, 1.86–3.30, and

1.86–5.00�AA. /-Restraints were implemented in three ranges: )150� to
)90�, )75� to )55�, and )180� to )60� for residues with observed
3JHNHa coupling constants P 9.0Hz, for Pro residues, and for the

remaining residues, respectively. Experimentally determined preferred

v1 rotamers [24] were implemented with bounds of �30�. No

hydrogen-bond restraints were used in the structure calculations. All

residues of the final structures fall into the favoured or additionally

allowed regions of the Ramachandran plot as assessed with the

program PROCHECK [25].
Results and discussion

Substitution of the conserved P10 Ser

The effects of the P10 Ser!Ala substitution in the

isolated anti-tryptic BBI reactive site loop, here referred
to as the template peptide, on the biological activity are

summarised in Table 1 (see also Fig. 1. The equilibrium

dissociation constant with trypsin is increased fourfold,

the estimated inhibitory active fraction (x at zero time)

is increased, whereas the resistance against tryptic

turnover is not significantly different within experimen-

tal error. In the previous analyses of the roles of the

strictly conserved P30 Pro [11] and the highly conserved
P2 Thr [9], we have demonstrated that the kinetically

observed active fraction is correlated with the balance

between the protein-like conformer and alternative less

potent or even inactive conformers that arise from cis/

trans peptide bond isomerisation. While it is difficult to

relate exactly the proportions of different conformers

with the apparent binding stoichiometry (the pH and the

concentration conditions are necessarily different and
complex formation is unlikely to be instantaneous as

assumed by the model), the kinetically observed trend is

supported by the NMR spectra (Fig. 2). These show that

the population of the dominant conformer of the P10

Ala variant is increased at the expense of alternative

conformers compared with the template peptide. We

achieved complete assignment of the dominant P10 Ala

conformer and used a combination of distance geometry
ic peptides

Kd (nM) x at zero

time

t1=2 (min)

P50 P60 P70

Q C Y 35� 5 0.55� 0.04 7.2� 1.8

Q C Y 139� 47 0.78� 0.05 6.8� 0.8

A C Y 130� 66 0.52� 0.02 6.4� 0.4

), the extrapolated inhibitory active fraction of the peptide (x) at zero

derived from plots as exemplarily shown in Fig. 1.



Fig. 1. (A) A family of inhibition curves at different times after mixing

P10 Ala variant peptide and bovine pancreatic trypsin (the enzyme

concentration was 0.38lM; for clarity only a subset of the experi-

mental results is presented). The curves are best fits assuming tight-

binding behaviour. The dotted lines visualise the change of apparent

binding stoichiometry. (B) The inhibitory active fraction of P10 Ala

variant (x) as a function of time after mixing as derived from the in-

hibition curves in (A). The data are described by a single exponential

curve assuming an apparent first-order process. The inhibitory active

fraction of peptide in the absence of enzyme and its rate of tryptic

hydrolysis were estimated from the intercept at zero time and the

curvature, respectively.

Fig. 2. Amide region of the one-dimensional 600MHz 1H NMR

spectrum of the template (A), the P10 Ala variant (B), and the P50 Ala

variant (C) in aqueous solution at pH* 3.8 and 298K (an impurity in

the solvent has been cropped (�) for clarity). The HN resonances of

fully assigned conformers are labelled.
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and simulated annealing methods to calculate a family

of 20 lowest-energy structures which is consistent with

the combined NMR-derived restraints. These restraints
consisted of NOE-derived distances (17 sequential
(i; iþ 1), 3 medium range (i; iþ 2 to i; iþ 4), and 7

long range (i; iþ 6 to i; iþ 8)), and of dihedral angles

(10x, 10/, 4v1) that were derived from coupling con-

stants and/or NOE connectivities. Fig. 3 shows that the

P10 Ala variant retains the three-dimensional structure

of the corresponding region of the complete BBI protein

almost as well as the template peptide, an NMR-derived

solution structure of which we have previously described
in detail (RCSB protein database accession code 1gm2

[26]).

These findings demonstrate that the P10 Ser!Ala

substitution is well tolerated and that the conserved P10

Ser is therefore not essential for the integrity of the BBI

reactive site loop. This would not have been easy to

predict from the available protein information which

characterises the P10 Ser as highly conserved and hy-
drogen bonded. This finding contrasts with the signifi-

cant changes that are associated with substitutions of

the highly conserved and hydrogen-bonded P2 Thr res-

idue and of the strictly conserved P30 Pro residue. The

elimination of the side-chain hydrogen-bond potential

of the P2 residue induced significant structural rear-

rangements and accelerated enzymatic turnover [9],

whereas the substitution of the P30 Pro resulted in a
structural and functional breakdown [11]. It is particu-

larly surprising that the P10 Ser!Ala substitution en-

hances the population of the protein-like conformer.

The NMR parameters of the dominant P10 Ala con-

former show only subtle differences from those of the

template peptide. An increased backbone amide proton

temperature coefficient of the P10 position (+2.2 versus

)0.7 ppb/K) may indicate that the strength of the
backbone hydrogen bond of this residue is modulated

due to the loss of side-chain hydrogen bonding (Fig. 3).

This contrasts with the backbone amide proton tem-

perature coefficient of the P50 position, which remains

unchanged at )1.7 ppb/K. For this hydrogen-bond do-

nor the corresponding acceptor can therefore be con-

firmed as the P2 Thr side-chain hydroxyl as previously

suggested by geometric criteria [26] because the alter-
native P10 side-chain acceptor has been disabled (Fig. 3).

This substitution surprisingly affects the pattern of the

NOE connectivities of only one residue within experi-

mental error, namely that of P50 Gln. An additional

NOE is observed between the P50 Gln backbone HN

and the P10 Hb, which would be expected for a P10

Ser!Ala substitution in the absence of any associated

structural rearrangement. Four weak non-sequential
NOEs from the Hb of P50 Gln are not observed in the

spectra of the P10 Ala variant. This is reflected in an

increased level of disorder of this side chain in the

families of calculated structures (Fig. 3). In order to test

whether there is a communication between the P10 and

P50 side chains, the P50 Gln!Ala variant of the tem-

plate was synthesised and analysed.



Fig. 3. Superimposition of the families of 20 lowest-energy distance geometry/simulated annealing structures calculated from NMR data (O, C, N,

and S atoms are shown in increasingly lighter shades of grey) onto the X-ray crystal structure of the reactive site loop of mung bean BBI protein in

complex with trypsin (black sticks; residues 17–27 [17]). Only selected side chains and potential hydrogen bonds (dashed lines) are shown for clarity.

The cis peptide bond and the peptide termini are indicated. The pairwise r.m.s. deviations over the covalently closed backbone (P3 Cys to P60 Cys)

within the individual families of structures are 0.34 (�0.11)�AA for the template peptide (A), 0.39 (�0.10)�AA for the P10 Ala variant (B), and 0.53

(�0.15)�AA for the P50 Ala variant (C). The r.m.s. deviations from the corresponding stretch of backbone of the protein crystal structure are 0.50

(�0.11)�AA, 0.62 (�0.11)�AA, and 0.54 (�0.12)�AA, respectively.
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Comparison with the effects of the P50 Gln!Ala substi-

tution

The biological activities of the P10 Ala and P50 Ala

variant are indistinguishable within experimental error,

with the exception of the inhibitory active fraction of

the P50 Ala variant, which is more similar to that of the

template (Table 1) as confirmed by the NMR spectra

(Fig. 2). The resonances of the two most highly pop-
ulated conformers of the P50 Ala variant could be fully

assigned. Hai–Haiþ1 NOE connectivities, which are

diagnostic of cis peptide bonds [27], confirm that the

conformational heterogeneity arises from cis/trans

peptide bond isomerisation. While the dominant con-

former retains the protein-like cis peptide bond at P30

Pro, the cis peptide bond is shifted to the neighbouring

P40 Pro in the minor conformer. The protein-like
structure of the dominant conformer is confirmed by

the family of 20 lowest-energy distance geometry/sim-

ulated annealing structures (Fig. 3) compatible with

the NMR-derived distance restraints (20 sequential

(i; iþ 1), 2 medium range (i; iþ 2 to i; iþ 3), and 6

long range (i; iþ 6 to i; iþ 8)), and dihedral angle

restraints (10x, 10/, 4v1). Comparing the NMR pa-

rameters (chemical shifts, amide proton temperature
coefficients, and 3JHNHa coupling constants) of the P10

Ser in the template peptide and the P50 Ala peptide, as

well as the NMR parameters of the P50 Gln residue in

the template peptide and the P10 Ala peptide, we did

not find sufficient differences to confirm a fixating

direct interaction such as a hydrogen bond between

the side chains of the P10 Ser and P50 Gln residues in

solution.
Conclusions

The “stubbornly” conserved P10 Ser of BBI proteins

is not essential for the structural integrity of the reactive

site loop. The side-chain oxygen atom with its crys-

tallographically confirmed intramolecular hydrogen

bonding is structurally dispensable. Its loss, however,

marginally weakens the trypsin affinity and the same

reduced affinity is observed upon cropping the side chain
of the P50 residue to that of an Ala. These thermody-

namic findings are reproduced by the analogous variants

of an SFTI-1-derived proteinomimetic with a different

natural P5 residue (Ile) [12]. The NMR data do not in-

dicate a fixed interaction between the side chains of P10

Ser and P50 Gln in solution. Transient interactions,

however, remain a possibility, in particular because

these two side chains may approach each other within
hydrogen-bond distance as observed in some BBI crystal

structures [17,28,29] but not in others [16,20,30]. Less

than half of the P10 Ser side-chain surface is solvent

accessible. This compact arrangement is partly the result

of the BBI-typical main chain reversal by the cis peptide

bond (Fig. 3) at the centre of a type VIb b-turn which is

formed by the P10 to P40 residues. While a hydrogen

bond across this turn between the P10 Ser side chain and
the backbone carbonyl of the P30 residue is a possibility

(not shown), its certain absence in the P10 Ala variant is

of little structural impact. We conclude that the general

potential of P10 substitutions for optimising inhibition

and selectivity [31,32] in this system is best further ex-

plored in concert with the P50 and P2 residues, for ex-

ample, in a combinatorial format. The side chains of

these three residues are located on the same face of the
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b-hairpin and may interact or compete for the same
space (Fig. 3). A particular interaction is the hydrogen

bond between the side chains of P10 Ser and P2 Thr

because its length shortens from 3.2�AA in the unbound

inhibitor [30] to 3.0�AA [33] or even 2.9�AA [2] in complex

with trypsin while the distances of the other intramo-

lecular hydrogen bonds shown in Fig. 3A remain un-

changed. An analogous intramolecular hydrogen bond

in turkey ovomucoid third domain that contracts upon
complexation with chymotrypsin has been demonstrated

to translate into a gain of binding free energy [34]. The

loss of this energetic increment by a P10 Ser!Ala

substitution may contribute to the observed reduction in

trypsin affinity. Such interactions and potential steric

conflicts may help to explain why reported point mu-

tations of the P10 Ser in BBI proteins invariably weak-

ened the inhibitory potency [35,36]. An intramolecular
steric conflict was also identified as a reason for the

preference of small P10 residues in bovine pancreatic

trypsin inhibitor [37]. The additional spatial freedom, in

part provided by an extended backbone conformation,

may help to explain the presence of larger amino acids at

the P10 locus in most other canonical serine proteinase

inhibitor families [14].
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