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Abstract—A previously unexplained difference in the resistance to enzymatic hydrolysis of 11-mer Bowman–Birk-type inhibitors of
human leukocyte elastase that differ in P1 is found to correlate with the strength of a particular intramolecular hydrogen bond with-
in the inhibitor. This transannular hydrogen bond stabilizes the side chain of the conserved P2 Thr in a ‘canonical’ +60�-rotamer v1

conformation and thereby directs it for a close interaction with the enzyme’s catalytic His. As the implications of this NMR analysis
are neither limited to this macrocyclic scaffold derived from plant proteins nor to a particular serine protease, we present a unified
analysis with inhibitory bacterial depsipeptides of 7–12 residues in length that share key design features for which we propose com-
munal functional explanations.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Most proteins that inhibit serine proteases achieve this
by means of an exposed reactive site loop that com-
plexes the enzyme’s active site in a substrate-like man-
ner.2,3 As the backbone geometry of this binding
region is conserved in at least 18 non-homologous fam-
ilies of serine protease inhibitor proteins, it is referred to
as the ‘canonical’ conformation and thought to be an
outstanding example of convergent evolution.2,4,5 While
serine protease inhibitors based on macrocyclic peptides
are rare,6 they are very useful models for the design of
synthetic inhibitors. Therefore, a focus of research has
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been the design and utilisation of synthetic macrocyclic
peptides that are able to maintain the canonical confor-
mation without needing stabilization from a protein
scaffold. Such a minimal canonical inhibitor scaffold
has evolved from three decades of research and led to
the identification of the isolated reactive site loop of
Bowman–Birk-type inhibitor proteins (found in dicoty-
ledonous and monocotyledonous seeds)7–9 as an inde-
pendent structural b-hairpin motif10 that can retain
both the three-dimensional structure11 and much of
the biological activity of the corresponding region of
the complete protein.7,8,12 This minimal scaffold has pro-
ven to be a useful template for the forced evolution of
inhibitors by screening synthetic combinatorial peptide
libraries against serine proteases including human leu-
kocyte elastase (HLE).13–15 HLE has been associated
with several pathological conditions including pulmon-
ary emphysema, cystic fibrosis, adult respiratory distress
syndrome, rheumatoid arthritis and infectious dis-
eases.16 Furthermore, elevated levels of elastase activity
have been reported for several tumour diseases and can-
cer cell lines, and are thought to play an important role
in tumour invasion and metastasis.17
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Herein we present a detailed 1H NMR analysis to inves-
tigate the structural basis of previously noted differences
in hydrolysis rates by elastase with inhibitors having dif-
ferent P1 residues. These inhibitors were identified (or
used for comparison) during a forced evolution experi-
ment, in which a template-assisted combinatorial pep-
tide library was screened for inhibitors of human
leukocyte elastase.15 Based on the consensus sequence
as derived from the library screen, three P1 variants
were selected for chemical synthesis (Table 1) because
these represent between them the expectedly identified
P1 Ala variant, the unexpectedly identified P1 Thr vari-
ant and the unexpectedly not identified P1 Val variant.
Val is generally considered the preferred P1 residue for
HLE in peptide substrates18–20 and has, therefore, been
the most widely utilised residue at this locus for the de-
sign of HLE inhibitors.21
2. Results and discussion

2.1. P1 substitutions have subtle conformational effects on
the inhibitor scaffold

A comparison of the diagnostic regions of the 1H
NMR spectra (Fig. 1) of the three studied P1 variants
of the plant-derived minimal inhibitor scaffold (Table
1) indicates that the substitutions result in very subtle
structural changes only. The most prominent HN
chemical shift changes occur at the substituted P1 posi-
tion, and in the case of the P1 Val variant also at the
P5 0 Gln9. As a slightly reduced number of NOE re-
straints could be determined for the P1 Val variant,
the corresponding family of NMR-derived structures
is not equally well converged as those of the P1 Ala
and P1 Thr variants (rms deviation over the P3–P6 0

backbone is 0.66 ± 0.22, 0.36 ± 0.12 and 0.37 ± 0.15
for the respective families of structures; cf. Supplemen-
tary Material for details of resonance assignments and
structure calculations statistics). While this may indi-
cate a marginal difference in the relative rigidity, all
three variants adopt the same overall structure and
maintain the canonical conformation as shown in
Figure 2 and quantified in Table 2. The pairwise rms
deviation over the canonical backbone (P3–P2 0)
demonstrates the conformational similarities between
the peptide variants (<0.40 Å), with the corresponding
region of complete BBI proteins (60.45 Å; consistent
with the similarity of experimental NMR parameters
as shown in the Supplementary Material) and with
the binding conformations of either canonical serine
protease inhibitor proteins or bacterial macrocyclic
inhibitors in complex with elastase (<0.75 Å); there
are currently no structural reports of BBI proteins in
complex with elastase. These values are similar to the
deviation range that exists between the structures of
canonical proteins (0.19–0.72 Å, Table 2). The reten-
tion of the protein-like three-dimensional structure, in
particular of the canonical conformation of serine
protease inhibitor proteins around the reactive site,
explains the potent HLE inhibition of the peptides
because it provides a pre-arranged backbone structure
that is complementary to the enzyme’s active site.
It is characteristic of the canonical conformation to pres-
ent a hyper-exposed P1 residue for the primary interac-
tion with the protease,4,22 which may constitute up to
50% of all intermolecular contacts.23 In the setting of
the studied scaffold, the isosteric Thr and Val side chains
are found to be accommodated at the P1-position in dif-
ferent manners. The asymmetric side chain of P1 Thr
was found to populate preferably the +60� v1 rotamer
in which the methyl group points away from the P1
carbonyl. Avoidance of such a steric conflict may be the
driving force for this conformation. No defined v1confor-
mation was found for the symmetric Val side chain at P1,
which instead populates different conformations as is evi-
dent from its intermediate 3JHaHb coupling constant of
7 Hz. The minimal protease inhibitor scaffold of this
study has been demonstrated to be capable of supporting
hyper-exposed P1 residues as diverse as Ala, Thr, Val,
Lys11 and Phe24 with only subtle changes to the three-
dimensional structure of the scaffold. However, one effect
of the changes to the P1 residue is that the population of
the protein-like conformer is attenuated as the size or
hydrophobicity of P1 increases. This is evident from an in-
creased population of alternative conformers as exempli-
fied in Figure 1. In the present series, only an alternative
conformer of the P1 Val variant was sufficiently popu-
lated to allow complete resonance assignment. The back-
bone of this conformer appears to contain exclusively
trans peptide bonds and is therefore markedly different
from the geometry of the dominant conformer, which
has a cis-Pro at P3 0. This finding is consistent with the
observation of conformational heterogeneity arising
from Pro cis/trans isomerisation in all cases of other vari-
ants of this inhibitory scaffold in which complete assign-
ment of alternative conformers was achieved.24,25 For
those cases in which the alternative conformers were—
unlike in the variants of the present study—sufficiently
highly populated to monitor the action of the cognate
enzyme on the mixture of conformers directly by NMR,
a selective interaction with and subsequent hydrolysis
of the protein-like cis-P3 0-trans-P4 0 conformer was
observed.24,25

2.2. The canonical conformation determines the site of
hydrolysis

It is generally considered to be an inherent property of
the canonical conformation that the backbone geometry
of the reactive site region, but neither the reactive site’s
primary sequence nor the enzyme’s specificity, deter-
mines the location of the scissile peptide bond, that is,
the site of hydrolysis. The P1 Thr variant peptide is par-
ticularly suited to test this paradigm for the inhibitory
scaffold of this study for two reasons. First, Thr, unlike
Ala and Val, is usually not found at the P1-position of
HLE substrates or natural inhibitors. However, a P1
Thr was found from a screen of a combinatorial peptidic
library for HLE substrates;26 the engineered P1 Thr
mutants of OMTKY327 and BPTI23 are also potent
inhibitors of HLE. Second, the enzyme has to
distinguish between the two vicinal Thr residues of the
peptide sequence. The NMR analysis of the P1 Thr
variant peptide hydrolysed by HLE revealed that the
cleaved inhibitor populates approximately four different



Table 1. Sequences and biological activities of the P1 Ala, P1 Thr, and P1 Val variants selected for this study from a forced evolution experiment for inhibitors of human leukocyte elastase (HLE) based on

a plant-protein-derived scaffold,15 and of the structurally related natural macrocyclic inhibitors of bacterial origin for which three-dimensional structures are available (Fig. 2)

In these bacterial inhibitors, the P2 Thr side chain oxygen is part of a lactone, the presence of which classifies them as depsipeptides. Solid lines indicate covalent bonds; dashed lines indicate the hydrogen

bond between the P2 Thr side chain and P50 backbone amide.
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Figure 1. Parts of the 1H NMR spectra of the P1 Ala, P1 Thr and P1 Val variant peptides (from top to bottom) in 90% H2O/10% D2O with sequence-

labelled backbone HN resonances (a) and in 100% D2O with labelled downfield shifted Ha resonances (b) at 298 K and pH* 3.8. The displayed non-

P1 resonances follow the same order in all the spectra and are labelled only in the top spectrum. A large relative shift of HN P5 0 Gln (Q9) towards the

random coil value82 in the P1 Val variant is indicated by a crossbar. Additional sets of resonances in the spectra indicate the presence of alternative

conformations, the small but significant populations of which follow the order P1 Ala < P1 Thr < P1 Val; the resonances of a second conformer of

the P1 Val variant are labelled in italics in the bottom spectrum.
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conformations, of which only the resonances of the
dominant conformer could be fully assigned. No P1 0

Ser5 amide proton resonance could be identified for the
assigned dominant conformer, nor were any diagnostic
Ser HN/Hb cross-peaks detected in the spectra (cf. Sup-
plementary Material), even though these should easily
be distinguished from the resonances of all other amino
acids present due to the characteristic Ser Hb chemical
shifts. This finding indicates that the action of HLE has
converted the P1 0 Ser5 amide of the intact inhibitor into
a rapidly exchanging additional N-terminus in the cleaved
inhibitor. We conclude that the canonical structure of the
peptide scaffold successfully enforces the Thr4–Ser5

peptide bond as the site of hydrolysis and thus makes
Thr4 the P1 residue as opposed to Thr3.

2.3. The strength of an intramolecular hydrogen bond of
the P2 Thr side chain modulates the stability against
enzymatic hydrolysis

The reason that not all expected amino acids at P1 were
identified from the screen is that the binding affinity
(P1 Ala > P1 Val > P1 Thr) is not correlated with the
level of resistance of the intact peptide variants against
enzymatic hydrolysis (P1 Ala > P1 Thr >> P1 Val). To
analyse this further, details of important potential
hydrogen bonds, which have been described in crystal
structures of BBI proteins,28,29 are summarized in Fig-
ure 2 and Table 3. Backbone amide proton temperature
coefficients and geometric parameters indicate the reten-
tion of these protein-like hydrogen bonds in the major
protein-like conformer of the peptides in solution. A
notable exception is observed for the P1 Val variant’s
P5 0 Gln9 backbone amide proton. From the attenuation
of its temperature coefficient, the relative downfield-shift
of its proton resonance (highlighted by the crossbar in
Fig. 1), fewer observed transannular long-range NOEs
and the elongation of its calculated cross-strand hydro-
gen bond distance with the hydroxyl group of the P2
Thr side chain we conclude that this hydrogen bond is
significantly weakened. To test whether this is the struc-
tural reason for the increased susceptibility to enzymatic
degradation, two experimental NMR-parameters indic-
ative of the variable strength of this hydrogen bond
interaction are plotted against the relative rate of enzy-
matic hydrolysis in Figure 3. For the three anti-HLE
variants in Figure 3a, the negative temperature coeffi-
cient of the P5 0 Gln hydrogen bond donor amide proton



Table 2. Pairwise rms deviations (in Å)66 between the P1 variants of the protein-derived peptide scaffold of this study, canonical inhibitor protein scaffolds and bacterial scaffold peptides

Protein-derived peptide scaffold Protein scaffolds

With HLE With PPE Bowman–Birk inhibitor

Inhibitor P1 Ala

variant

P1 Thr

variant

P1 Val

variant

OMTKY3 Elafin Ascaris Lima bean Mung bean SFTI-1

In complex with — — — HLE PPE PPE — Trypsin Trypsin

PDB code 1HD9 1PPF 1FLE 1EAI 1H34 1SFI

Resolution NMR NMR NMR 1.8 Å 1.9 Å 2.4 Å 2.0 Å 2.5 Å 1.6 Å

Position70 P3 P2 P1 P10 P2 0

Protein-derived peptide scaffold

P1 Ala variant 1HD9 NMR C T A4 S I — 0.31 ± 0.12 0.39 ± 0.18 0.64 ± 0.10 0.38 ± 0.09 0.41 ± 0.07 0.39 ± 0.09 0.29 ± 0.07 0.40 ± 0.09

P1 Thr variant NMR C T T4 S I 0.41 ± 0.14 — 0.39 ± 0.18 0.74 ± 0.07 0.36 ± 0.09 0.35 ± 0.09 0.33 ± 0.11 0.35 ± 0.05 0.45 ± 0.06

P1 Val variant NMR C T V4 S I 0.60 ± 0.26 0.57 ± 0.24 — 0.67 ± 0.14 0.47 ± 0.16 0.43 ± 0.14 0.40 ± 0.13 0.39 ± 0.11 0.44 ± 0.10

Protein scaffolds

OMTKY3–

HLE78
1PPF 1.8 Å C T L18 E Y — 0.72 0.65 0.59 0.48 0.37

Elafin–PPE79 1FLE 1.9 Å R C A24 M L — 0.23 0.30 0.36 0.42

Ascaris–PPE80 1EAI 2.4 Å C P L31 M C — 0.26 0.31 0.34

Lima bean

BBI81
1H34 2.0 Å C T K26 S I 0.70 ± 0.11 0.64 ± 0.10 0.74 ± 0.16 — 0.27 0.25

Mung bean

BBI–Trypsin29
2.5 Å C T K20 S I 0.66 ± 0.10 0.69 ± 0.07 0.86 ± 0.18 0.37 — 0.19

SFTI-1–

Trypsin72
1SFI 1.6 Å C T K11 S I 0.69 ± 0.10 0.72 ± 0.07 0.85 ± 0.16 0.30 0.18 —

Bacterial depsipeptide scaffolds

Scyptolin A–

PPE50 (P3–P1)

1OKX 2.8 Å T T L4 Ahp T 0.24 ± 0.06* 0.23 ± 0.06* 0.24 ± 0.09* 0.23* 0.30* 0.19* 0.19* 0.16* 0.22*

FR901277–

PPE1 (P3–P1)

1QR3 1.6 Å Orn T dhT3 Ahp F 0.22 ± 0.03* 0.23 ± 0.05* 0.26 ± 0.10* 0.19* 0.23* 0.11* 0.15* 0.17* 0.16*

FR901451–

PPE75 (P3–P1)

2CV3 1.9 Å T T L3 K F 0.29 ± 0.06* 0.26 ± 0.04* 0.24 ± 0.07* 0.25* 0.34* 0.22* 0.22* 0.21* 0.23*

FR901451–

PPE75 (P3–P2 0)
0.64 ± 0.13 0.73 ± 0.08 0.62 ± 0.16 0.23 0.71 0.63 0.59 0.49 0.39

Compared are the backbones of the canonical P3–P2 0 segment (plain entries; above the diagonal plus in the last line of the table), and of the complete covalent reactive site loop P3–P60 segment for BBI-

related scaffolds (entries in italic; below the diagonal). Due to the unusual backbone torsion angles imposed by the cyclic P1 0 Ahp residue in some of the bacterial scaffolds the superimposition is limited to

the P3–P1 segment in these instances (asterisked entries).
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Figure 2. (a–c) Families of NMR-derived solution structures of the P1 variants (lines; O, C, N and S atoms are shown in increasingly lighter shades

of grey, respectively) superimposed onto the reactive site loop of Lima bean BBI protein as determined by X-ray crystallography (black sticks; PDB

code 1H34; the respective PDB codes for other structures are given in the figure). (d) Family of NMR-derived solution structures of the bicyclic 14-

residue sunflower trypsin inhibitor-1 (SFTI-1;93 lines) superimposed onto its binding structure in complex with bovine trypsin as determined by X-ray

crystallography (black sticks72). (e, f) Binding structures of the monocyclic 8-residue scyptolin A50 from the cyanobacterium Scytonema hofmanni and

the bicyclic 7-residue FR9012771 from Streptomyces resistomicificus, both determined by X-ray crystallography in complex with PPE. (g) Binding

structure of the tricyclic 11-residue FR901451 from Flexibacter sp. No. 758 as determined by X-ray crystallography in complex with PPE. (h) Binding

structure of the monocyclic 8-residue A90720A from the cyanobacterium Microchaete loktakensis (X-ray crystal structure in complex with bovine

trypsin52). (i) NMR solution structure of the bicyclic 12-residue marinostatin active fragment49 from the marine bacterium Alteromonas sp. B-10-31.

The orientations of the structures in (a–i), the labelling of the termini and selected residues and the indication of selected potential hydrogen bonds

(dashed lines) are chosen to highlight the similar geometry of the binding regions with the hyper-exposed P1 residue and the N-terminal tails, the

transannular hydrogen-bond network, the conserved cis peptide bond at the N-alkylated P3 0 residue, and the conserved P2 Thr side chain that

interacts intramolecularly with the P5 0 or P4 0 residue and adopts in all cases the +60�-rotamer v1 conformation. The specific v1 values of P2 Thr in

the crystal structures are +56� (a–c), +69� (d), +43� (e), +47� (f), +41� (g) and +48� (h).
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exhibits a strong correlation with the rate of enzymatic
hydrolysis (r = 0.999). The chemical shift changes of
the same proton confirm this overall trend; the observed
slightly increased scatter is to be expected because
hydrogen bonding is only one of several parameters that
modulate the chemical shift. The evaluation of data for
inhibitor variants targeted at trypsin25,30 and chymo-
trypsin24 in Figure 3b and c, respectively, produces
similar correlations and suggests that this structure–
function relationship is an inherent feature of the inhib-
itor scaffold of this study, irrespective of the nature of
the cognate serine protease. As can be seen in Figure
3c, the geometry-derived identity of the hydrogen bond
acceptor as P2 Thr3 Oc1 is corroborated because the
selective removal of this oxygen atom results in the loss
of hydrogen bond no. 3 (numbering as in Table 3). To
test whether intramolecular hydrogen bonding in gen-
eral, or rather hydrogen bond no. 3 in particular, en-
hances the stability against enzymatic hydrolysis, we
also analysed the properties of the only other backbone
amide that was identified as a hydrogen bond donor,
namely of P1 0 Ser5 involved in hydrogen bond no. 1.
For the latter, the data show no such correlation (cf.
Supplementary Material) and thus substantiate the spe-
cial role of hydrogen bond no. 3 as a major determinant
for the inhibitor’s stability. This finding provides quan-
titative experimental support for a mechanistic hypoth-
esis that we proposed to explain the qualitative
observation that anti-chymotryptic variant peptides of
the BBI loop with a P2 side-chain Oc1 atom (enabling
intramolecular hydrogen bond no. 3) are more resistant
to enzymatic hydrolysis than P2 variants lacking a side-
chain Oc1 atom, resulting in Thr as the optimal P2 res-
idue of 26 tested amino acids.24,31 According to this
hypothesis, the strength of hydrogen bond no. 3 directs
and stabilizes a close contact between the aliphatic part
of the P2 Thr side chain and the imidazole of the en-
zyme’s catalytic His (Fig. 4) and thereby may resist the
movement of the catalytic His side chain. Such move-
ment is thought to occur in the course of catalysis, as
suggested by theoretical and experimental studies.32–40

The mobility of the catalytic His side chain has been
characterized in several recent studies of series of very
high resolution crystal structures of trypsin and elastase
complexes that aim to reconstruct the events of the
catalytic cycle. For the here concerned early reaction



Table 3. NMR and NMR-derived parameters summarized for a trend analysis of the characteristics of selected potential hydrogen bonds (same

numbering as in Fig. 2)

No. Hydrogen bond P1 Dd/DT in ppb/K Dd in ppm Calculated

distance in Å

Calculated angle in �

D–A D–A H–A D–H–A H–A–AA D–A–AA

1 P10 Ser N–P2 Thr O Ala �0.9 ± 0.1 �0.84 2.6 1.8 141 109 96

Thr �0.1 ± 0.1 �0.97 3.3 2.5 133 81 77

Val �1.3 ± 0.1 �0.87 3.1 2.3 135 87 82

BBI �1.1 ± 0.8 �1.00

Protein �1.1 ± 0.8 �1.00

2 P2 Thr Oc1–P10 Ser Oc Ala 2.9 2.7 145 126 123

Thr 3.0 2.8 140 138 134

Val 3.3 3.1 115 129 124

3 P50 Gln N–P2 Thr Oc1 Ala �2.6 ± 0.1 �0.34 4.0 3.1 159 133 134

Thr �2.7 ± 0.1 �0.35 4.0 3.1 173 136 135

Val �3.9 ± 0.1 �0.17 4.6 3.6 167 141 141

BBI �2.6 ± 0.6 �0.69

Protein �1.8 ± 0.1 �0.72

Standard criteria for hydrogen bonding69,84–86

DD D

H

DD

A

AA

>�4.6 <3.9 <2.5 >90 >90 >90

While the amide proton temperature coefficients (Dd/DT) and deviation from random coil chemical shifts (Dd = dexperiment � drc)
82 of the P1 Ala and

P1 Thr variants closely mirror the corresponding values in both reactive site loops of the complete BBI protein from snail medic seeds (P1 Arg),83

these parameters as well as the geometric hydrogen bond details (assessed with the program HBPLUS69 in the average calculated structures reflecting

NOE and coupling constant restraints) consistently indicate a relative weakening of hydrogen bond no. 3 in the P1 Val variant. H, D, DD, A and AA

are the hydrogen atom, donor atom, donor antecedent, acceptor atom and acceptor antecedent, respectively.
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pathway towards acylation, Radisky et al.41 describe a
slight swivelling movement of the His57 side chain in
the plane of the ring and conclude that subtle motions
of the catalytic Ser and His side chains coordinated with
the translation of the substrate reaction centre favour
the forward progress of the acylation reaction. Fodor
et al.42 conclude that the shift of the imidazole ring of
His57 within its plane is best described with a v1 change
of approximately 12� for the transition from a Michaelis
complex analogue to an acyl-enzyme intermediate.
These findings appear consistent with the proposed
opposition by the intramolecularly stabilized P2 Thr of
complexed intact inhibitors. It is interesting to note that
in very high resolution crystallographic studies of deac-
ylation processes, which would occur later in the reac-
tion pathway once the inhibitor’s scissile peptide bond
had been cleaved, only small or no significant movement
of the His57 side chain was observed.43,44 Consistent
with our hypothesis, a recent ab initio study of a self-sta-
bilized model of the chymotrypsin catalytic pocket
found that increased conformational rigidity of the sub-
strate resulted in a rise of the activation energy for the
formation of the first tetrahedral intermediate, a phe-
nomenon which the authors use to explain the inhibition
mechanism of canonical serine protease inhibitors.45

While in a recent study Thr was also found to be the
optimal anti-tryptic P2 residue in the context of screen-
ing SFTI-1 variants,46 the importance of the resulting
intramolecular hydrogen bonds and the interactions
with the catalytic machinery is neither a peculiarity of
Bowman–Birk-type inhibitors nor limited to serine pro-
teases of the (chymo)trypsin fold. For the subtilisin fold,
Radisky et al. found in a combined kinetic and crystal-
lographic study that a P2 Thr! Ala mutation in chy-
motrypsin inhibitor 2 accelerated the hydrolysis by
subtilisin BPN approximately 100-fold and attributed
this to the loss of intramolecular hydrogen bonds origi-
nating from the P2 side chain.47

2.4. Structure–function relationships explain the
commonality of design features shared with bacterial
macrocyclic inhibitor scaffolds

Another combined kinetic and structural investigation
that monitors the effect of the P2 Thr substitution in a
structurally related inhibitory depsipeptide, marinosta-
tin,48,49 is particularly instructive because in this in-
stance the P2 side chain is covalently tethered by
lactonization. This arrangement is found in several mac-
rocyclic serine protease inhibitors of bacterial origin that
are compared in Table 1 and Figure 2 and include the
mono-, bi- and tricyclic elastase inhibitors scyptolin A,
FR901277 and FR901451, respectively. Marinostatin,
a potent inhibitor of subtilisin BPN, contains two lac-
tones that link the side chains of P2 Thr and P5 0 Asp,
and of P4 0 Ser and P7 0 Asp, respectively. The substitu-
tion of these lactone links by disulfide bridges barely af-
fects the binding affinity but renders the molecule a
temporary inhibitor.48,49 The authors attribute this to
an increased flexibility in particular around the reactive
site because of the loss of the strong hydrogen bond do-
nor characteristic of the P1 0 backbone amide proton,
which is the central atom of the hydrogen bond with
the P2 Thr lactone carbonyl.48 The hydrogen–deuterium
exchange rate of this proton was found to be 100-fold
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Figure 3. (a) For the P5 0 Gln9 backbone amide proton of the three

inhibitor variants of this study, two NMR characteristics indicative of

the variable strength of the hydrogen bonding interaction (temperature

coefficients Dd/DT and chemical shift d) are plotted against the relative

rate of enzymatic hydrolysis by HLE. A linear correlation coefficient r

close to 1 indicates a strong correlation. This trend is verified by the

evaluation of data for related inhibitor variants targeted at trypsin25,30

(b) and chymotrypsin24 (c). Geometric criteria identify the P2 Thr3 Oc1

side chain oxygen atom as the corresponding hydrogen-bond acceptor.

The selective elimination of this atom in the T3Abu and T3A variants

(c) has a dual effect: the loss of the hydrogen-bond donor character-

istics (�Dd/DT � 8 ppb/K; d within the typical 8.2–8.4 ppm range of

average/random coil values57,82,94) and acceleration of the enzymatic

hydrolysis by up to two orders of magnitude. This finding corroborates

the identity of the acceptor and the role of hydrogen bond no. 3 as a

major determinant for the inhibitor’s stability. The peptide sequences

are shown in the diagrams and exchanged amino acids are marked at

the individual data points. Arrows at the �Dd/DT scale indicate the

typical hydrogen bond range.84–86

Figure 4. The canonical backbone and side chain conformation of the

inhibitors’ conserved P2 Thr is demonstrated by the superimposition of

four crystal structures in complex with elastase (HLE in complex with

the OMTKY3 protein, PDB code 1PPF; PPE in complex with

scyptolin A, 1OKX, with FR901277, 1QR3, and with FR901451,

2CV3; O, C and N atoms are shown in increasingly lighter shades of

grey, respectively). The hydrophobic part of the P2 Thr side chain is in

close contact with the imidazole of the enzyme’s catalytic His57; the

shortest C–C and C–N distances between these side chains measured in

the shown crystal structures range from 3.3 to 3.8 Å, and 3.2 to 3.6 Å,

respectively. This contact is directed and stabilized by the intramolec-

ular interactions centered on the P2 Thr side chain oxygen Oc1. The

strength of this interaction can modulate the rate of enzymatic

turnover. This may be rationalized by the presumed movement of the

His57 side chain in the course of catalysis.32–40,43,45,95
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accelerated when this carbonyl functionality is removed
by the disulfide substitution.49 This confirms our conclu-
sion that the degree of intramolecular stabilization at the
P2 Thr side chain appears to be a general modulator of
the resistance against enzymatic hydrolysis in canonical
and quasi-canonical serine protease inhibitors. While
this is achieved by hydrogen bonding in plant protein
inhibitor scaffolds, some bacterial macrocyclic inhibitors
enhance this by an additional intramolecular covalent
bond. Despite the evolution of these inhibitors in two dif-
ferent superkingdoms, there is a remarkable commonal-
ity of design features as summarized in Table 4 alongside
functional explanations proposed based on this unified
analysis. A further benefit of the unified analysis is
that the unusual features of the bacterial scaffolds
(non-DNA encoded amino acids, modifications of the
N-terminus, a smaller lactone-cyclized loop) provide
inspiration for the design of synthetic scaffolds. An
intriguing example is the presence of 3-amino-6-hydro-
xy-2-piperidone (Ahp) at the P1 0-position because—
based on crystallographic analyses—this has been pro-
posed to exclude the ‘hydrolytic water’ and thereby to pro-
vide another means of resisting enzymatic hydrolysis50,51

in addition to rigidifying the binding conformation by
its cyclic nature and two transannular hydrogen bonds.52
3. Conclusions

While all three anti-HLE P1 variants of a minimal BBI-
type inhibitor scaffold were demonstrated to maintain



Table 4. Important design features shared by the plant-derived and bacterial inhibitor scaffolds of comparable size (Fig. 2) and biological potency

(Table 1)

Common design feature Proposed common function

Covalently closed ring of 6–9 amino acid residues which harbours

the scissile peptide bond in a (quasi-)canonical setting

(Macro)cyclization greatly enhances the biological potency compared with

linear analogues87,88

cis peptide bond at the N-alkylated P30 residue The cis peptide bond reverses the orientation of the peptide backbone to

allow for the particular compact covalent scaffold structure; N-alkylation

stabilizes the cis isomer that preferably interacts with the enzyme;24,25,48 the

balance of cis/trans isomer populations is dependent on the

sequence*,24,25,30 and nature of cyclization48,49,89

P2 Thr side chain adopts a ‘canonical’ +60�-rotamer v1

conformation and interacts via its c-oxygen atom intramolecularly

with the P40 or P50 residue

Dual role of P2 Thr side chain for high-affinity binding and high resistance

against enzymatic hydrolysis;*,24,31 the intramolecular interaction of the c-

oxygen atom directs and stabilizes the intermolecular close interaction of

the aliphatic part with the side chain of the enzyme’s catalytic His

Transannular hydrogen bond network Rigidifies the bioactive conformation and thereby enhances the resistance

against enzymatic turnover*,24,48,52

N-terminal tail Interactions between the residues of the N-terminal tail and the enzyme

surface can significantly enhance binding affinity and selectivity;14,15,90,91

this is also reflected by the variability and modifications of this part of the

scaffold in the bacterial inhibitors1,49,50,52

Optional additional covalent loop(s) Conformational guide which appears to facilitate the efficient re-synthesis

of the scissile peptide bond by the enzyme77,92

By analogy, common functions are proposed for the individual features (*this study).
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the canonical binding structure, as was to be expected
from their potent inhibition, the previously unexplained
difference in the resistance against enzymatic hydrolysis
was found to correlate closely with the strength of the
transannular hydrogen bond that connects the P2 Thr
side chain in the +60� v1 rotamer with the P5 0 residue.
The conclusion that such interactions are general modu-
lators of the resistance against enzymatic hydrolysis was
corroborated by reviewing experimental data for a wide
range of serine proteases and their cognate P2 Thr-bear-
ing inhibitors. Similar, though covalent, interactions in
bacterial depsipeptides provide a strikingly analogous
route for stabilization. We believe that further exploita-
tion of this phenomenon and the understanding of the
communal construction features could fruitfully impact
on the design of synthetic inhibitors.
4. Experimental

The peptides of this study were generated by established
solid-phase peptide synthesis methods as described pre-
viously.15 Hydrolysed P1 Thr variant peptide was pro-
duced by exposing the intact peptide to a catalytic
amount of HLE followed by incubation in aqueous
solution at pH 7 and 277 K. Elastase from human poly-
morphonuclear leukocytes (HLE), a product of Elastin
Products Co. Inc., Owensville, MO, USA, was kindly
supplied by Dr. Robin Smith, GlaxoSmithKline.

The 1H NMR analysis was performed in aqueous solu-
tion (90% H2O/10% D2O and 100% D2O, with 3-(tri-
methylsilyl)-1-propane sulfonic acid as internal
reference) at pH* 3.8 and 298 K. DQF-COSY,53 TOC-
SY54 (mixing time 80 ms), NOESY55 (mixing time
300 ms) and ROESY56 (mixing time 300 ms) experiments
were performed on a Bruker AMX 600 spectrometer and
processed and analysed with X-WinNMR and Aurelia
software packages on Silicon Graphics workstations.
Following sequential assignment,57 amide proton tem-
perature coefficients,58 diastereotopic proton assignment
and v1 conformations,59 3JHNHa coupling constants,60

and 3JHaHb coupling constants61,62 were analysed as de-
scribed in the references.10 All coupling constants were
derived from one-dimensional spectra.

Peptide structures were calculated with the program
X-PLOR (version 3.851)63 using a modified version10

of a standard simulated annealing protocol.64 The most
important modification was the addition of direct refine-
ment against 3JHNHa coupling constants65 for values
>8 Hz during the final conjugate gradient minimisation.
No hydrogen bond restraints were used during the
calculations. The programs INSIGHT II and WebLab
(both Molecular Simulations Inc.), MOLMOL,66

Swiss-PDBViewer,67 PROCHECK68 and HBPLUS69

were used for the visualisation and analysis of the
structures.
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63. Brünger, A. T. X-PLOR Version 3.1: A System for X-ray
Crystallography and NMR; Yale University Press: New
Haven, 1993.

64. Hofmann, M.; Gondol, D.; Bovermann, G.; Nilges, M.
Eur. J. Biochem. 1989, 186, 95.

65. Garrett, D. S.; Kuszewski, J.; Hancock, T. J.; Lodi, P. J.;
Vuister, G. W.; Gronenborn, A. M.; Clore, G. M.
J. Magn. Reson. B 1994, 104, 99.

66. Koradi, R.; Billeter, M.; Wüthrich, K. J. Mol. Graph.
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