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Abstract

When mast cells are activated, e.g. during allergic responses, they secrete the serine proteases chymase and tryptase, which both are
complex-bound to heparin proteoglycan in vivo. Previous reports have demonstrated potent pro-inflammatory effects of both tryptase and
chymase in different animal models, suggesting that these serine proteases may be relevant targets for therapeutic intervention. Recent
investigations have shown that heparin-binding compounds can cause tryptase inhibition and it has been suggested that the inhibitory
activity of such compounds is due to interference with the binding of heparin to tryptase. Here we tested various polycationic peptides for
their ability to inhibit heparin-free human recombinant BI-tryptase. We demonstrate powerful direct inhibition of tryptase (icsq values ~
1-100 nM) by poly-Arg and poly-Lys of different molecular weights. Poly-Arg and poly-Lys showed predominantely competitive
inhibition kinetics, although decreases in the k., values for the chromogenic substrate S-2288 were also observed. Peptides built up from
heparin-binding motifs were also inhibitors of tryptase, albeit of lower efficiency than poly-Arg/Lys. Tryptase inhibition was strongly
dependent on the size of the polycationic peptides. The various polycationic peptides were also inhibitory for heparin-dependent activities
of chymase. The tryptase inhibition caused by the polycationic peptides could be reversed by adding heparin. After heparin-induced
rescue of tryptase activity, the major part of the tryptase activity was sensitive to inhibition by bovine pancreatic trypsin inhibitor, whereas
tryptase before addition of polycationic peptide was completely resistant. Taken together, our findings indicate that polycationic peptides

can be used as powerful agents for combined inhibition of mast cell tryptase and chymase.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Mast cells are powerful effector cells, well known in
particular for their harmful effects in allergic responses [1].
However, several investigations have suggested an involve-
ment of mast cells in many other types of pathophysiological
conditions, e.g. wound repair [2], rheumatoid arthritis [3],
cancer [4] and HIV infection [5]. It is also well established
that mast cells participate in the defence against bacterial
infections [6]. Mast cells synthesize and store in their
secretory granules a large number of inflammatory media-
tors, including histamine, cytokines, heparin proteoglycan
and various proteases. The mast cell proteases are of three
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Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; PBS, phos-
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classes—tryptases, chymases and carboxypeptidase A [7],
all of which are dependent on proteoglycans for storage in
the mast cell granules [8]. In humans only one gene has been
identified for carboxypeptidase A and for chymase, respec-
tively. In contrast, several human tryptase genes have been
identified: o, BI, BII, PIIL, 7y, as well as a number of
pseudogenes [9]. Of these, the o-tryptases are considered
as being proteolytically inactive [10] and are continuously
secreted by the mast cells, whereas the B-tryptases are active
and constitute the main form of tryptase stored in the mast
cell granules. Thus, B-tryptase is the main form of tryptase
that is secreted as a consequence of mast cell activation.
Tryptase, in its active form, is tetrameric and has been shown
to be resistant to most macromolecular protease inhibitors
[11]. Crystallization of human B-tryptase confirmed the
tetrameric organization of tryptase and showed, further-
more, that all of the active sites were faced towards a narrow
central pore, well explaining its resistance to large protease
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inhibitors that for steric reasons are unable to enter the
central cavity of tryptase [12].

Previous investigations have demonstrated that tryptase
has potent pro-inflammatory properties. It has been demon-
strated, in a sheep model for allergic reactions, that inhala-
tion of B-tryptase causes bronchoconstriction via histamine
release [13]. Further, it was shown that B-tryptase induces
immediate cutaneous reactions in allergic sheep [14]. It has
also been shown that human tryptase stimulates micro-
vascular leakage [15] as well as recruitment of neutrophils
and eosinophils [16] in guinea pigs. Further, it has been
demonstrated that endogenous tryptase has pro-inflamma-
tory properties in mice [17,18]. Although the pro-inflam-
matory properties of tryptase are well established it is still
not clear how tryptase induces inflammation, i.e. its phy-
siological target protein(s) or peptide(s) has not been
identified. Potential targets include the peptides vasoactive
intestinal peptide [19], calcitonin gene-related peptide [20]
as well as protease activated receptor 2 [21], fibrinogen
[22], and urokinase plasminogen activator [23].

The well known pro-inflammatory properties of tryptase
have evoked an interest for tryptase inhibitors, with the
potential of using such compounds as anti-inflammatory
drugs. In a previous report it was demonstrated that APC
366, a monovalent inhibitor that was reported to be selective
for tryptase, blocked bronchoconstriction in the sheep
model for allergy [24]. Later, it was shown that APC 366
also reduces the acute airway responses to allergen in
allergic pigs [25].

It has been known for a long time that tryptase is
stabilized by its physiological ligand, heparin [11]. Thus,
it is not surprising that various compounds that are known
to interact with heparin, e.g. lactoferrin [26], myeloperox-
idase [27], Polybrene [28] and protamine [28] cause tryp-
tase inhibition. One of these compounds, lactoferrin, has
also been shown to block late phase bronchoconstriction in
allergic sheep [26]. The general interpretation of these
findings is that the heparin-binding compounds compete
with tryptase for binding to heparin and that tryptase
without access to heparin is de-stabilized, followed by
monomerization and loss of activity. We have also shown
that rodent chymases are strongly influenced by heparin,
where the heparin moiety of the chymase/heparin com-
plexes capture heparin-binding substrates, present them to
chymase, and thus enhance the rate of substrate cleavage
dramatically [29,30].

In this investigation the aim was to identify optimal
polycationic compounds that can be used for inhibition
of mast cell tryptase and chymase. Previous comparisons
of various heparin-binding proteins have identified
two different heparin-bindings motifs, XBBXBX and
XBBBXXBX, where X are hydrophobic or uncharged
amino acids and B are basic amino acids [31,32]. To test
if peptides that contain these motifs are inhibitory for the
mast cell serine proteases, peptides containing 14 repeats
of the respective heparin-binding motif were synthesized

and their ability to inhibit human recombinant BI-tryptase
and rodent chymases were tested. Peptides that were
polymers of Lys and Arg, respectively, were also tested
for inhibitory activity.

2. Materials and methods
2.1. Reagents

Recombinant human Pl-tryptase (rh-BI-tryptase) was
purchased from Promega. The tryptase used in this study
is reported by the manufacturer to be free from heparin.
However, since heparin is used during the expression
procedure [33], we wanted to test if any residual heparin
could be present in the rh-BI-tryptase preparation. 10 pug of
rh-Bl-tryptase was therefore subjected to analysis by the
carbazole method [34], which detects the presence of
uronic acids. This analysis confirmed that the tryptase
preparation was completely negative for heparin or at least
below the level of detection; the assay would detect heparin
at an amount down to ~1 pg, i.e. the tryptase contains less
than 0.1 pg heparin/pg tryptase (results not shown). The rat
chymase, rat mast cell protease 1 (rMCP-1), was purified
from peritoneal mast cells as described previously [35].
The chromogenic substrates S-2288 (H-D-Ile-Pro-Arg-
pNA), S-2238 (H-D-Phe-Pip-Arg-pNA) and S-2586
(MeO-Suc-Arg-Pro-Tyr-pNA) were purchased from Chro-
mogenix (Mdlndal, Sweden). Poly-Lys with M, of ~3800,
~13,400 and ~27,400 and poly-Arg with M, of ~13,000
were from Sigma—Aldrich. The average molecular weights
of the poly-amino acids are based on measurements with
viscosity methods.

Protamine (M, ~4500) purified from salmon was from
Sigma. Polybrene (hexadimethrine bromide; 1,5-dimethyl-
1,5-diaziundecamethylene polymethobromide) was ob-
tained from Janssen Chimica. Porcine mucosal heparin
(M, ~15,000) was a kind gift from Ulf Lindahl (Uppsala
University). Bovine o-thrombin was donated by Ingemar
Bjork (Swedish University of Agricultural Sciences).
Bovine pancreatic trypsin inhibitor (BPTI) was from
Roche. All other chemicals used were of p.a. grade.

Peptides were synthesized on solid phase according to
Hirata et al. [36]. In brief, an automated benchtop simul-
taneous multiple solid-phase peptide synthesizer (PSSM 8§
system from Shimadzu) was used for the solid-phase
synthesis of all the peptides by the Fmoc-procedure.
The final deprotected peptides were purified by binary
semipreparative HPLC using an Econosil C-18 column
(10 mm, 22.5mm x 250 mm). Analytical HPLC was
performed using a binary HPLC system from Shimadzu
with a SPD-10AV Shimadzu UV-Vis detector coupled to
an Ultrasphere C-18 column (5 pm, 4.5 mm x 150 mm).
The HPLC column eluates were monitored by their
absorbance at 220 nm. The molecular weight and purity
of synthesized peptides were checked by MALDI-TOF
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mass spectrometry (TofSpec-E, Micromass) and/or peptide
sequencing using a protein sequencer PPSQ-23 (Shimadzu).

2.2. Cells

Peritoneal cells (~2—-3% mast cells, the rest being ~50%
macrophages and ~50% lymphocytes) from female
C57BL/6 mice (~6 months of age) were collected by
peritoneal lavages with 15 mL of cold phosphate-buffered
saline (PBS), pH 7.4. Cells were centrifuged (300 g; 4°;
10 min) and were resuspended and cultured in serum-free
medium H4281 (Sigma—Aldrich). The serum-free medium
was supplemented with penicillin (100 IU/mL; GibcoBRL),
streptomycin (100 mg/mL; Life Technologies Inc.) and L-
glutamine (10 mM). The cells were distributed in 24-well
plates (Nunc; ~0.5 x 10° cells in 0.5 mL per well) and
incubated at 37° in a humidified atmosphere of 5% CO,.

2.3. Enzymatic assays

All enzymatic assays were performed at room tempera-
ture. Enzymatic assays were performed in 96-well micro-
titer plates. In standard incubations, 10 ng of rh-BI-tryptase
was added to the wells in a total volume of 100 pL of PBS
(pH 7.4)/0.1% Triton X-100. Inhibitors in 10 pL of PBS
(pH 7.4)/0.1% Triton X-100, were added followed by
10 min incubation. Thereafter, 20 pL. of a 2 mM solution
(in H,O) of S-2288 was added, and increased absorbance at
405 nm was monitored with a Titertek Multiscan spectro-
photometer. 1csy values were determined by incubating
increasing concentrations of inhibitor with protease for
10 min. Residual enzymatic activities were monitored as
for standard assays. The ratio of inhibited over uninhibited
rates was plotted against the inhibitor concentration,
and 1c5( values were determined by nonlinear regression
analysis.

rMCP-1 (12.5 ng per sample in PBS, pH 7.4, 0.1%
Triton X-100) was assayed with S-2586 [35]. icso values
were determined as for rh-BI-tryptase, with the difference
that the values were corrected for the non heparin-depen-
dent activity and therefore the icso values expresses the
concentration needed for a 50% reduction of the heparin
stimulated activity. Heparin induces a ~100-200%
increase in the activity of rMCP-1 towards S-2586, in
agreement with previous observations [29]. In the absence
of heparin, the various polycations caused only moderate
reductions, up to 20%, of rMCP-1 activity towards S-2586
(not shown).

For K., and k., determinations, substrate concentrations
ranging from 0.03 to 3.6 mM (S-2288) and 0.06 to 3.6 mM
(S5-2586) were used. Absorbance changes were followed
over 30 min with readings every 30 s. Initial reaction
velocities (obtained within 5 min in all of the analyses)
were used to calculate the enzymatic activity. The data
obtained were used for calculations of kinetic parameters
after nonlinear regression analysis.

Molar concentrations of the poly-Arg and poly-Lys
peptides are, as well as for heparin and Polybrene, approx-
imate since these molecules are heterogeneous in size and
therefore an average M, is used for the calculations. Incu-
bation of rh-BI-tryptase (50 ng) with poly-Arg (100 pg) or
poly-Lys (100 pg) for 24 hr did not lead to any detectable
degradation of these compounds, as judged by SDS-PAGE
separation followed by staining with Coomassie.

2.4. Thrombin inactivation

Inhibitors at different concentrations (duplicates) were
added to over-night cultures of peritoneal cells (see Section
2.2), and incubated for 30 min before 1 pg of thrombin was
added to the cells. Media samples (50 pL.) were collected at
different time points and stored at —20°. Residual thrombin
activities in these samples were assayed using S-2238:
10 pL of sample was mixed with 190 pL of PBS (pH 7.4)
followed by the addition of 20 puLL S-2238 solution (4 mM
in H,0) and recording of absorbance as already described.

2.5. Inhibition rate

The rh-Bl-tryptase or tMCP-1 was incubated together
with various polycationic peptides as during standard
assays. After various incubation times, S-2288 (rh-BI-
tryptase) or S-2586 (rMCP-1) was added and residual
activities were measured as above.

2.6. Reversibility of tryptase inhibition

The rh-BI-tryptase (10 ng in 100 uL. PBS, pH 7.4, 0.1%
Triton X-100) was incubated with polycationic com-
pounds for either 15 min or 2 hr. Next, heparin (50 ng;
5 uL of a 10 pg/pL solution in H,O) was added. After
5 min, samples were treated with BPTI (1 pg; 5 pL of a
0.2 mg/pL solution in PBS) or buffer without BPTI. After
an additional 5 min, residual activity was measured with
S-2288.

3. Results

3.1. Potency of polycationic peptides in inhibition
of rh-pl-tryptase and rMCP-1

1C5q values for the inhibition of rh-BI-tryptase and heparin-
stimulated activity (see Section 2) of rMCP-1 are listed in
Table 2. Generally, the peptides containing repeats of
heparin-binding motifs (see Table 1) appeared to have
somewhat stronger effects on rMCP-1 than on rh-Bl-tryp-
tase. The peptides containing only one repeat of the respec-
tive heparin-binding motifs did not show any inhibitory
effect at concentrations up to 25 ptM. However, clear inhibi-
tion of both rh-BI-tryptase and rMCP-1 was seen when the
number of heparin-binding motifs were increased. The
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Table 1

Sequence of polycationic peptides used in this study

Peptide Sequence Kp (nM)
M0192 Ac AKKARA-NH, NI
PS0191D Ac (AKKARA),-NH, 55
PS0177G Ac (ARKKAAKA),-NH, 1070
PS0178C Ac (ARKKAAKA);-NH, 30
PS0178D Ac (ARKKAAKA),-NH, 7

Affinities for heparin are taken from Pimenta et al. [42]. NI, no
interaction detected.

strongest inhibitory effect of any of these peptides was seen
for PS0178D, which inhibited rMCP-1 with an 1c5 value in
the nM range, although it showed only weak inhibition of rh-
BI-tryptase. Interestingly, this peptide carries the highest net
charge out of the tested heparin-binding motif containing
peptides (Table 2). It should be noted, however, that all of the
peptides containing heparin-binding motifs were relatively
weak inhibitors for both rh-BI-tryptase and rMCP-1.

Various homopolymers of Arg and Lys were strongly
inhibitory for both rh-BI-tryptase and rMCP-1, with 1csq
values in the low nM range. The inhibition of the mast cell
serine proteases showed a strong dependence on size. Poly-
Lys of M, ~27,400 inhibited tryptase with an 1cs, value as
low as 1.5 nM and poly-Lys of half this size (M, ~13,400)
displayed a similar icsy value (0.85 nM). Decreasing the
size of the poly-Lys to M, ~3800 led to a ~100-fold
increase in the icsy value (95 nM). The inhibition of
rMCP-1 by the differentially sized poly-lysines showed
a similar dependence on size. Poly-Arg inhibited rh-BI-
tryptase and rMCP-1 with 1cs, values that were in the low
nanomolar range (Table 2). It is important to note that the
polycations inhibited tryptase that is not stabilized by
heparin (see Section 2). Thus, the polycations are directly
inhibitory for tryptase.

3.2. Inhibition kinetics
The influence of the various polycationic peptides
on kinetic parameters of tryptase and rMCP-1 was stu-

died (Table 3). Incubation of tryptase with poly-Arg
(M, ~13,000) at 5-100 nM led to a gradual increase

Table 2

(up to ~30-fold) in the K, values for S-2288, indicating
competitive inhibition kinetics. At these concentrations of
poly-Arg, there was only a slight effect on the k., values.
Likewise, the heparin-binding peptide PS0178C induced
an increased K, for S-2288 with no apparent effect on the
keo. value. The differently sized poly-Lys peptides all
induced marked increases (up to ~20-fold) in the K
values of tryptase for S-2288. However, the poly-lysines
also consistently affected the k., values negatively. Thus,
the inhibition of tryptase by poly-lysines appears to show
predominantly competitive inhibition kinetics, but also a
component of noncompetitive inhibition kinetics. Simi-
larly, the heparin-binding peptide PS0191D produced both
increased K, values as well as decreased k., values of
tryptase for S-2288. All of the polycationic peptides tested
in this study appeared to inhibit rMCP-1 with predomi-
nately competitive inhibition kinetics.

3.3. Thrombin inactivation

We have previously shown that thrombin is inactivated/
degraded in cultures of mouse peritoneal cells, and that the
thrombin inactivation is catalyzed by mast cell chymase in
a strongly heparin-dependent manner [30]. To test if the
polycationic peptides used in this study were able to inhibit
thrombin inactivation, the influence of the peptides on
thrombin inactivation in peritoneal cell cultures was tested
(Fig. 1). It is clear from Fig. 1 that poly-Arg (M, ~13,000)
at 25 nM inhibits the thrombin inactivation in these cul-
tures completely and that inhibition is also observed for
poly-Lys (M, ~13,400) at 25 nM. Poly-Arg at lower con-
centrations did not inhibit thrombin inactivation and other
polycationic peptides did not show any inhibitory activity
at the concentrations tested.

3.4. Inhibition velocity

Polycationic inhibitors were added to rh-BI-tryptase and
rMCP-1 and residual enzymatic activities were measured
at different time points. In the absence of inhibitors the
rMCP-1 activity towards S-2586 was quite stable through-
out the measurement (Fig. 2A). The inhibitors were able to

ICso values for the inhibition of rh-BI-tryptase and heparin-stimulated activity of rat chymase (rMCP-1) by polycationic peptides

Peptide M, Charge 1Cs0; th-Bl-tryptase (nM) 1C50; IMCP-1 (nM)
Poly-Arg ~13000 ~75 29 +£04 52 £ 25
Poly-Lys ~27400 ~187 1.5+03 6+2
Poly-Lys ~13400 ~92 0.85 + 0.38 16 £ 2
Poly-Lys ~3800 ~26 95 + 32 460 + 130
MO0192 720 3 >25000 >25000

PS0191D 2921 12 2100 £ 1000 1300 £ 560
PS0177G 2013 8 >25000 >25000

PS0178C 2983 12 7300 £ 2400 1600 £ 800
PS0178D 3952 16 4200 £ 680 220 £ 190

Results are expressed as mean of triplicate determinations 4= SD of the linear regression.
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Table 3
Kinetic parameters for the inhibition of recombinant human B-tryptase and rat chymase (rMCP-1) by polycationic peptides

Ky (mM) ke 571 keadKm 57" M7
rh-BI-tryptase
Control 0.017 + 0.004 8.7+ 1.8 400
Poly-Lys 13400 (5 nM) 0.026 4+ 0.0062 8.2 + 0.79 310
Poly-Lys 13400 (10 nM) 0.022 + 0.0034 54 +0.33 250
Poly-Lys 13400 (20 nM) 0.036 4+ 0.0043 4.5 £ 0.25 120
Poly-Lys 13400 (50 nM) 0.091 4+ 0.0064 32+ 14 35
Poly-Lys 13400 (100 nM) 0.12 + 0.077 2.0 £ 0.64 17
PS0191D (2 uM) 0.038 4+ 0.0044 12 £ 0.52 320
PS0191D (10 pM) 0.089 + 0.064 1.9 £+ 0.66 21
PS0191D (50 pM) 0.083 4+ 0.072 1.3 +0.54 16
PS0178C (2 uM) 0.025 4+ 0.0044 10 + 0.91 410
PS0178C (5 uM) 0.14 + 0.046 11 £ 2.1 80
PS0178C (7.5 uM) 0.11 + 0.033 4.8 £ 0.78 46
PS0178C (20 uM) 0.86 = 0.11 10 + 0.25 12
Poly-Arg 13000 (5 nM) 0.018 4+ 0.0007 11 £ 0.13 600
Poly-Arg 13000 (10 nM) 0.036 4+ 0.0032 9.8 + 0.32 270
Poly-Arg 13000 (50 nM) 0.26 + 0.34 63 £ 2.8 24
Poly-Arg 13000 (100 nM) 0.60 £+ 0.33 63 £ 2.8 11
rMCP-1
Control 0.064 + 0.013 5.2 + 0.69 82
Poly-Lys 3800 (500 nM) 20+ 04 13 £22 6.7
Poly-Lys 13400 (10 nM) 0.12 + 0.011 59 + 0.25 51
Poly-Lys 13400 (20 nM) 0.24 + 0.046 6.1 £ 0.67 26
Poly-Lys 13400 (50 nM) 0.73 + 0.30 74 +23 10
Poly-Lys 13400 (100 nM) 1.1 £ 0.19 7.3 +£0.92 6.5
Poly-Lys 27400 (5 nM) 1.6 +£ 0.48 12+ 2.6 7.4
PS0191D (7.5 uM) 1.2 £ 0.10 6.8 £ 0.44 5.7
Poly-Arg 13000 (20 nM) 0.23 + 0.12 49 4+ 14 21
Poly-Arg 13000 (50 nM) 0.44 + 0.15 55+ 1.3 13
Poly-Arg 13000 (75 nM) 0.59 + 0.29 62 +22 10
Poly-Arg 13000 (100 nM) 0.67 + 0.18 82+ 16 12

Results are expressed as mean of triplicate determinations = SD of the linear regression.
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Fig. 1. Inhibition of chymase-catalyzed thrombin inactivation by polycationic peptides. Peritoneal cells from C57BL/6 female mice were cultured ~18 hr.
Polycationic peptides were added at different concentrations: poly-Arg (5 nM; open triangles), poly-Arg (25 nM; filled triangles), poly-Lys (M, ~13,400;
5 nM; open circles), poly-Lys (M, ~13,400; 25 nM,; filled circles) or PSO0191D (25 uM; filled squares). Cell control (open squares, dashed line), cells w/o
polycation added (symbols partly invisible due to overlay with PS0191D). Medium control (open squares, filled line), thrombin incubated with cell culture
medium (w/o cells). 30 min after addition of polycation to the cells, 1 mg thrombin was added. Media samples (50 mL) were taken at the indicated time-
points and were analyzed for residual thrombin-like activity using the chromogenic substrate S-2238. Results are expressed as the mean of duplicate
determinations =+ range of variation.
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Fig. 2. Inhibition velocity for ’MCP-1 and rh-BI-tryptase. (A) 12.5 pg rMCP-1 was incubated for 10 min with 10 pg of heparin (in 100 pL PBS, 0.1% Triton
X-100). Polycations (in 10 pL PBS, 0.1% Triton X-100) were added as follows: poly-Arg (1 uM final concentration; open squares), poly-Lys (M, ~27,400;
1 puM final concentration; open triangles), poly-Lys (M, ~13,400; 1 uM final concentration; filled triangles), poly-Lys (M, ~3800; 1 pM final concentration;
open circles), PS0191D (25 uM final concentration; crosses), protamine (1 uM final concentration; filled circles), Polybrene (1 uM final concentration; filled
squares). Control, rMCP-1 w/o added polycation (open diamonds). At the time points indicated, residual rMCP-1 activity was analyzed with S-2586. (B)
10 ng of rh-BI-tryptase (in 100 pL PBS, 0.1% Triton X-100) was incubated alone (filled diamonds) or with either of the polycations: poly-Arg (M, ~13,000),
poly-Lys (M, ~13,400), protamine, Polybrene or PS0191D (concentrations of polycations and symbols were the same as in (A)). At the time points indicated,

residual rh-BI-tryptase activities were assayed with S-2288.

reduce the activity to ~30% of the initial activity within
30 s from their addition. The residual activity obtained in
the presence of the different polycations thus corresponds
to the activity of rMCP-1 towards S-2586 before addition
of heparin, i.e. the polycations are able to block the
stimulatory effect of heparin on rMCP-1-catalyzed hydro-
lysis of S-2586. rh-BlI-tryptase activity was slightly more
unstable in comparison to rMCP-1 (Fig. 2B), in agreement
with the known instability of this enzyme in the absence of
stabilizing agents such as heparin [37]. After 30 min incu-
bation without the presence of any inhibitor, a ~20%
loss of activity was observed. The inhibitors poly-Lys
(M, ~13,400), poly-Arg and protamine caused essentially
complete inhibition of rh-BI-tryptase within 30 s, whereas

a small (~10%) residual activity was present after the
additions of Polybrene or PS0191D.

3.5. Reversibility of tryptase inhibition

To test if the tryptase inhibition was reversible, rh-BI-
tryptase was treated with different polycationic peptides,
followed by the addition of excess heparin (Fig. 3). Addi-
tion of poly-Arg, poly-Lys (M, ~27,400), poly-Lys
(M, ~13,400) or protamine at the indicated concentrations
resulted in complete inhibition of rh-Bl-tryptase activity
(bars not visible in figure), whereas poly-Lys (M, ~3800)
addition gave ~65% inhibition. When heparin was added
to rh-fl-tryptase 15 min after poly-Arg treatment of the
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Fig. 3. Reversibility of tryptase inhibition. rh-BI-tryptase (10 ng in 100 pL PBS, 0.1% Triton X-100) was incubated for 15 min (A) or 2 hr (B) with poly-Arg
(M, ~13,000; 0.1 uM final concentration), poly-Lys (M, ~27,400; 0.1 uM final concentration), poly-Lys (M, ~13,400; 0.1 uM final concentration), poly-Lys
(M, ~3800; 0.1 uM final concentration) or protamine (0.1 pM final concentration); total volume 110 pL. Control, rh-BI-tryptase w/o polycation. Next, an
excess of heparin (50 pg; in 5 pL of H,O) was added to indicated samples. After an additional 5 min of incubation, BPTI (1 pg) was added to a set of
samples. As a control, BPTI was added to rh-fI-tryptase that had not been treated with polycation/heparin (filled bars). Finally, 20 pL of 2 mM S-2288 was
added and residual rh-BI-tryptase activities were measured. A ~50% decrease in activity of control rh-BI-tryptase (w/o polycation) was observed after the 2 hr
incubation time. Results are expressed as mean of triplicate determinations + SD.

sample, almost full (~90%) recovery of tryptase activity
was observed (Fig. 3A), but when heparin was added 2 hr
after poly-Arg only ~55% of the activity was restored
(Fig. 3B). Similar results were obtained with protamine
(84% recovery after 15 min; 37% after 2 hr). Samples
treated with poly-Lys with M, ~13,400 or ~27,400 showed
a somewhat lower degree of heparin-mediated recovery
after 15 min but showed similar degrees of reactivation
after 2 hr of polycation treatment as for poly-Arg treated
rh-BI-tryptase (Fig. 3A and B).

Tetrameric tryptase is known to be resistant to most
macromolecular protease inhibitors. To investigate
whether polycation-treated tryptase retains such proper-
ties after heparin-mediated rescue we treated control as
well as polycation-treated/heparin-rescued rh-BI-tryptase
with bovine pancreatic trypsin inhibitor (BPTI). Untreated

rh-Bl-tryptase was, as expected, totally resistant to this
protease inhibitor (Fig. 3B). In contrast, ~80% of the
activity recovered after treatment with poly-Arg and sub-
sequent rescue with heparin after 15 min was inhibited by
BPTI. The degree of inhibition by BPTI was similar when
samples had been treated with poly-Arg for 2 hr before
heparin rescue (Fig. 3B). Similar findings were seen for rh-
BI-tryptase that had been treated with poly-Lys of different
molecular sizes as well as for protamine-treated rh-pI-
tryptase (Fig. 3A and B).

4. Discussion

In the present report we show that various polycationic
peptides are inhibitory for human mast cell BI-tryptase.
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Further, we show that similar polycationic peptides also are
inhibitory for the rodent chymase, rMCP-1, in complex
with heparin. It is important to note that the polycations do
not influence the actual active site of rIMCP-1 [38]. Instead,
they bind to the heparin part of the heparin/rMCP-1
complex and thus block the ability of the heparin chains
to capture heparin-binding substrates from the solution.
We have previously shown that the association of rMCP-1
(or its mouse orthologue mMCP-4) with heparin strongly
potentiates the ability of the rodent chymases to degrade a
variety of heparin-binding proteins, e.g. thrombin [29],
plasmin [30] and fibronectin [39]. Polycationic substances
could thus provide a powerful tool to inhibit heparin-
dependent activities of certain chymases in vivo, without
affecting its non heparin-dependent activities. For example,
we showed previously that binding of non heparin-binding
plasma protease inhibitors, e.g. o,,-macroglobulin, o-antic-
hymotrypsin and o -protease inhibitor, is decreased by the
association of chymase with heparin proteoglycan [40].
Treatment of native chymase/heparin complexes with poly-
cations would accordingly enhance the rate of binding of the
plasma protease inhibitors to chymase, which could lead to
rapid and complete destruction of the chymase active site.
Although a number of studies have established a profound
influence of heparin on substrate cleaving properties of
rodent chymases (see above), it is important to stress that
it remains to be shown that heparin has a similar effect on
human chymase.

Tryptase inhibition by the polycations appears to func-
tion according to an entirely separate mechanism. Several
previous reports have shown that various substances
that are able to bind to heparin are inhibitory for tryptase
(see Section 1). Since tryptase is dependent on heparin for
stabilization it has been assumed that the inhibitory mechan-
ism of these compounds involves binding to heparin and
interference with its stabilizing action on tryptase. This
mechanistic model would imply that heparin-binding sub-
stances are only inhibitory for tryptase if heparin is present.
Here we show, on the contrary, that the polycationic peptides
are powerful inhibitors for tryptase that is free from heparin.
We note, however, that heparin is present in the culture
medium during the expression of the recombinant tryptase
but is later removed during the purification procedure [33].
Possibly, heparin has thereby been involved in the initial
tetramerization/activation of the recombinant tryptase
(see [18,41]), but is no longer mandatory for activity when
the enzyme is stored at high NaCl concentration and acidic
pH [33]. The exact mechanism by which the polycations
inhibit rh-BI-tryptase is not clear. However, the predomi-
nantely competitive inhibition kinetics for poly-Arg indi-
cates that this compound interacts directly with the active
site of tryptase. In order for the polycations to gain access to
the active sites they would have to enter the narrow central
pore of the tryptase tetramer. This may not be an easy task for
a heavily charged substance. However, it is recognized that
the surface of the central pore carries a marked negative

charge [12] and it is thus possible that the entrance of
polycations to the central cavity is facilitated by electrostatic
interactions with the inner surface of the tryptase tetramer.

The inhibition of rh-BI-tryptase by the various polyca-
tionic peptides could be reversed by adding excess heparin
subsequent to the polycation treatment. The most likely
explanation for this reversal is that heparin binds to the
polycations and thus prevents them from interacting with
tryptase. Interestingly, it appears as treatment of rh-BI-
tryptase with the polycations followed by rescue by addi-
tion of heparin alters the macromolecular arrangement of
rh-Bl-tryptase. Before addition of polycations, rh-BI-tryp-
tase is completely resistant to BPTI, as expected since
macromolecular protease inhibitors are known to be pre-
vented from entering the central pore of the tryptase
tetramer [12]. However, after rescue of polycation-inhib-
ited tryptase with heparin, a large part of the activity is
sensitive to BPTI. This observation clearly indicates that
the rescued tryptase has a more open arrangement where
access to BPTI is permitted.

Out of the tested compounds it is clear that the various
polymers of Arg and Lys were by far the most efficient
inhibitors for both rh-BI-tryptase and rMCP-1. It is clear
that all of the various peptides containing varying numbers
of heparin-binding motifs were relatively weak inhibitors
of the proteases. This may be unexpected considering the
high affinity for heparin of some of these compounds [42].
However, in our suggested mechanism for tryptase inhibi-
tion the peptides do not have to interact with heparin to
cause tryptase inhibition and it can therefore not be pre-
dicted that the potency of a polycationic substance to
inhibit tryptase is a function of its affinity for heparin.
For inhibition of heparin-dependent activities of chymases,
on the other hand, heparin affinity should be a major
criterion for potent inhibitory action. In agreement with
such a notion, we note that the heparin-binding motif
containing peptides are generally more potent inhibitors
of rMCP-1 than for rh-BI-tryptase.

We show here that both poly-Lys and poly-Arg are
extremely potent inhibitors of the mast cell serine pro-
teases, with 1csq values in the low nanomolar range. These
findings thus raise the possibility of using such (or similar)
compounds in the treatment of pathological conditions
where mast cell serine proteases may be involved (see
Section 1). Importantly, the polycationic peptides will
inhibit both tryptase and heparin-stimulated activities of
certain chymases, although the inhibitory mechanisms for
these subclasses of proteases may differ significantly (see
above). The fact that the most potent polycations are those
of the highest molecular weight may, however, be a distinct
disadvantage for use in therapy, and may possibly prevent
their usage at least for administration within the circulation
system. On the other hand, the previous successful use of a
macromolecular compound (lactoferrin; [26]) to block
bronchoconstriction in allergic sheep indicates that it
may be possible to use high molecular weight substances
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treatment of allergic conditions, provided that the

regimen for administration of the compound is relevant.

Acknowledgments

This work was supported by grants from Vardalstiftel-
sen, the Swedish Medical Research Council, Magnus
Bergvall Foundation, Polysackaridforskning AB, King
Gustaf V’s 80th anniversary Fund, Fundacdo de Amparo
Pesquisa do Estado de Sao Paulo (FAPESP), and Human
Frontiers for Science Progress (RG 00043/2000-M).

References

(1]

(2]

(3]

[4

=

[5

—

[6

[t}

[7

—

[8

[t}

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

Metcalfe DD, Baram D, Mekori YA. Mast cells. Physiol Rev 1997;
77:1033-79.

Trautmann A, Toksoy A, Engelhardt E, Brocker EB, Gillitzer R. Mast
cell involvement in normal human skin wound healing: expression of
monocyte chemoattractant protein-1 is correlated with recruitment of
mast cells which synthesize interleukin-4 in vivo. J Pathol 2000;190:
100-6.

Lee DM, Friend DS, Gurish MF, Benoist C, Mathis D, Brenner MB.
Mast cells: a cellular link between autoantibodies and inflammatory
arthritis. Science 2002;297:1689-92.

Coussens LM, Raymond WW, Bergers G, Laig-Webster M, Behrendt-
sen O, Werb Z, Caughey GH, Hanahan D. Inflammatory mast cells up-
regulate angiogenesis during squamous epithelial carcinogenesis.
Genes Dev 1999;13:1382-97.

Marone G, Florio G, Petraroli A, Triggiani M, de Paulis A. Human
mast cells and basophils in HIV-1 infection. Trends Immunol 2001;
22:229-32.

Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell modulation of
neutrophil influx and bacterial clearance at sites of infection through
TNF-alpha. Nature 1996;381:77-80 (see comments).

Miller HR, Pemberton AD. Tissue-specific expression of mast cell
granule serine proteinases and their role in inflammation in the lung
and gut. Immunology 2002;105:375-90.

Forsberg E, Pejler G, Ringvall M, Lunderius C, Tomasini-Johansson
B, Kusche-Gullberg M, Eriksson I, Ledin J, Hellman L, Kjellén L.
Abnormal mast cells in mice deficient in a heparin-synthesizing
enzyme. Nature 1999;400:773-6.

Caughey G. New developments in the genetics and activation of mast
cell proteases. Mol Immunol 2002;38:1353.

Huang C, Li L, Krilis SA, Chanasyk K, Tang Y, Li Z, Hunt JE, Stevens
RL. Human tryptases alpha and beta/II are functionally distinct due, in
part, to a single amino acid difference in one of the surface loops that
forms the substrate-binding cleft. J Biol Chem 1999;274:19670-6.
Schwartz LB, Bradford TR. Regulation of tryptase from human lung
mast cells by heparin. Stabilization of the active tetramer. J Biol Chem
1986;261:7372-9.

Pereira PJ, Bergner A, Macedo-Ribeiro S, Huber R, Matschiner G, Fritz
H, Sommerhoff CP, Bode W. Human beta-tryptase is a ring-like tetramer
with active sites facing a central pore. Nature 1998;392:306-11.
Molinari JF, Scuri M, Moore WR, Clark J, Tanaka R, Abraham WM.
Inhaled tryptase causes bronchoconstriction in sheep via histamine
release. Am J Respir Crit Care Med 1996;154:649-53.

Molinari JE, Moore WR, Clark J, Tanaka R, Butterfield JH, Abraham
WM. Role of tryptase in immediate cutaneous responses in allergic
sheep. J Appl Physiol 1995;79:1966-70.

He S, Walls AF. Human mast cell tryptase: a stimulus of microvascular
leakage and mast cell activation. Eur J Pharmacol 1997;328:89-97.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

1179

He S, Peng Q, Walls AF. Potent induction of a neutrophil and
eosinophil-rich infiltrate in vivo by human mast cell tryptase: selective
enhancement of eosinophil recruitment by histamine. J Immunol
1997;159:6216-25.

Huang C, Friend DS, Qiu WT, Wong GW, Morales G, Hunt J, Stevens
RL. Induction of a selective and persistent extravasation of neutrophils
into the peritoneal cavity by tryptase mouse mast cell protease 6. J
Immunol 1998;160:1910-9.

Hallgren J, Karlson U, Poorafshar M, Hellman L, Pejler G. Mechan-
ism for activation of mouse mast cell tryptase: dependence on heparin
and acidic pH for formation of active tetramers of mouse mast cell
protease 6. Biochemistry 2000;39:13068-77.

Tam EK, Caughey GH. Degradation of airway neuropeptides by
human lung tryptase. Am J Respir Cell Mol Biol 1990;3:27-32.
Walls AF, Brain SD, Desai A, Jose PJ, Hawkings E, Church MK,
Williams TJ. Human mast cell tryptase attenuates the vasodilator
activity of calcitonin gene-related peptide. Biochem Pharmacol 1992;
43:1243-8.

Dery O, Corvera CU, Steinhoff M, Bunnett NW. Proteinase-activated
receptors: novel mechanisms of signaling by serine proteases. Am J
Physiol 1998;274:C1429-52.

Schwartz LB, Bradford TR, Littman BH, Wintroub BU. The fibrino-
genolytic activity of purified tryptase from human lung mast cells. J
Immunol 1985;135:2762-7.

Stack MS, Johnson DA. Human mast cell tryptase activates single-
chain urinary-type plasminogen activator (pro-urokinase). J Biol
Chem 1994;269:9416-9.

Clark JM, Abraham WM, Fishman CE, Forteza R, Ahmed A, Cortes
A, Warne RL, Moore WR, Tanaka RD. Tryptase inhibitors block
allergen-induced airway and inflammatory responses in allergic sheep.
Am J Respir Crit Care Med 1995;152:2076-83.

Sylvin H, Dahlback M, Van Der Ploeg I, Alving K. The tryptase
inhibitor APC-366 reduces the acute airway response to allergen
in pigs sensitized to Ascaris suum. Clin Exp Allergy 2002;32:
967-71.

Elrod KC, Moore WR, Abraham WM, Tanaka RD. Lactoferrin, a
potent tryptase inhibitor, abolishes late-phase airway responses in
allergic sheep. Am J Respir Crit Care Med 1997;156:375-81.
Cregar L, Elrod KC, Putnam D, Moore WR. Neutrophil myeloper-
oxidase is a potent and selective inhibitor of mast cell tryptase. Arch
Biochem Biophys 1999;366:125-30.

Hallgren J, Estrada S, Karlson U, Alving K, Pejler G. Heparin
antagonists are potent inhibitors of mast cell tryptase. Biochemistry
2001;40:7342-9.

Pejler G, Sadler JE. Mechanism by which heparin proteoglycan
modulates mast cell chymase activity. Biochemistry 1999;38:
12187-95.

Tchougounova E, Pejler G. Regulation of extravascular fibrinolysis
and coagulation by heparin-dependent mast cell chymase. FASEB J
2001;15:2763-5.

Cardin AD, Weintraub HJ. Molecular modeling of protein-glycosa-
minoglycan interactions. Arteriosclerosis 1989;9:21-32.

Verrecchio A, Germann MW, Schick BP, Kung B, Twardowski T,
San Antonio JD. Design of peptides with high affinities for
heparin and endothelial cell proteoglycans. J Biol Chem 2000;
275:7701-7.

Niles AL, Maffitt M, Haak-Frendscho M, Wheeless CJ, Johnson DA.
Recombinant human mast cell tryptase beta: stable expression in
Pichia pastoris and purification of fully active enzyme. Biotechnol
Appl Biochem 1998;28:125-231.

Bitter T, Muir HM. Anal Biochem 1962;4:330—4.

Pejler G, Soderstrom K, Karlstrom A. Inactivation of thrombin by a
complex between rat mast-cell protease 1 and heparin proteoglycan.
Biochem J 1994;299:507-13.

Hirata YI, Cezari MHS, Nakaie CR, Boschcov P, Ito AS, Juliano MA,
Juliano L. Internally quenched fluorogenic protease substrates:



1180

(371

[38]

(391

A. Lundequist et al./Biochemical Pharmacology 65 (2003) 1171-1180

solid-phase synthesis and fluorescence spectroscopy of peptides
containing o-aminobenzoyl/dinitrophenyl groups as donor—acceptor
pairs. Lett Pept Sci 1994;1:299-308.

Sommerhoff CP, Bode W, Matschiner G, Bergner A, Fritz H. The
human mast cell tryptase tetramer: a fascinating riddle solved by
structure. Biochim Biophys Acta 2000;1477:75-89.

Pejler G. Mast cell chymase in complex with heparin proteoglycan is
regulated by protamine. FEBS Lett 1996;383:170-4.

Tchougounova E, Forsberg E, Angelborg G, Kjellén L, Pejler G.
Altered processing of fibronectin in mice lacking heparin. A role for
heparin-dependent mast cell chymase in fibronectin degradation. J
Biol Chem 2001;276:3772-7.

[40]

[41]

[42]

Pejler G, Berg L. Regulation of rat mast cell protease 1 activity.
Protease inhibition is prevented by heparin proteoglycan. Eur J
Biochem 1995;233:192-9.

Huang C, De Sanctis GT, O’Brien PJ, Mizgerd JP, Friend DS, Drazen
JM, Brass LF, Stevens RL. Evaluation of the substrate specificity of
human mast cell tryptase beta I and demonstration of its importance in
bacterial infections of the lung. J Biol Chem 2001;276:26276-84.
Pimenta DC, Nantes IL, De Souza ES, Bonniec BL, Ito AS, Tersariol
IL, Oliveira V, Juliano MA, Juliano L. Interaction of heparin with
internally quenched fluorogenic peptides derived from heparin-bind-
ing consensus sequences, kallistatin and anti-thrombin III. Biochem J
2002;366:435-46.



	Polycationic peptides as inhibitors of mast cell serine proteases
	Introduction
	Materials and methods
	Reagents
	Cells
	Enzymatic assays
	Thrombin inactivation
	Inhibition rate
	Reversibility of tryptase inhibition

	Results
	Potency of polycationic peptides in inhibition of rh-betaI-tryptase and rMCP-1
	Inhibition kinetics
	Thrombin inactivation
	Inhibition velocity
	Reversibility of tryptase inhibition

	Discussion
	Acknowledgements
	References


