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Abstract—Based on bifunctional diketopiperazines as templates and m-aminomethyl-phenylalanine as arginine mimetic, we have
synthesized a new class of structurally related dibasic tryptase inhibitors with systematically increasing spacer length. These com-
pounds were used to scan the distance between the active sites of two neighboring subunits of the b-tryptase tetramer. The Ki-values
obtained are a function of the distance between the terminal amino groups and indicate optimal binding of inhibitors with 29–31
bonds between the amino groups. These experimental data are in full agreement with predictions derived from a novel modeling
program that allows the docking of bivalent ligands. # 2002 Elsevier Science Ltd. All rights reserved.

Human b-tryptase is a mast cell-specific serine protease
that exhibits trypsin-like activity by hydrolyzing peptide
bonds C-terminally of arginine and lysine residues.1,2 A
growing number of biological and immunological data
suggests that tryptase plays a key role in the pathogen-
esis of diverse allergic and inflammatory disorders, most
prominently asthma,3,4 and thus is an interesting thera-
peutic target.5 In particular, the enzyme acts as a (neu-
ro)peptidase and is responsible for enhancing the
contractility of the airway smooth muscle.6 The X-ray
structure of human b-tryptase7,8 revealed that the
enzyme consists of four quasi-identical subunits (A, B,
C, and D) whose active sites are directed towards a
central pore. Therefore, the four negatively charged S1
binding pockets are displayed in a defined spatial
arrangement that should allow inhibition of the enzyme
by dibasic ligands of appropriate length interacting
simultaneously with two neighboring S1 subsites as
depicted schematically in Figure 1. Compared to a
monovalent binding, the advantage of such a bivalent
interaction is the gain in affinity and selectivity achieved
by exploiting the entropy effect.9 For human b-tryptase,
a variety of dibasic inhibitors has been described that
take advantage of this particular feature of the
enzyme.10�15

In this study, we have systematically investigated the
acceptor properties of b-tryptase by performing a dis-
tance scan using a set of structurally related dibasic
probing compounds. In addition, the ability of the
compounds to bind in a mono- or bivalent fashion was
analyzed using a novel modeling program that allows
the docking of bivalent ligands.

Due to entropic reasons,9 we have focused our scanning
approach on the shortest distance between neighboring
S1 pockets, that is those of subunits A and D (and their

0960-894X/02/$ - see front matter # 2002 Elsevier Science Ltd. All rights reserved.
PI I : S0960-894X(02 )00063-X

Bioorganic & Medicinal Chemistry Letters 12 (2002) 985–988

Figure 1. Schematic representation of the b-tryptase tetramer inter-
acting with a bivalent inhibitor. The inter-S1 subsite distances are
indicated and the side-chain carboxylate of Asp-189 at the bottom of
each S1 pocket is shown.
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equivalents B and C), comprising 33 Å according to the
crystal structure (Fig. 1).7,8 As central scaffold for the
display of two binding heads via spacers of increasing
length diketopiperazines were chosen. In particular,
those derived from aspartic and glutamic acid as well as
mixed ones were utilized to minimize the scaffold’s con-
tribution to the distance between the binding heads.
Diketopiperazines derived from amino acids can be
divided stereochemically into those composed exclu-
sively of l- or d-amino acids with cis-geometry in
respect to the plane of the ring and mixed ones with
trans-geometry. By inspecting the X-ray structure of the
b-tryptase tetramer, diketopiperazines with trans-geo-
metry were expected to allow a better positioning of the
binding heads into the S1 subsites of neighboring sub-
units. Among the arginine mimetics, m- and p-amino-
methyl-phenylalanine were investigated as potential
binding heads. Based on the �15-times higher inhibitory
potency of Ac-dl-Phe(3-H2N-CH2)-OMe (Ki=13.7 mM)
compared to Ac-dl-Phe(4-H2N-CH2)-OMe (Ki=213
mM) for the b-tryptase tetramer, the more potent meta-
derivative was used in the present study, and to adjust
the optimal spacer length, o-amino acids were utilized.

To realize the distance scan, a building block strategy
was applied. The symmetric scaffolds c[d-Asp-l-Asp-]
(5) and c[d-Glu-l-Glu-] (6) were synthesized as outlined
in Scheme 1a. In addition, the asymmetric scaffold c[d-
Asp-l-Glu-] with orthogonal side-chain protection was
obtained from Z-d-Asp(OtBu)-OH and H-l-Glu(OMe)-
OMe following essentially the procedure used for the
symmetric piperazine-2,5-diones (Scheme 1b). Subse-
quently, the side-chain protection pattern of 9 was trans-
formed in three steps to yield 12 as building block suitable
for the final inhibitor assembly. The binding head was
obtained starting from H-dl-Phe(3-CN)-OH in five steps
as outlined in Scheme 2. To vary systematically the dis-
tance between the headgroups, two types of dibasic inhi-
bitors were synthesized: Symmetric ones were obtained as
summarized in Scheme 3a, and an asymmetric inhibitor
was synthesized utilizing the orthogonally protected scaf-
fold 12 to complete the distance scan (Scheme 3b).

The inhibition kinetic data16 for the interaction of the
dibasic distance probes with the b-tryptase tetramer are
summarized in Table 1. The results clearly show a rela-
tion between the distance of the binding heads and the

Scheme 1. (a) Synthesis of the symmetric scaffolds. Reaction conditions: (i) H-l-Xaa(OtBu)-OMe/DIEA/EDC/HOBt, CHCl3; (ii) 10% Pd–C/H2,
MeOH; (iii) T, MeOH; (iv) 95% aq TFA, 0 �C!rt. (b) Synthesis of the asymmetric scaffold. Reaction conditions: (i) H-l-Glu(OMe)-OMe/DIEA/
EDC/HOBt, CHCl3; (ii) 10% Pd–C/H2, MeOH; (iii) T, MeOH; (iv) NaOH, THF/H2O (2:1); (v) (a) Cs2CO3, MeOH; (b) C6H5–CH2–Br, DMF; (vi)
95% aq TFA, 0 �C!rt.

Scheme 2. Synthesis of the binding head and its spacer functionalization. Reaction conditions: (i) MeOH/SOCl2, �5 �C; (ii) N-ethoxy-
carbonylphthalimide/Na2CO3, dioxane/H2O (1:1); (iii) 10% Pd-C/H2, AcOH; (iv) (Boc)2O/NaHCO3, dioxane/H2O (1:1); (v) H2N–NH2�AcOH,
MeOH, 50 �C; (vi) Z-NH–(CH2)n–COOH/DIEA/EDC/HOBt, CHCl3; (vii) 10% Pd–C/H2, MeOH.
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affinity of the inhibitors. The dibasic inhibitor 21, that is
that with the shortest distance between the terminal
amino groups, is only about as potent as the headgroup
(2.4 mM vs 13.7 mM, respectively). An increase of the
distance between the amino groups, however, is accom-
panied by a large increase in affinity, reaching a max-
imal cooperativity with compound 23 that is 1370-fold
more potent than the binding head.

A novel modeling program17 that allows the docking of
bivalent inhibitors was applied on this set of dibasic
distance probes. For each inhibitor two of its possible
diastereomers (i.e., the S,S- and R,R-compounds; the
absolute stereochemistry refers to the head groups,
respectively) were docked. The result obtained for the
S,S-diastereomer of inhibitor 23 is shown in Figure 2.
The inhibitor can adopt a conformation that allows the
simultaneous interaction of its both positively charged
headgroups with the Asp-189 residues within the S1
pockets of the neighboring subunits A and D (or their
equivalents B and C). According to the docking experi-
ments, the main contribution to the affinity of the diba-
sic inhibitors appears to originate from interactions of
the headgroups within the S1 subsites, whereas contacts
between the central spacer region and the enzyme were
not detectable. Furthermore, such modeling confirmed
that there is sufficient space for two dibasic ligands
within one tetramer and thus, allowing a stoichiometry

b-tryptase tetramer/dibasic ligand of 1:2. The predic-
tions whether the inhibitors bind in a mono- or bivalent
manner are in full agreement with the SAR data derived
from inhibition kinetics. Both diastereomers of inhibitor
21 as well as the R,R-diastereomer of inhibitor 28 were

Scheme 3. (a) Synthesis of the symmetric dibasic inhibitors. Reaction conditions: (i) n=1: 18 or 19 or 20; n=2: 17/DIEA/EDC/HOBt, DMF; (ii)
95% aq TFA, 0 �C!rt. (b) Synthesis of the asymmetric dibasic inhibitor. Reaction conditions: (i) 18/DIEA/EDC/HOBt, DMF; (ii) 10% Pd–C/H2,
AcOEt; (iii) 19/DIEA/EDC/HOBt, DMF ; (iv) 95% aq TFA, 0 �C!rt.

Table 1. Inhibition of the b-tryptase tetramer by the set of dibasic

distance probes

Compd m n X Y Number of bonds
between the
amino groups

Ki (mM)

21 2 2 — — 25 2.4
28 1 2 Gly — 27 0.18
22 1 1 Gly Gly 29 0.018
23 1 1 b-Ala b-Ala 31 0.010
24 1 1 4-Abu 4-Abu 33 0.35
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classified as monovalent binders, whereas all other dia-
stereomers are able to bind in a bivalent manner.

Thus, based on both inhibition kinetics and docking
studies the distance probe 21 is too short to interact
with the tryptase tetramer in a bivalent manner. The
gain in affinity observed with 22 and 23 in comparison
to the binding head together with the results from the
docking unambiguously classify them as bivalent bind-
ers. The decrease in inhibitory potency of 24, a distance
probe still able to interact with b-tryptase in a bivalent
manner (bivalent docking), probably reflects the loss of
conformational entropy upon binding that partially
consumes the entropy effect. In summary, the data
obtained clearly show that the b-tryptase tetramer
recognizes and binds dibasic inhibitors of appropriate
length.
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Figure 2. Bivalent docking of the S,S-diastereomer of inhibitor 23.
Subunits A and D of the b-tryptase tetramer are shown in ribbon
representation, the inhibitor (colored in yellow) as well as the amino
acid residue Asp-189 (colored in red) of subunits A and D as stick
models: (A) side view, (B) top view.
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