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Active monomers of human B-tryptase have expanded substrate
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Abstract

B-Tryptase, a product of the TPSAB1 and TPSB2 genes, is a trypsin-like serine protease that is a
major and selective component of the secretory granules of all human mast cells, accounting for as
much as 25% of cell protein. Once mast cells are activated, B-tryptase is released along with histamine
and heparin proteoglycan. B-Tryptase is a unique enzyme with a homotetrameric structure in which
active sites face into the central cavity of the four monomers, stabilized by heparin-proteoglycan.
This structure makes B-tryptase resistant to most biological inhibitors of serine proteases. Without
stabilization, at neutral pH B-tryptase converts to inactive monomers. Tryptase levels are elevated in
bronchoalveolar lavage (BAL) fluid obtained from atopic asthmatics and in serum during systemic
anaphylactic shock. Several synthetic small molecular weight p-tryptase inhibitors reduced Ag-
induced airway hypersensitivity in animals, suggesting p-tryptase is involved in the pathogenesis of
airway inflammation. Although the major biologic substrate(s) of B-tryptase remain ambiguous, the
protease can digest several proteins of potential biologic importance, including fibrinogen,
fibronectin, pro-urokinase, pro-matrix metalloprotease-3 (proMMP-3), protease activated receptor-2
(PAR2) and complement component C3. Recently, monomers of B-tryptase with enzymatic activity
have been detected in vitro. Here we discuss how B-tryptase monomers with enzymatic activity were
identified as well as their potential role in vivo.
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1. Introduction

Mature B-tryptase (10-35 pg per human mast cell) consists of four monomers, each monomer
stabilized in its active conformation and in its tetrameric form by heparin-proteoglycan [1,2].
This protease is stored in the secretory granules of all human mast cells and is released from
these cells when they are activated to degranulate [3,4]. Purified p-tryptase tetramers in the
absence of heparin spontaneously convert to inactive monomers at neutral pH in a physiological
salt solution. However, the tetrameric structure is stable in high salt solution (>0.5 M NaCl).
The crystal structure of B-tryptase reveals details of interaction sites between the monomers
[5,6]. The active site of each subunit of the tetramer faces into a central pore, which measures
about 50 x 30 A, and thereby restricts access of biological inhibitors to the active sites. The
interactions between two monomer:monomer interfaces include a mixture of hydrophobic and
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ionic interactions that are reasonably strong, while the other two monomer:monomer
interactions are exclusively hydrophobic with domains rich in Tyr and Pro. These latter
monomer pairs appear to be stabilized by the binding of heparin to a groove of positively
charged amino acids on the periphery of the tetramer that span the two monomers.

Human mast cells have been divided to two types based on the enzymes contained in the
granules. Mast cells with B-tryptase (35 pg/cell), chymase (4.5 pg/cell), carboxypeptidase A3
(5-16 pg/cell) and cathepsin G are called MCr¢ cells. Mast cells only with B-tryptase (10 pg/
cell) are called MC+ cells. MC+ cells are the predominant type in skin and small bowel
submucosa, whereas MCr cells are the predominant type overall in the lung. However,
MC+¢ cells account for most of the mast cell hyperplasia reported in bronchial smooth muscle
of asthmatics [7]. MC+¢ cells also express CD88 (C5aR) and, consequently, are activated by
C5a[8]. Chymase, a chymotrypsin-like protease, is stored in mast cell secretory granules along
with carboxypeptidase A3 in a complex with proteoglycan [9]. Heparin facilitates the
processing of prochymase [10,11] and B-protryptase [12] by dipeptidylpeptidase | (DPPI,
Cathepsin C), a cysteine protease. Chymase converts angiotensin | to angiotensin 11 [13,14],
processes type | procollagen to collagen fibrils [15] and degrades various cytokines [16].
Cathepsin G is serine protease expressed by MC+¢ cells [17] as well as by neutrophils and
monocytes. Mast cell carboxypeptidase A3 is zinc-dependent exopeptidase [18-22] with a
similar catalytic profile as pancreatic carboxypeptidase A. B-Hexosaminidase, like B-tryptase,
is stored in the secretory granules of both MC+¢ type and MC+ type, and can be used as a
maker of degranulation for mast cells of at least 20% purity [3].

Human mast cell tryptase is derived from two genes clustered on chromosome 16p13.3, TPSB2
that is monomorphic for B-tryptase and TPSABL1 that is dimorphic for a-tryptase and p-tryptase;
each consisting of six exons and five introns [3,23-25]. Human o-tryptases have been divided
into al and a2 subtypes, B-tryptases into I, Il and Bl subtypes. Among the a-tryptases and
among the B-tryptases, there is 98% homology between amino acid sequences, while
comparing o to B-tryptase sequences one finds approximately 90% homology. Each a/B-
tryptase gene encodes a 275 amino acid peptide with a 30 amino acid leader sequence; 18
amino acids of pretryptase, 10 amino acids of protryptase and 2 amino acids of pro’ tryptase
[12]. The mature catalytic portion of tryptase consists of 245 amino acids. Critical differences
between a-tryptases and B-tryptases are that a-tryptases do not appear to undergo autocatalytic
processing from pro to pro’ because the GIn3 is not hydrolyzed by a trypsin-like enzyme. In
contrast, autocatalytic cleavage at the Arg3 of B-protryptase occurs at acidic pH (6-6.5) in the
presence of heparin. Then the remaining ValGIn dipeptide of B-pro'tryptase can be removed
by DPPI at acidic pH. Mature B-tryptase monomers spontaneously form active tetramers in the
presence of heparin at pH 6-6.5. Human o-tryptase also differs from p-tryptase in that it
possesses Asp215 rather than Gly21® in one of the loops that form its substrate binding cleft
[26]. Asp?1> dominantly restricts the substrate specificity of engineered mature o-tryptase.
Although mature B-tryptase is stored in secretory granules of mast cells, unprocessed a-
protryptases are inactive and spontaneously secreted from mast cells [27]. Of potential interest
to the human system is that disrupting the mouse N-deacetylase/N-sulfotransferase-2 gene,
which is necessary to express fully sulfated heparin [28], showed reductions in the amounts of
tryptase, chymase(s) and carboxypeptidase A3 in mast cells.

Another variant of tryptase is a membrane-bound relative, called transmembrane tryptase
(TMT/y-tryptase), a product of the TPSG1 gene, with 48% homology to o/p-tryptases [29,
30]. Human y-tryptase consist of signal peptide of 38 residues, 19 in the pre portion and 19 in
the pro portion, and a mature domain of 282 amino acids, including 23 residues of a membrane-
spanning portion near the C-terminal. Since it lacks Tyr and Pro enriched domains, y-tryptase
does not form a tetrameric conformation. The protein is highly expressed in intestine and
various tumor cell lines. Human d-tryptase, a product of the TPSD1 gene, is another variant
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which originally was named mMCP-7 like tryptase, but it has 40 amino acids deleted from the
C-terminal relative to a/p-tryptases [31]. Whether the protein is highly expressed as an active
protease is uncertain [32,31]. The most distantly related variant is called e-tryptase, a product
of the PRSS22 gene, with only 40% similarity to o/p-tryptases [33]. Human e-tryptase is also
located in chromosome 16p13.3 and consists of a 49 amino acid leader sequence, 32 residue

of signal pre peptide and 17 residue of pro peptide, and a mature enzyme of 268 amino acids.
Human e-tryptase lacks the Tyr and Pro rich domains of a/p-tryptases, indicating no tetramer
formation, and also lacks a C-terminal hydrophobic domain, indicating it does not reside in the
membrane. These variants of tryptases are biochemically and immunologically distinct from

a/B-tryptases. Herein we reserve the term tryptase for only o/p-tryptases.

2. Inhibitors and target proteins

The tetrameric conformation of B-tryptase explains its resistance to biological inhibitors,
including al-antitrypsin, antithrombin 11 (ATI11), a2-macroglobulin (a2M), bovine aprotinin
and plant-derived inhibitors such as soybean trypsin inhibitor (SBTI) and lima bean trypsin
inhibitor (LBTI) [34]. B-Tryptase activity is inhibited by small synthetic inhibitors such as
diisopropylfluorophosphate, phenylmethylsulfonyl fluoride, tosyl-L-lysine chloromethyl
ketone and leupeptin [1]. Several synthetic B-tryptase inhibitors were shown in vivo to reduce
Ag-induced airway hypersensitivity in sheep [35,36], pig [37] and mouse [38], which indicates
tryptase may be involved in the pathogenesis of airway inflammation.

Despite the lack of inhibition by biological inhibitors, p-tryptase can cleave several proteins,
at least in vitro. Fibrinogen is rapidly cleaved and inactivated by B-tryptase [39-41]. B-Tryptase
activates pro-matrix metalloprotease-3 (proMMP-3) [42], and cleaves low molecular weight
[43] and high molecular weight kininogen [44-46]. B-Tryptase degrades fibronectin [47],
activates pro-urokinase [48] and generates C3a from complement C3 [49]. Vasoactive
intestinal peptide, VIP [50] and calcitonin gene-related peptide [51] are also degraded by B-
tryptase. Presumably, structural features of these proteins allow access to the active sites of the
B-tryptase tetramer.

B-Tryptase is also a potent stimulant of the proliferation of smooth muscle cells, fibroblasts
and epithelial cells [52-54] and stimulates synthesis of type | collagen by human fibroblasts
[55,56]. Proteinase-activated receptors (PARs) are G-protein coupled receptors, and four types
of PAR have been cloned (PAR1, PAR2, PAR3 and PAR4). When cleaved near their N-termini,
a conformational change occurs that allows signal transduction to occur. Activation of PAR2
on the cells by B-tryptase has been well-described [57-61]. However, the efficiency of p-
tryptase -mediated activation is much lower than trypsin, which is major enzyme known as
PAR2 activator. Indeed, one study found that recombinant BI-tryptase could not activate PAR2-
transfected cells [62], and another report showed that sialylation and N-linked glycosylation
of PAR2 and the presence of heparin markedly attenuate the ability of B-tryptase to activate
this receptor [63,64]. Thus, activation of PAR2 by B-tryptase may not be a physiologic event.
However, other mast cell enzymes affect PARs. Cathepsin G activates PAR4 [65]; and chymase
inactivates PAR1 [66].

3. Tetramer < monomer

B-Tryptase rapidly loses its enzymatic activity when incubated at neutral pH and physiologic
ionic strength in the absence of a stabilizing polyanion such as heparin. Inactivation occurs
concomitantly with the dissociation of the -tryptase tetramer into inactive monomers [2].
Changes in tertiary structure also occur with this type of inactivation, because mAbs against
B-tryptase were made that recognize conformational epitopes on active tetramers that are not
available on inactive monomers [67]. A kinetic analysis of B-tryptase decay suggested active
tetramers first became inactive tetramers (reversible by adding heparin), and then inactive
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monomers (irreversible) [68,69]. Evidence for active monomers was first reported by
Addington et al [70], this conclusion was based upon analyzing monomers that had been loaded
onto a gel-filtration column equilibrated with 10 mM Mes buffer, pH 6.1, containing 10 %
glycerol, 1M NaCl and 0.01% NaNs. Eluates in the monomer fractions, when assayed in the
presence of 100 uM heparin, were enzymatically active. However, the conclusion that active
monomers were responsible for this enzymatic activity had to be reconsidered when it was
shown that inactive monomers could spontaneously form active tetramers at acidic pH (6-6.5),
though not at neutral pH, in the presence of heparin or another polyanion such as Dextran
sulfate [71].

When polyanion-mediated reactivation of inactive monomer to active tetramer occurs at acidic
pH, all of the enzymatic activity is recovered [71,72]. The optimal pH for reactivation was
tested in 50 mM Mes or Hepes buffers containing 0.12 M NaCl, 0.5 mg/ml BSA and 20 pg/
ml of heparin at 22°C for | h. The optimal pH was 6, but some reactivation occurred up to pH
7; no activity was recovered at pH 7.4. A similar acidic pH-dependency for tetramer formation
was reported later with mouse mast cell protease-6 (MMCP-6, a homologue of human tryptase)
[73]. Thus, pH is a key factor to consider for the regulation of p-tryptase activity. Optimal pH
for the autocatalytic activation of B-protryptase also was shown to be acidic [12], as was the
generation of bradykinin from low molecular weight kininogen [45], and the degradation of
fibrinogen [40].

Additional evidence supporting the possibility of active B-tryptase monomers emerged using
mMMCP-6 [73]. Incubation of mMMCP-6 at pH 6.0 with small heparin glycosaminoglycans
(~10 disaccharides per molecule) led to detection of B-tryptase enzymatic activity in the
monomer gel filtration fraction that had about 1/5t" the activity measured for tetramers. These
putative active monomers degraded fibronectin and were inhibited by bovine pancreatic trypsin
inhibitor (BPTI), whereas the tetramer did not degrade fibronectin and was not inhibited by
BPTI. Such monomers, like the tetramers, were not inhibited by al-antitrypsin and SBTI.
However, whether short heparin glycosaminoglycans are available to p-tryptase in vivo is
uncertain. Formation of active monomers using recombinant human B-tryptase was also noted
[74]. B-rTryptase (2 ug in 20 pl of 10 mM Mes, pH 6.1 containing 2 M NaCl) was diluted 10-
fold in PBS, pH 7.4, and incubated at 37°C for 30 min. Samples were analyzed on Superdex
200 column eluted with PBS, pH 6.0 containing 10 uM high molecular weight heparin. About
80 % of the B-tryptase activity was detected in tetramer fractions, while 20% was detected in
monomer fractions. Only monomer fraction activity was inhibited by BPTI. However,
inclusion of heparin in the elution buffer at physiological ionic strength raised the possibility
of conversion of inactive monomers to active tetramers.

We examined the presence of active monomer by using protease inhibitors and the anti-tryptase
mAb named B12, which enhances proteolytic activity at acidic pH [75,72]. Inactive monomers
were made by incubating 2-3 pug/ml of B-tryptase tetramer in 10 mM Hepes buffer, pH 7.4,
containing 0.12 M NaCl and 0.5 mg/ml BSA at 37°C for 90 min. Monomer formation was
confirmed by loss of enzymatic activity and gel-filtration. Reconstitution of active tetramers
from inactive monomers was accomplished by adding of one-fifth volume of 0.5 M Mes buffer,
pH 6.0 in the presence of heparin or Dextran sulfate. If inactive B-tryptase monomers (2.5 pg/
ml) were reactivated in the presence of SBTI, BPTI, ATl or a2M (10-100 pg/ml) and of
heparin at pH 6 for 1 h, reactivation was inhibited by each inhibitor in dose-dependent manner.
Tetrameric B-tryptase purified from lung and obtained from reactivated monomers are resistant
to these inhibitors. Inhibition of tetramer formation from monomers by BPTI and SBTI was
confirmed by gel-filtration analysis (Fig. 1). Gel-filtration on a Superose 12 column was
accomplished using 10 mM Mes buffer, pH 6.5, containing 1 M NaCl. High ionic strength was
used to prevent conversion of tetramer to monomer and of monomer to tetramer during size
separation and to facilitate removal of heparin from the p-tryptase complex. Active monomer
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formation also was examined with cleavable inhibitors such as ATl and a2M. As shown in
Fig. 2A, B-tryptase monomers are able to cleave ATIII only at pH 6.0. Gel-filtration analysis
of this mixture detects the putative ATIII: B-tryptase complex at about 100 kDa (Fig. 2B).
When a2M is incubated with inactive monomers in the presence of heparin at pH 6.0, a 98 kDa
product is produced, indicating the bait region of a2M is cleaved (Fig. 3). Tetrameric p-tryptase
did not produce any cleavage products when incubated with these inhibitors. These results
indicate that inactive monomers become active monomers before reformation of active
tetramers in the presence of heparin at pH 6.0. One useful biochemical difference between
active monomers and tetramers is the susceptibility of monomers but not tetramers to inhibition
by SBTI. Thus, the balance of active monomers and tetramer can be examined in a mixture of
the two moieties (Fig. 4). After inactive monomers had been incubated with heparin at pH 6.0,
50% of the reconstituted activity is susceptible to inhibition by SBTI at a concentration of p-
tryptase of ~200 ng/ml. When the starting concentration of monomers is less than 100ng/ml,
most of the reconstituted activity is susceptible to SBTI inhibition, consistent with formation
of active monomers. Without heparin at pH 6.0, as at pH 7.4, tetramers become monomers.
The interconversions between monomers and tetramer are summarized in Fig. 5. Active
tetramer is converted to inactive monomers at neutral and acidic pH in the absence of heparin.
Low concentrations of inactive monomers become active monomers at pH 6.0 in the presence
of heparin. When the concentration of active monomers is higher, they convert to active
monomers and then to active tetramers. Whether active tetramers convert to inactive monomers
through an inactive tetramer intermediate or through an active monomer intermediate is
somewhat uncertain. The absence of cleavage products of ATIII and a2M during conversion
of B-tryptase tetramers to monomers at neutral pH (Fukuoka and Schwartz, unpublished data)
favors the inactive tetramer intermediate, but does not rule out a transient active monomer
intermediate. Selwood et al favor inactive tetrameric intermediates by using small synthetic
inhibitors to stabilize the putative inactive tetrameric structure in the absence of heparin [76].

B12 Ab is an anti-tryptase mAb with a unique property. B12 mAb inhibits B-tryptase enzymatic
activity at pH 7.4. Interestingly, at pH 5.5-6.5 B12 Ab shows minimal inhibition against small
synthetic substrates, but enhances fibrinogen cleavage [40]. When the effects of SBTI, ATIII
and a2M on the enzymatic activity of the B12 Fab-B-tryptase complex in the presence of
heparin at acidic pH are measured, both SBTI and ATIII, but not a2M, inhibit this activity.
Perhaps the B12 Fab-B-tryptase complex is too big to be entrapped by a2M. Control 1gG and
another anti-tryptase mAb called B2 did not increase susceptibility of B-tryptase to inhibition
by SBTI and ATIII. Inhibition of B-tryptase by SBTI and activity at acidic but not neutral pH
parallel the behavior of B-tryptase monomers, suggesting that B12 might convert tetramers to
monomers. To test this hypothesis, the size of B12 Fab-p-tryptase complex was examined by
gel-filtration at pH 6.5 at high ionic strength (1 M NaCl). The B12 Fab-tetramer complex eluted
at a position compatible with a 1:1 B12 Fab: B-tryptase monomer, regardless whether the
starting B-tryptase was monomeric or tetrameric, regardless whether heparin was present, and
regardless whether the pH of the incubation was at pH 6.0 or pH 7.4. This supports the
hypothesis that B12 binding to tetramer converts the tetramer to monomers independent on pH
and heparin stabilization. Different molar ratios of B-tryptase to B12 Fab further illustrates this
B12-dependent conversion of tetramers to monomers. At a ratio of 1:1 (tetramer:B12 Fab), a
mixture of tetramers and monomer-B12 complexes are evident, while a ratio of 1:4 yield almost
all monomer:B12 Fab complexes plus free B12 Fab. Notably, binding of B12 Fab or intact
B12 to B-tryptase did not appear to alter the binding to heparin. Presumably B12 binding to
B-tryptase interferes with subunit:subunit interactions. At acidic pH, active p-tryptase
monomers exist in the presence of heparin when B-tryptase concentrations are less than 100
ng/ml. However, much higher concentrations of active heparin-stabilized p-tryptase monomers
can form as a complex with B12 Fab. Whether a natural modulator or autoantibodies exist with
a similar B12-like activity is under investigation. B12-stabilized B-tryptase monomers will be
useful for further characterization of this form of p-tryptase.
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4. Concluding comments

As discussed above, the substrate repertoire of tetrameric p-tryptase is limited because of
restricted access to the active sites. However, active monomers and B12-stabilized monomers
have a broader repertoire and enhanced activity against protein substrates at acidic pH.
Formation of active monomers at acidic pH could be of great importance in vivo, especially
at sites of acidic pH such as the airway in asthma patients [77,78], and where there is poor
vascularity, such as healing wounds and the margins of solid tumors [79].
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Fig. 1.

Analysis of quaternary structure of reactivated B-tryptase. B-Tryptase monomers were assessed
directly or after incubation at pH 6.0 in the presence of heparin or Dextran sulfate 5000 or
Dextran sulfate 5000 together with SBTI or BPTI. Fractions were analyzed for tryptase by
ELISA. Reproduced with permission from Biochemistry, 2004, 43, 10757-10764. © 2004
American Chemical Society.
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Fig. 2.

Effect of B-tryptase reactivation on ATIII. A. Western blotting analysis of ATIII and B-tryptase
complex using anti-ATIIl and anti-tryptase G3. Asterisks mark the degraded ATIII fragment
in lanes 2 and 3. B. Gel filtration analysis of ATIII-B-tryptase monomer complex. Fractions
were analyzed for tryptase by ELISA. Reproduced with permission from Biochemistry, 2004,
43, 10757-10764. © 2004 American Chemical Society.
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Fig. 3.
Effect of B-tryptase reactivation on a2M. Inactive monomers of B-tryptase were
a2M in the presence of heparin at pH 6.0 Western blotting analysis was done us

incubated with
ing rabbit anti-

a2M Ab. Lane 1, a2M alone at pH 7.2. Lane 2, trypsin and a2M at pH 7.2. Lane 3, a2M alone
at pH 6.0. Lane 4, B-tryptase monomers and a2M at pH 6.0. Reproduced with permission from

Biochemistry, 2004, 43, 10757-10764. © 2004 American Chemical Society.
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Fig. 4.

Effect of B-tryptase concentration on the equilibrium between B-tryptase monomers and
tetramers at acidic pH. Different concentrations of B-tryptase monomers were incubated at pH
6.0 in the presence of heparin. After 15 min at pH 6.0, SBTI or only buffer was added and the
activity was measured. Residual activity was presumed to reflect active tetramers, while
inhibited activity to reflect SBTI-inhibited active monomers.
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Fig. 5.

Inactivation and reactivation pathways of B-tryptase. Active B-tryptase tetramer converts to
inactive monomers in the absence of heparin at pH 7.4, probably through an inactive tetrameric
intermediate, though an active monomeric intermediate has not been excluded. Inactive p-
tryptase monomers become active as monomers at low concentrations when at pH 6.0 in the
presence of heparin. Active B-tryptase monomers convert to active tetramers at higher
concentrations. B12 Fab mAb modulates B-tryptase activity by converting tetramers to
monomers that are enzymatically active at pH 6.0, but inactive at pH 7.4.
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