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Abstract A peptomeric library consisting of 360 monocy-
clic analogues of trypsin inhibitor SFTI-1 isolated from sun-
flower seeds was designed and synthesized by a solid-phase
approach in order to select chymotrypsin and cathepsin G
inhibitors. All peptomers contained a proteinogenic-Phe-
mimicking N -benzylglycine (Nphe) at positions 5 and 12.
Into the synthesized library, different peptoid monomers were
introduced in the 7–10 segment. Deconvolution of the library
against both proteinases through an iterative method in solu-
tion revealed that the strongest chymotrypsin inhibitory activ-
ity was displayed by two analogues, [Nphe5,12]SFTI-1 (1)
and [Nphe5,12, Naem8]SFTI-1 (2), where Naem stands for
N -(2-morpholinoethyl)glycine. After deconvolution
against a cathepsin G analogue, [Nphe5,12, Npip8,9, Nnle10]
SFTI-1 (3) (Npip = N -(3,4-methylenedioxybenzyl)glycine)
appeared to be the most potent inhibitor with a high serum
stability. It is worth noting that the analogues obtained by a
combinatorial approach display high specificity towards one
of the experimental enzymes. Another interesting feature is
the lack of Pro8 in analogues 2 and 3, the amino acid residue
absolutely conserved in the family of Bownan–Birk inhibi-
tors.

Keywords Chymotrypsin · Cathepsin G · Inhibitors ·
Solid-phase synthesis · Combinatorial library · Peptomers

Introduction

Sunflower trypsin inhibitor SFTI-1 is the smallest peptide
related to the Bowman–Birk family of serine proteinase

A. Łęgowska (B) · D. Dębowski · A. Lesner · M. Wysocka · K. Rolka
Faculty of Chemistry, University of Gdańsk, Sobieskiego 18,
Gdańsk 80-952, Poland
e-mail: legowska@chem.univ.gda.pl

inhibitors [1]. This head-to-tail cyclic 14-amino-acid residue
peptide contains one disulfide bridge and a Lys5 residue in
the P1 position, which is responsible for inhibitory specific-
ity. Its primary structure is shown in Fig. 1.

Owing to its small size and strong trypsin-inhibitory activ-
ity (Ka = 1.1 × 1010 M−1) [2], SFTI-1 is considered to be a
very attractive template for the design of proteinase inhibitors
with potential use as pharmacological agents. However, it is
known that peptides are not ideal therapeutic agents because
of their high sensitivity to protease degradation and limited
cell permeability. Many strategies have been developed to
overcome these problems [3]. In recent years, biomimetic
oligomers called peptoids have made a significant impact
in the area of drug design [4]. These oligomers are com-
posed of N -substituted glycine residues that mimic protein-
ogenic amino acids. Hybrid combinations of peptides and
peptoids, named after Ostergaard and Holm [5] as “peptom-
ers” (peptide-peptoid hybrid polymers), are another interest-
ing class of compounds that combine properties of peptides
and peptoids. Recently we have shown [6] that introduction of
N -substituted glycine residues (peptoid monomers) mimick-
ing Lys and Phe in position P1 of monocyclic SFTI-1 with a
disulfide bridge gave potent trypsin and chymotrypsin inhib-
itors, respectively. As a result, we obtained two peptomeric
analogues of SFTI-1 which displayed strong inhibitory activ-
ity and contained a proteolysis-resistant P1–P′

1 reactive site.
As the introduction of the peptoid monomers into the pep-
tide chain can be easily achieved via solid-phase synthesis,
we decided to design, synthesize, and select peptomeric ana-
logues of SFTI-1 using combinatorial chemistry methodol-
ogy. Based on our previous results, and also on the results
of others, a peptomeric library of general formula shown in
Fig. 2 was synthesized.

In addition to Nphe present at the position 5 (equivalent
to substrate specificity P1 position) in all the peptomers,
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52 Mol Divers (2010) 14:51–58

Fig. 1 Primary structure
of SFTI-1

Fig. 2 General formula of the
library of the SFTI-1 analogues

we decided to introduce this peptoid monomer in position
12, originally occupied by a Phe residue. In this way we
decided to assess how much replacement of further naturally
occurring residues with N -substituted glycine derivatives
affected the inhibitory activity. We focused our interest on
the Ile7–Pro8–Pro9–Ile10 region of the sequence that makes
an important contribution to the structural integrity and rigid-
ity of SFTI-1 [7]. This is a turn region located near the
active site (Lys–Ser peptide bond) and also includes the cis-
Pro8 residue conserved in the entire Bowman–Birk fam-
ily. N -Substituted glycine derivatives were introduced in
the peptide chain by the submonomer approach [8]. Briefly,
the N -terminal amino group of the newly synthesized pep-
tide was acylated by bromoacetic acid followed by nucleo-
philic substitution using one of the primary amines listed in
Fig. 3.

In all the synthesized peptomers, the substrate-specific P1

position is occupied by Nphe which mimics the proteino-
genic Phe residue. Therefore, we decided to deconvolute this
library using bovine α-chymotrypsin and cathepsin G (CG).
The latter enzyme, along with proteinase 3 and human neu-
trophil elastase, are released from activated neutrophils at
inflammatory sites. Cathepsin G is involved in several phys-
iological processes such as tissue degradation [9], platelet
activation [10], proteolysis of blood coagulation factors [11],
and generation of angiotensin II [12]. It also displays a broad
spectrum of antiviral, antibacterial, and antifungal activities
[13,14]. Its unique substrate pocket structure makes it dual
specific (trypsin- and chymotrypsin-like).

Materials and methods

Peptide synthesis

All the peptides were synthesized by solid-phase method
using Fmoc chemistry. The following amino acid deriva-
tives were used: Fmoc-Gly, Fmoc-Arg(Pbf), Fmoc-Cys(Trt),
Fmoc-Thr(tBu), Fmoc-Ser(tBu), Fmoc-Ile, Fmoc-Pro,
Fmoc-Phe, and Fmoc-Asp(OtBu). The C-terminal amino
acid residue, Fmoc-Asp(OtBu), was attached to the 2-chlo-
rotritylchloride resin (loading = 1.46 meq/g) (Calbiochem–
Novabiochem AG, Switzerland) in the presence of equimolar
amount of N , N -diisopropylethylamine (DIPEA) based on
the amino acid in anhydrous condition in dichloromethane
(DCM) solution. Peptide chains were elongated in consecu-
tive cycles of deprotection and coupling. Deprotection was
performed with 20% piperidine in Dimethylformamide/N -
methyl-2-pyrrolidone (DMF/NMP) (1:1, v/v) with addition
of 1% Triton X-100. N -Substituted glycine derivatives were
introduced into the peptide chain by the submonomer
approach [8] using bromoacetic acid and primary amines.
After completing the syntheses, the peptides were simulta-
neously deprotected and cleaved from the resin using a triflu-
oroacetic acid (TFA)/phenol/triisopropylsilane/H2O (88:5:
2:5, v/v/v/v) mixture [15]. In the last step, the disulfide bridge
formation was performed by 0.1 M solution of I2 in MeOH
using the procedure described elsewhere [16]. The progress
of the reaction was monitored by high-performance liquid
chromatography (HPLC). The crude resynthesized

Fig. 3 Primary amines used for the preparation of N -substituted glycine residues. Abbreviations of peptoid monomers obtained are shown in
brackets
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peptides were purified by HPLC on a Beckman Gold System
(Beckman, USA) using an RP Kromasil-100, C8, 5 µm col-
umn (8 × 250 mm) (Knauer, Germany). The solvent systems
were 0.1% TFA (A) and 80% acetonitrile in A (B). Either
isocratic conditions or linear gradient were applied (flow
rate 3.0 mL/min, monitored at 226 nm). The purity of the
synthesized peptides was checked on an RP Kromasil 100,
C8, 5 µm column (4.6 × 250 mm; Knauer, Germany). The
solvent systems were 0.1% TFA (A) and 80% acetonitrile in
A (B). Linear gradient from 10% to 90% B for 40 min, flow
rate 1 mL/min, monitored at 226 nm. The mass spectrometry
analysis was carried out on a matrix-assisted laser desorp-
tion/ionization (MALDI) mass spectrometry (MS) [Biflex III
MALDI-time of flight (TOF) spectrometer, Bruker Dalton-
ics, Germany] using α-cyano-4-hydroxycinnamic acid
(α-CCA) matrix.

Preparation of the peptide library

The peptide library was synthesized by the portioning–
mixing method. Initially, 10 g solid support (2-chlorotrityl-
chloride resin) was used. A threefold amino acid molar excess
was used for the coupling. Other synthetic methods were
employed as described above.

Screening the peptide library for chymotrypsin
and cathepsin G inhibitors

Deconvolution of the synthesized peptide library was
performed by the interactive method in solution. The experi-
ments were performed in the following manner: to 1.5 mL of
0.1 M Tris–HCl (pH 8.3) buffer containing 20 mM CaCl2 and
0.005% Triton X-100, 10 µL of enzyme solution (concentra-
tions of enzymes in the experimental cuvettes are given in
Figs. 4 and 5) and 10 or 50 µL of peptide sublibrary (10 mg
lyophilized sample dissolved in 0.001 M HCl) were added.
After incubation for 15 min, 10 µL of appropriate substrate
solution was added. The substrate concentration in the cuvette
did not exceed 0.2 KM . A decreasing initial substrate hydro-
lysis rate was assumed to be a measure of the inhibitory
activity of the sublibrary. The rates of hydrolysis obtained

in the absence of the sublibrary were used as controls. In
the case of similar results obtained for different sublibraries,
the experiments were repeated applying a two- or threefold
lower enzyme concentration. The experiments were repeated
3–5 times for each sublibrary. Results differing by more than
10% were rejected.

Determination of the association equilibrium constants

The bovine β-trypsin (Sigma Chem. Co., USA) concentra-
tion was determined by spectrophotometric titration with
4-nitrophenyl-4’-guanidinobenzoate (NPGB) at enzyme con-
centration oscillating around 10−6 M. Standardized trypsin
solution was used to titrate ovomucoid from turkey egg
whites, which in turn served to determine the solution con-
centrations of the bovine α-chymotrypsin (Sigma Chem. Co.,
USA) and cathepsin G (Biocentrum Sp. z o.o., Kraków,
Poland). The concentrations of the SFTI-1 analogues were
determined by titration with a standardized solution of the
target enzyme. The association equilibrium constants (Ka)
were determined by the Green–Work method modified in the
laboratory of M. Laskowski Jr. [17,18]. Increasing amounts
of the inhibitor were gradually added to a fixed amount of the
enzyme. After suitable incubation time, the residual enzyme
activity was measured on a Cary 3E spectrophotometer
(Varian, Australia) using the turnover substrate. Enzyme–
inhibitor interactions were determined in 0.1 M Tris–HCl
(pH 8.3) buffer containing 20 mM CaCl2 and 0.005% Tri-
ton X-100, at 22 ◦C. The measurements were carried out at
initial enzyme concentrations over the ranges 0.7–2.3 and
153–241 nM for chymotrypsin and cathepsin G, respectively.
After proper incubation time, the residual enzyme activity
was measured with Tos-Gly-Pro-Arg-pNA (for trypsin),
Suc-Ala-Ala-Pro-Leu-pNA (chymotrypsin), and Ac-Phe-
Val-Thr-Tyr-Gnf-ANB-NH2, where Gnf stands for 4-gua-
nidinephenylalanine, and ANB-NH2 amide of 5-amino-2-
nitrobenzoic acid (for cathepsin G) [19]. The experimental
points were analyzed based on the plot of [E] versus [Io].
The experimental data were fitted to the theoretical values
using the GraFit software package [20]. The calculated Ka

values are given in Table 1.

Table 1 Association
equilibrium constants of
selected peptomeric analogues
of SFTI-1 with experimental
enzymes

*All analogues are monocyclic
with a disulfide bridge only

Inhibitor* Ka [M−1]

Bovine α-chymotrypsin Cathepsin G

SFTI-1 wild (5.20 ± 1.56)×106 [32] (5.7±0.3)×106

[Phe5]SFTI-1 (2.0 ± 0.2) × 109 [23] (3.7 ± 0.2) × 106

[Nphe5] SFTI-1 (3.9 ± 0.3) × 108 [6] N/A

[Nphe5,12]SFTI-1 (1) (9.3 ± 0.8) × 107 >105

[Nphe5,12, Naem8]SFTI-1 (2) (1.3 ± 0.3) × 108 N/A

[Nphe5,12, Npip8,9, Nnle10]SFTI-1 (3) >105 (2.1 ± 0.1) × 107
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A B C

D E

G

F

Fig. 4 Deconvolution of a peptomeric library against bovine α-chy-
motrypsin. Chromogenic substrate Z-Phe-Ala-Thr-Tyr-ANB-NH2 [21]
was used to determine enzyme activity. Arrows indicate amino acid

residues selected for the next step of deconvolution. Enzyme concen-
tration was fixed at 52 nM

Serum stability assay

Human serum (500 µL) from healthy volunteer donors
(kindly provided by Dr. Julia Kulczycka, Laboratory of Clin-
ical Immunology, Medical University of Gdansk) was mixed
with 500 µL 0.2 M Tris–HCl buffer (pH 8.3), placed into
Eppendorf tube, followed by addition of 10 µL peptide
(2 mg/mL). After 1 h, 4 h, and 24 h, 50 µL aliquots of the mix-
ture were analyzed by HPLC. To confirm proteolytic activity,
serum was incubated with chromogenic substrates recently
developed by our group. Ac-Phe-Val-Thr-Phe(4-guanidine)
-ANB-NH2 [19], Abz-Tyr-Tyr-Abu-ANB-NH2 [21], and
Z-Phe-Phe-Pro-Val-ANB-NH2[22] were used to determine
cathepsin G, proteinase 3, and human leukocyte elastase,
respectively. The analysis was performed on an HPLC Gold
System (Beckman, USA) using Vydac Protein and Peptide,
C18, 10-µm column (4.6×250 mm) (Grace, USA). The sol-
vent system was 0.1% TFA (A) and 80% acetonitrile in A

(B); linear gradient from 10% to 90% B for 40 min, flow rate
1 mL/min, monitored at 226 nm.

Results and discussion

The deconvolution of the peptomeric library (consisting of
360 compounds) against bovine α-chymotrypsin is summa-
rized in Fig. 4. The results clearly indicate that analogues with
Ile at position X1 corresponding to the inhibitor’s P′

2 position
(Fig. 4A) display the strongest inhibitory activity against chy-
motrypsin. This correlates well with a comprehensive report
presented by Gariani et al. [23]. The authors analyzed a series
of 21 trypsin-inhibitory peptides that differed in this posi-
tion only. They also found that the Ile residue in P′

2 was
optimal for the interaction with trypsin. In the next step, we
screened a sublibrary composed of analogues with different
but defined residues at position X2. As mentioned, all of them
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have Ile at position X1 and variable positions X3 and X4. As
shown in Fig. 4B, among the synthesized peptomers, those
with either Pro or Naem at position X2 display the highest
inhibitory activity. Bearing in mind the results obtained so
far, we decided to carry out the deconvolution of position
X3. Two sublibraries with Pro and Naem at position X2 were
analyzed. Both contained analogues with Ile fixed at position
X1, different but defined residues at position X3, and variable
position X4 (Fig. 4C, D). In both cases, peptomers with Pro
at position X3 displayed the strongest chymotrypsin inhib-
itory activity. Also the analogues containing a Pro8-Naem9

sequence (Fig. 4C) were considered in further step of decon-
volution. With all three sublibraries selected, Ile appeared to
be in position X4 (Fig. 4E–G). The residue in this position
is involved in the formation of two intramolecular hydrogen
bonds through its carbonyl oxygen and the backbone amide
hydrogen that make an important contribution to the rigidity
of SFTI-1 [4]. Incorporation of N -substituted residues with
the side-chains shifted from Cα to Nα disturbs this well-
organized network. As shown in Fig. 4G, the three analogues

with the Pro8-Naem9 sequence displayed significantly lower
inhibitory activity. For this reason, only two analogues with
the strongest chymotrypsin inhibitory activity were selected.
The first one, [Nphe5,12]SFTI-1 (1), contained in the opti-
mized region only amino acid residues originally present in
wild SFTI-1, whereas the other, [Nphe5,12, Naem8]SFTI-1
(2), contained the Naem residue at position 8.

Deconvolution of the synthesized library against cathepsin
G is summarized in Fig. 5. Of the three amino acids intro-
duced in position X1, proteinogenic Ile afforded a sublibrary
with the strongest inhibitory activity. Interestingly, both Pro8
and Pro9 originally present in SFTI-1, as well as in other
serine proteinase inhibitors, were significantly less effective
than the peptoid monomer named as Naem. The impact on
CG inhibitory activity of other residues was similar to that of
the Pro residue. Unlike position X1, the last step of deconvo-
lution (Fig. 4D) revealed that Nnle, which mimics norleucine,
appeared to be optimal at position X4. Based on these results,
only one SFTI-1 analogue, namely [Nphe5,12, Npip8,9,

Nnle10]SFTI-1 (3) was selected.

A

C D

B

Fig. 5 Deconvolution of peptomeric library against cathepsin G. Chro-
mogenic substrate: Ac-Phe-Val-Thr-Tyr-Gnf-ANB-NH2 [19] was used
to determine enzyme activity. Arrows indicate amino acid residues

selected for the next step of deconvolution. Enzyme concentration was
fixed at 125 nM
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Fig. 6 HPLC analysis of
analogue 3, [Nphe5,12,

Npip8,9, Nnle10] SFTI-1, after
0, 1 h, and 18 h of incubation in
human serum. Peaks with
retention time above 18 min
come from human serum. Peak
1 corresponds to intact peptide

40 minutes302010
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All the SFTI-1 analogues with the strongest chymotrypsin
and cathepsin G inhibitory activities selected via a combina-
torial chemistry approach were resynthesized and subjected
to kinetic investigations. The determined association con-
stants (Ka) for both enzymes are summarized in Table 1. The
results confirm that, in the case of proteinase inhibitors, pep-
toid monomers are tolerated in their amino acid sequences.
The substitution of Phe by Nphe in the substrate-specific P1

position afforded only a fivefold weaker chymotrypsin
inhibitor. It is worth noting that the requirements concern-
ing the P1 position are very strict. With trypsin inhibitors,
replacement of Arg and Lys by their homologs that differ by
a methylene group in the side-chain dramatically decreased
inhibitory activity [24,25]. Introduction of an additional
Nphe residue in position 12, located outside of the bind-
ing loop, caused a further decrease in inhibitory activity. In
the structure of the native SFTI-1, the NH group of Phe12
formed an intramolecular hydrogen bond with the backbone
carbonyl group of Arg2 [1]. This interaction seems to be
an important part of the hydrogen-bonding network stabiliz-
ing the secondary loop of the inhibitor [26]. Interestingly, an
analogue with Naem (N -(2-morpholinoethyl)glycine) resi-
due at position 8 (inhibitor’s P′

3 position) not only retained
the activity of the parent compound ([Nphe5,12]SFTI-1), but
appeared to be slightly more active.

The introduction of other proteinogenic amino acid res-
idues in this position dramatically decreased the inhibitory
activity. As emphasized by several research groups [27–29],
the Pro8 residue is absolutely conserved in Bownan–Birk
inhibitors, and the cis-peptide bond formed by this amino
acid residue is essential for biological activity within inhibi-
tors of this family. On the other hand, our results are compat-
ible with those reported by Daly et al. [26], who have shown

that substitution of Pro by Ala in the position does not abol-
ish inhibitory activity and preserves a well-defined native-
like conformation. They emphasized the pivotal role of the
secondary loop of SFTI-1 in maintaining a well-defined sec-
ondary structure. However, it should be kept in mind that they
analyzed a native inhibitor with a head-to-tail cycle while our
analogues contain only the disulfide bridge. Nevertheless,
our finding indicating that 4-ethylmorpholine attached to the
nitrogen atom of Gly can successfully replace the cis-form-
ing Pro residue is quite unexpected. Also the results obtained
for CG are very interesting. Surprisingly, our research has
shown that native SFTI-1 does not exhibit such strong activ-
ity against cathepsin G (Ka ∼ 1010M−1) as was reported
by Luckett et al. [1]. SFTI-1 and its monocyclic analogue
with Phe at position P1 display similar activity, but with five
orders of magnitude lower than that determined by Luckett
et al. Introduction of the peptoid monomer Nphe in this posi-
tion resulted in complete loss of the GC inhibitory activity,
while additional introduction of Nphe in position 12 (ana-
logue [Nphe5,12]SFTI-1) only slightly improved this fea-
ture. Finally, it turned out that analogue [Nphe5,12, Npip8,9,

Norleu10]SFTI-1 (3) with five peptoid monomers, selected
from the library, displayed the strongest inhibitory activ-
ity. As it has already been emphasized, this peptomer is
characterized by the lack of Pro residues that are conserved
in the naturally occurring serine proteinase inhibitors. The
Npip [Npip = N -(3,4-methylenedioxy)benzylglycine] resi-
due introduced instead of Pro, although containing the most
bulky side-chain among the compounds studied, is still con-
formationally more flexible. One can assume that two oxy-
gen atoms located in the side-chain ring might be involved
in the hydrogen network and stabilize the inhibitor–enzyme
complex.
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HPLC analysis of analogue 3 incubated in human serum
(Fig. 6) revealed that the peptide remains stable up to 18 h. It is
worth noting that, after incubating serum with chromogenic
substrates, increasing absorption of ANB-NH2 was noted,
indicating the presence of the active forms of cathepsin G,
proteinase 3, and human leukocyte elastase.

Moreover, despite high homology, the analogues selected
by the combinatorial chemistry approach display high selec-
tivity. Chymotrypsin inhibitors 1 and 2 are practically unable
to inhibit cathepsin G. Also, the CG inhibitor 3 is almost
inactive against chymotrypsin. With canonical inhibitors,
such as SFTI-1, P1 position is responsible for up to 50%
of contacts with the target enzyme [30,31]. Therefore, the
P1 amino acid residue deeply penetrating into the S1 spec-
ificity pocket of the enzyme in substrates and inhibitors is
often referred to as the primary specificity residue. Our results
clearly indicate that modifications introduced far bey-
ond this position can also trigger dramatic changes in inhib-
itor specificity.

Conclusion

In this study, a peptidomimetic library of monocyclic ana-
logues of trypsin inhibitor SFTI-1 was synthesized by a solid-
phase method. These analogues were modified by peptoid
monomers (N -substituted glycine residues). Deconvolution
of the synthesized library against bovine α-chymotrypsin and
cathepsin G enabled us to select potent and specific inhibi-
tors of both proteinases. Interestingly, the high specificity of
these inhibitors was achieved via introduction of synthetic
amino acids in the segment far from the substrate specificity
P1 position. To the best of our knowledge, such phenomenon
has not been reported in the literature. A probable reason is
that most structure–activity relationship studies of proteinase
inhibitors were performed using either proteinogenic amino
acids or other α-amino acids. The findings presented here
clearly demonstrate that extending our studies over peptoid
monomers turned out to be beneficial.
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24. Jaśkiewicz A, Lesner A, Różycki J et al (1997) Distance between
the basic group the amino acid side chain in position P1 of trypsin
inhibitor CMTI-III and Asp189 in the substrate pocket of trypsin has
an essential influence on the inhibitory activity. Biochem Biophys
Res Commun 240:869–871. doi:10.1006/bbrc.1997.7752
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