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Background:Mast cells contain tryptase�heparin complexes.
Results: Fibrinogen is preferentially cleaved by these complexes.
Conclusion: A major way mast cells prevent the generation of fibrin and fibrin-platelet clots in inflammatory sites is by their
exocytosed tryptase�heparin complexes proteolytically destroying fibrinogen.
Significance:The use of recombinant tryptase�heparin complexesmight be an effective way to prevent blood coagulation in the
clinic.

The mouse and human TPSB2 and TPSAB1 genes encode
tetramer-forming tryptases stored in the secretory granules
of mast cells (MCs) ionically bound to heparin-containing
serglycin proteoglycans. In mice these genes encode mouse
MC protease-6 (mMCP-6) and mMCP-7. The corresponding
human genes encode a family of serine proteases that collec-
tively are called hTryptase-�. We previously showed that the
� chain of fibrinogen is a preferred substrate of mMCP-7.We
now show that this plasma protein also is highly susceptible
to degradation by hTryptase-�� and mMCP-6�heparin com-
plexes and that Lys575 is a preferred cleavage site in the pro-
tein � chain. Because cutaneous mouseMCs store substantial
amounts of mMCP-6�heparin complexes in their secretory
granules, the passive cutaneous anaphylaxis reaction was
induced in the skin of mMCP-6�/mMCP-7� and mMCP-6�/
mMCP-7� C57BL/6 mice. In support of the in vitro data,
fibrin deposits were markedly increased in the skin of the
double-deficient mice 6 h after IgE-sensitized animals were
given the relevant antigen. Fibrinogen is a major constituent
of the edema fluid that accumulates in tissues when MCs
degranulate. Our discovery that mouse and human tetramer-

forming tryptases destroy fibrinogen before this circulating
protein can be converted to fibrin changes the paradigm of
how MCs hinder fibrin deposition and blood coagulation
internally. Because of the adverse consequences of fibrin
deposits in tissues, our data explain why mice and humans
lack a circulating protease inhibitor that rapidly inactivates
MC tryptases and why mammals have two genes that encode
tetramer-forming serine proteases that preferentially de-
grade fibrinogen.

Stored in abundance in the secretory granules of mouse
mast cells (MCs)3 ionically bound to heparin-containing
serglycin proteoglycans (SGPGs) (1, 2) are the tetramer-
forming tryptases known as mouse MC protease 6
(mMCP-6) (3, 4) and mMCP-7 (5) whose respective Tpsb2
and Tpsab1 genes reside back-to-back on chromosome
17A3.3 (6). The corresponding human TPSB2 and TPSAB1
genes reside on chromosome 16p13.3. The initial hTPSAB1-
and hTPSB2-derived cDNAs isolated by Miller et al. (11)
and Vanderslice et al. (10) encoded enzymes they designated
as hTryptase-�1 and -�2, respectively. These proteases had
the same substrate specificities (7–9) and amino acid
sequences except for residue 132 (10, 11). Numerous point
mutations in the human TPSAB1 and TPSB2 genes have
been identified in recent years that result in the expression of
�25 different protein isoforms of each tetramer-forming
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enzyme.4 Because the functional significance of these allelic
isoforms has not been deduced, investigators generally refer
to the enzymatically active products of the human TPSAB1
and TPSB2 genes collectively as hTryptase-� (12).
WTC57BL/6 (B6)mice constitutively lackmMCP-7 due to a

splice sitemutation in theTpsab1 gene (13, 14). In contrast, the
heparin� MCs in the connective tissues of all examined mouse
strains contain appreciable amounts of enzymatically active
mMCP-6, and transgenic B6mice that lack this tryptase cannot
combat bacterial (15) and helminth (16) infections efficiently.
Despite their beneficial roles in immunity, mMCP-6 has proin-
flammatory activity in different disease models (17–23).
Numerous in vitro studies have been carried out in attempts

to identify those endogenous and exogenous proteins that are
preferentially cleaved by mouse and human MC tryptases.
Although many candidates have been identified, the studies
performed in the 1980s and 1990s are difficult to interpret
today because of the substantial allelic variations of the human
TSPAB1 and TPSB2 genes, the identification of splice variants
that encode functionally distinct hTryptase-� isoforms that are
enzymatically active even as monomers (24), and the question-
able purity of some of the lung-derived tryptase preparations
used in those earlier studies. The failure to appreciate the exist-
ence of tryptase redundancy (17) also hindered our under-
standing of the importance of these MC-restricted tetramer-
forming enzymes in different disease states.
Sodium cromoglycate prevents the degranulation of mam-

malianMCs, and Samoszuk andCorwin (25) noted that tumor-
bearing BALB/c mice that were given sodium cromoglycate
intraperitoneally contained lakes of clotted blood in and around
their tumors. These data suggested the presence of anti-coagu-
lation factors in the secretory granules of the animal’s constitu-
tive safranin� MCs. One of these anti-coagulation factors was
shown to be mMCP-7 (26). Unexplained was how the � chains
of the circulating 340-kDa fibrinogen dimer could fit inside the
small pocket in the tryptase donut-shaped tetramer unit. More
important, the biologic significance of the data were not appar-
ent due to the fact that WT B6 mice constitutively lack
mMCP-7 (13, 14) yet have no noticeable defect in fibrinogen
metabolism in tissues during a MC-dependent anaphylaxis
reaction.
Nevertheless, in support of the abovemMCP-7 data, Thomas

et al. (27) reported that the � chain of hFibrinogen was suscep-
tible to an undefined hTryptase-��heparin complex enriched
from human lung biopsies. Problematically, the authors con-
cluded that their enzyme preparation preferentially cleaved the

hFibrinogen � chain at Arg591, which resides in a 14-mer
sequencemissing in the fibrinogens frommany species, includ-
ing the mouse. Another deficiency of that study and an earlier
study that also used an undefined hTryptase-��heparin com-
plex purified from human lung (28) was that no in vivo experi-
ment was carried out to determine the physiologic relevance of
the in vitro data. The lack of an mMCP-6-null mouse also hin-
dered progress.
We now show that the � chains of human and mouse fibrin-

ogen are highly susceptible to mMCP-6� and hTryptase-
��heparin complexes at neutral pH, cleaving the plasma protein
further upstream than previously reported.Our findings, there-
fore, change the paradigm as to howMCs hinder blood coagu-
lation and fibrin deposition in inflammatory tissue sites.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant mMCP-6 (29) and hTryptase-� (8,
9) were generated in High Five™ insect cells and purified from
the serum-free conditioned medium, as previously described.
To obtain active enzyme, each purified bioengineered zymogen
was exposed to enterokinase (Biozyme Lab, SanDiego, CA) at a
�100:1 pro-EK-tryptase:enterokinase ratio in the presence of
CsCl density gradient-purified heparin glycosaminoglycan
(amount approximately equal to that of the recombinant tryp-
tase). A recombinant, enzymatically active hTryptase-
��heparin complex (30) also was obtained fromPromega (Mad-
ison, WI). Mouse and human fibrinogen were obtained from
Sigma as well as pancreatic trypsin and the spectrophotometric
substrate tosyl-Gly-Pro-Lys-p-nitroanilide. Anti-fibrinogen
antibody ab83477 was obtained from Abcam (Cambridge,
MA). This rabbit antibody was generated against a 50-mer syn-
thetic peptide that corresponds to residues 576–625 in the
C-terminal domain of the � chain of hFibrinogen. It recognizes
human and mouse fibrinogen. A homologous recombination
approach was used to create the 6�/7� B6 mouse strain (15)
that was used in the passive cutaneous anaphylaxis (PCA) reac-
tions noted below. These mice and their littermate control
6�/7� B6 mice were housed at the same animal facility at The
University of Texas M. D. Anderson Cancer Center.
Preferential Proteolysis of � Chain of hFibrinogen by

hTryptase-��Heparin Complexes in Presence and Absence of
Serum—For determination of the preferred cleavage site(s) in
hFibrinogen, the purified plasma protein (15–50 �g) was incu-
bated with 0.1–0.4 �g of different recombinant hTryptase-
��heparin complexes at 37 °C for 1min to 3 h.At the end of each
digestion, an equal volume of 2� SDS-PAGE buffer (2% SDS,
0.01% bromphenol blue, and 63 mM Tris-HCl, pH 6.8, with or
without 5% �-mercaptoethanol) was added. The samples were
boiled for 5min and then loaded onto preformed 12%Tris-HCl
polyacrylamide gels (Bio-Rad). �-Mercaptoethanol was
included in the SDS-PAGE sample buffer to disrupt the intra-
chain and interchain disulfide bonds in fibrinogen. After elec-
trophoresis at �105 V, one gel in each experiment was stained
with Coomassie Blue for visualization of its digestion products.
The duplicate gel was used for immunoblotting. This gel was
soaked in transfer buffer (15% methanol, 25 mM Tris-HCl, and
200mMglycine, pH8.5), and then the SDS-PAGE-resolved pro-
teins were transferred at 4 °C onto an Immun-Blot PVDFmem-

4 As of 28 Dec. 2011, the Human Genome Project identified point mutations in
the human TPSAB1 gene (see www.ncbi.nlm.nih.gov) that alter its 275-mer
translated product at residues 15, 18, 23, 26, 28, 29, 33, 44, 50 –53, 76, 78,
115, 116, 118, 126, 129, 132, 133, 136, 141, 151, 162, 168, 170, 205, 215, 216,
221, 244, and 245. Likewise, mutations in the human TPSB2 gene (see
ncbi.nlm.nih.gov) were identified that alter its 275-mer translated product
at residues 15, 18, 23, 28, 29, 51, 115, 116, 118, 132, 133, 136, 141, 151, 162,
168, 170, 205, 215, 216, 221, and 245. Due to differential splicing, function-
ally distinct isoforms of the translated proteins from the human TPSAB1
and TPSB2 genes also have been identified (24). Because of these genomic
and mRNA data, it is virtually impossible to interpret functional data
obtained using hTryptase-� preparations purified from any human tissue,
especially if pool tissue from more than one individual was used in the
study.
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brane (Bio-Rad) for�2 h at�110V. The resulting protein blots
were placed in Tween 20-supplemented Tris-buffered saline
(TBST) additionally containing 5% nonfat milk for 2 h; they
were then washed with TBST. This was followed by a 2-h incu-
bation with a 1:1000 dilution of rabbit anti-fibrinogen ab83477
antibody in TBST buffer containing 5% nonfat milk. After 3
washes in TBST, each antibody-treated blot was incubated in
the dark for 1 h with affinity-purified goat anti-rabbit IgG
horseradish peroxidase conjugate (1:500 dilution) (Bio-Rad).
The resulting protein blot was washed three times with TBST
buffer and incubated for 1 min with Amersham Biosciences
(GE Healthcare) enhanced chemiluminescence (ECL) detec-
tion reagents. Amersham Biosciences hyperfilm ECL was used
for development of the immunoblot.
To evaluate the possible consequences of circulating prote-

ase inhibitors, hFibrinogen (15 �g) was incubated with trypsin
(0.05 �g) or recombinant hTryptase-��heparin complexes (0.4
�g) for 15min at 37 °Cbefore and after exposure to 0.2%human
serum. The amounts of trypsin and hTryptase-� used in these
experiments were enzymatically equivalent based on their abil-
ity to cleave tosyl-Gly-Pro-Lys-p-nitroanilide. Equal volumes of
2� SDS-PAGE buffer were added, and the samples were ana-
lyzed by SDS-PAGE. The ability of the endogenous protease
inhibitors in human serum to inactivate a recombinantmMCP-
6�heparin complex also was evaluated.
Identification of Preferred hTryptase-� Susceptible Site in �

Chain of hFibrinogen—hFibrinogen (30�g)was incubatedwith
recombinant hTryptase-� (0.4 �g) for 1 or 15 min at 37 °C in
the presence of heparin. The digestion products were subjected
to SDS-PAGE, and electrophoresis was carried out on longer
preparative gels to optimally resolve the three chains of the
protein and their digestion products. The resulting gels were
weakly stained with Coomassie Blue. The main, large-sized
fragment of the � chain of hFibrinogen generated in each
instance was excised from the gel and washed twice with 50%
acetonitrile inwater. After discarding the supernatant, the sam-
ple was subjected to C-terminal amino acid sequence determi-
nation by exhaustive proteolysis with three separate enzymes
and orthogonal mapping of the resulting sequences by nano-
electrospray tandem mass spectrometry (LC-MS/MS).
Peptide sequence analysis of each digestionmixture also was

performed using microcapillary reversed phase high perform-
ance liquid chromatography coupled with MS/MS on an LTQ-
Orbitrap mass spectrometer (ThermoFisher Scientific, San
Jose, CA). The Orbitrap repetitively surveyed an m/z range
from 395 to 1600, while data-dependentMS/MS spectra on the
20most abundant ions in each survey scanwere acquired in the
linear ion trap. MS/MS spectra were acquired with relative col-
lision energy of 30%, 2.5-Da isolation width, and recurring ions
were dynamically excluded for 60 s. Preliminary sequencing of
the peptides was facilitated with the SEQUEST algorithm with
a 30-ppmmass tolerance against the MGI human subset of the
Uniprot Knowledgebase, concatenated to a reverse decoy data
base. Peptides were accepted with mass error �2.5 ppm and
score thresholds to attain an estimated false discovery rate of
�1%. Data sets for all digest results were combined in silico,
culled of minor contaminating keratin or autolytic peptide
spectra, and re-searched with SEQUEST against the Gen-

BankTM reference hFibrinogen sequence without taking into
account enzyme specificity. The mapping of hFibrinogen
C-terminal peptides and subsequent manual confirmation of
their MS/MS spectra were facilitated with in-house versions of
Proteomics Browser Suite (ThermoFisher Scientific).
A 7-kDa peptide was occasionally seen in the hFibrinogen

digests. To purify and identify this fragment, a large scale diges-
tion reaction was performed in which 300 �g of hFibrinogen
was incubated 15 min at 37 °C with 8 �g of a recombinant
hTryptase-��heparin complex. The resulting digest was sub-
jected to a spin-column filtration step (4 °C, 20 min, 4,000 � g)
using a Centricon 10-kDa cutoff membrane (Millipore, Biller-
cia,MA). The lowmolecularweight peptides in the filtratewere
concentrated by a 20% trichloroacetic acid precipitation step.
The pellet was washed twice with acetone and subjected to
SDS-PAGE. The resulting purified 7-kDa peptide was then
characterized by MS/MS analysis.
Preferential Proteolysis of � Chain of mFibrinogen by hTryp-

tase-�� and mMCP-6�Heparin Complexes—The ability of
recombinant hTryptase-�� andmMCP-6�heparin complexes to
cleave mFibrinogen was deduced as described above for evalu-
ating the proteolytic susceptibility of hFibrinogen. Confirma-
tory data were obtained using 6�/7� B6 mouse bone marrow-
derivedMCs (mBMMCs). For the latter experiments, 6�/7�B6
mBMMCs were generated by culturing their hematopoietic
progenitors for 4 weeks in IL-3-enriched WEHI-3 cell-condi-
tioned medium as previously described (31). The resulting
immature MCs were then cultured for an additional 2 weeks in
the presence of 10 ng/ml recombinant mouse IL-33 (R&D Sys-
tems,Minneapolis,MN) as the latter cytokine induces this pop-
ulation of MCs to markedly increase its granule accumulation
of naturally occurring mMCP-6�SGPG complexes (32).
Approximately 10 million of the resulting mBMMCs in 200 �l
of PBS were sonicated on ice. Samples of mFibrinogen were
incubated for 5min at 37 °Cwith varying amounts of boiled and
non-boiled 6�/7� mBMMC lysate.
The spectrophotometric method of Svendsen et al. (33) was

used to quantitate the levels of enzymatically activemMCP-6 in
eachmBMMC lysate. For these experiments, samples of 6�/7�

mBMMC lysate were placed in assay buffer (50 mM Tris-HCl
and 0.1 M NaCl, pH 7.5) containing 0.5 mM tosyl-Gly-Pro-Lys-
p-nitroanilide. After 5–15 min of incubation at room tempera-
ture, the change in optical density at 405 nm was determined.
The amount of enzymatically activemMCP-6 in eachmBMMC
lysate was then calculated using a standard curve based on
known amounts of pancreatic trypsin. The resulting treated
mFibrinogen samples were placed in an equal volume of 2�
SDS-PAGE buffer containing �-mercaptoethanol and sub-
jected to SDS-PAGE. Visualization of the fragments of mFi-
brinogen created by the naturally occurring mMCP-6�SGPG
complexes in the mBMMC lysates was achieved by staining
with Coomassie Blue and by SDS-PAGE immunoblotting with
anti-fibrinogen antibody ab83477.
In Vitro Anticoagulant Activities ofmMCP-6� and hTryptase-

��Heparin Complexes—A standard fibrinogenolysis assay (26)
was used to evaluate the anticoagulant activities of mMCP-6�
and hTryptase-��heparin complexes as well as the same hepa-
rin preparation used to create these complexes. For these stud-
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ies sodium citrate-treated human plasma (100 �l/assay) was
incubated at 37 °C with heparin alone (100 �g) or with heparin
bound to recombinant hTryptase-� (3.3 and 6.6 �g) or
mMCP-6 (10�g) for 30–60min. The time required for throm-
bin to clot the samples relative to untreated plasma was then
determined using a fibrometer.
PCA Reaction—The PCA reaction was carried out on 6�/7�

and 6�/7� B6mice as previously described (15). Briefly, 100 ng
of anti-2,4-dinitrophenol IgE (Sigma) in 20 �l of PBS was
injected intradermally into the ears. Two days later, 20–100 �g
of 2,4-dinitrophenol human serum albumin (Sigma) in 200 �l
of PBS was injected into the tail vein of each sensitized animal.
The animals were sacrificed 6 h later. The ears were removed,
embedded in Tissue-Tek optimum cutting temperature com-
pound (Sakura Finetek, Torrance, CA), and frozen in isopen-
tane mixed with dry ice. They were kept at �70 °C until the
analyses were performed. For immunohistochemistry, 5-�m
frozen sections were air-dried for 30 min at room temperature,
rehydrated with PBS, and incubated for 1 h at 37 °C with a
solution containing Texas Red-avidin (Invitrogen) to label hep-
arin, fluorescein-labeled goat anti-mFibrinogen/mFibrin IgG
(Nordic Immunology, Eindhoven, The Netherlands) to evaluate

fibrin deposits, and Hoechst 33342 (Invitrogen) to label nuclei.
Sections were then viewedwith an Eclipse 80imicroscope (Nikon
Instruments Inc., Melville, NY). Pictures were acquired with a
HamamatsuC10800digital cameraandHCImagesoftware1.1.3.1
(Hamamatsu Corp., Bridgewater, NJ).

RESULTS

Preferential Proteolysis of � Chain of hFibrinogen by
hTryptase-��Heparin Complexes in Presence and Absence of
Serum—We previously showed that the � chains of mouse and
human fibrinogen are highly susceptible to recombinant and
naturally occurring mMCP-7 in vitro and in vivo (26). In this
study, we discovered that the hFibrinogen � chain also was
preferentially cleaved when this plasma protein was exposed in
vitro at neutral pH to varying amounts of a recombinant hTryp-
tase-��heparin complex (Fig. 1) or when exposed to a small
amount of the complex for varying periods of time (data not
shown). The resulting hFibrinogen digestion products were
evaluated by SDS-PAGE in the presence (Fig. 1A) and absence
(Fig. 1B) of �-mercaptoethanol.

The subtle change in molecular weight of the treated pro-
tein (especially when the analysis was carried out in the

FIGURE 1. The � chain of hFibrinogen is a preferred target of hTryptase-��heparin complexes. In A, hFibrinogen was incubated with a recombinant
hTryptase-��heparin complex (�500:1 substrate:enzyme ratio, 37 °C, 1 min), and the resulting digest was analyzed by SDS-PAGE in the presence of �-mercap-
toethanol to disrupt the protein disulfide bonds. The position of the protein native � chain and its prominent, slightly smaller fragment is highlighted. In B and
C, hFibrinogen was incubated with increasing amounts of a recombinant hTryptase-��heparin complex (3500:1 to 250:1 substrate:enzyme ratio, 37 °C, 10 min).
In these instances the resulting digests were analyzed by SDS-PAGE in the absence of �-mercaptoethanol. The SDS-PAGE gel in B was stained with Coomassie
Blue. In C, a protein blot of the separated proteins in the duplicate gel was stained with the rabbit anti-fibrinogen antibody ab83477. In D and E, hFibrinogen
was incubated with trypsin (lanes 4 and 5) or hTryptase-��heparin (lanes 6 and 7) in the presence (lanes 5 and 7) or absence (lanes 4 and 6) of 0.2% normal human
serum. For controls, lanes 1, 2, and 3 in the gel contained hFibrinogen alone, serum alone, and both, respectively. The samples were electrophoresed in the
presence of �-mercaptoethanol. One gel (D) was stained by Coomassie Blue. In the duplicate gel (E), the separated proteins were transferred, and the resulting
protein blot was probed with anti-fibrinogen antibody ab83477.
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absence of �-mercaptoethanol) indicated that proteolysis
was limited when the substrate:enzyme ratio was�100:1 and
that cleavage preferentially occurred near the N and/or C
terminus of the protein � chain. The rabbit antibody
ab83477 was generated against a 50-mer synthetic peptide
that corresponds to residues 576–625 in the C-terminal
domain of the 644-mer � chain of hFibrinogen. As expected,
untreated hFibrinogen was recognized by antibody ab83477
(Fig. 1C). The loss of immunoreactivity that occurred after
exposure to the hTryptase-��heparin complex indicated that
cleavage preferentially occurred somewhere in the exposed
C-terminal portion of the protein � chain. An �7-kDa
immunoreactive band that corresponded to the liberated
69-mer peptide from the protein � chain is seen in Fig. 1C.
However, its amount varied from experiment to experiment
apparently because hTryptase-� also cleaves at least one
other site in this peptide, thereby proteolytically destroying
the antigen recognized by the antibody. Two immunoreac-
tive bands are seen in the untreated protein (Fig. 1C, lane 1),
which presumably are hFibrinogen monomer and dimer.
No protease inhibitor is present in normal human blood,

plasma, or serum that rapidly inactivates hTryptase-� (34).
In Fig. 1, D and E, hFibrinogen was incubated with trypsin or
hTryptase-��heparin in the presence or absence of normal
human serum. The samples were then electrophoresed in the
presence of �-mercaptoethanol. As can be seen in these figures,
trypsin cannot digest hFibrinogen in the presence of serumdue to
its diverse array of protease inhibitors that negatively affect this
serine protease. In contrast, hFibrinogen remains susceptible to
hTryptase-�when thedigestion reaction is carriedout in thepres-
ence of serum because there is no protease inhibitor in blood that
rapidly inactivates thisMC-restricted protease.
The large-sized fragment(s) of hFibrinogen � chain that

formed after a 15-min (Fig. 2) or 1-min (supplemental Fig. S1)
incubation with the hTryptase-��heparin complex was purified
by SDS-PAGE and analyzed by MS/MS and C-terminal amino
acid sequence analyses. The obtained data revealed that the N
terminus of the hFibrinogen � chain was not highly susceptible
to the serine protease. In contrast, cleavage preferentially
occurred at Lys575, which resides 69 amino acids from the C
terminus of the protein � chain. In support of this finding, a
�7-kDa peptide was occasionally seen in the SDS-PAGE
immunoblot analysis of the digests that was recognized by anti-
body ab83477 (Fig. 1C).MS/MS analysis of this purified peptide
revealed that it was indeed derived from theC terminus of the�
chain of hFibrinogen (supplemental Figs. S2). Despite this find-
ing, more peptides that correspond to residues 576–625 in the
� chain were found in the digests of the hFibrinogen sample
that encountered the hTryptase-��heparin complex for 1 min
(supplemental Fig. S1) than for 15min (Fig. 2). Moreover, most
of the immunoreactivity seen in the intact protein was quickly
lost after hFibrinogen encountered the hTryptase-��heparin
complex for 15min or longer (Fig. 1,C andE). The accumulated
data indicated that the 69-mer C terminus of the fibrinogen �
chain was rapidly cleaved at Lys575 and at least one other site in
most instances.

C Terminus of � Chain of mFibrinogen Also Is Highly Suscep-
tible to hTryptase-�� and mMCP-6�Heparin Complexes—
Although Thomas et al. (27) reported that the � chain of hFi-
brinogen was highly susceptible to an undefined hTryptase-
��heparin complex purified from human lung biopsies in their
in vitro study, these investigators concluded that proteolysis
preferentially occurred at Arg591. As noted in Fig. 3A, Arg591
resides in a 14-mer sequence that is not present in the� chain of
mFibrinogen. It is possible that the human lung preparation
used in theThomas et al. (27) study contained an allelic isoform
or splice variant of hTryptase-� that had a novel substrate spec-
ificity. However, if proteolysis occurred at this non-conserved
amino acid sequence in vivo during a PCA reaction, the � chain
of mFibrinogen should not be efficiently cleaved by hTryp-
tase-� or its mouse ortholog mMCP-6 when either enzyme is
ionically bound to heparin. Not only was mFibrinogen rapidly
cleaved by recombinant hTryptase-� generated in yeast (Fig. 3,
B andC), thismouse protein also was rapidly cleaved by recom-
binant hTryptase-� andmMCP-6 generated in insect cells (Fig.
4A). The recombinant mMCP-6�heparin complex also cleaved
fibrinogen in the presence of the protease inhibitors in 0.2%
human serum (data not shown).
hTryptase-� and mMCP-6 are packaged in the secretory

granules of MCs ionically bound to SGPGs rather than glycos-
aminoglycans.Moreover, both naturally occurringmammalian
enzymes contain complex-type N-linked glycans. Proteins are
glycosylated in mammalian cells differently than in insect cells
and yeast. Recombinant hTryptase-��glycosaminoglycan com-
plexes were used in the above experiments that were generated
in yeast and insect cells (Fig. 1–3, and supplemental Fig. S1)
rather than endogenous hTryptase-�� and mMCP-6�SGPG
complexes fromMCs. Thus, we next evaluated whether or not
the � chain of mFibrinogen also was susceptible to the native
mMCP-6�SGPG complexes present in IL-3/IL-33-developed
6�/7�mBMMCs.As noted in Fig. 4B,mFibrinogen� chainwas
rapidly cleaved by a heat-sensitive neutral protease in these
cells, as occurs with a recombinant mMCP-6�heparin complex
(Fig. 4A).
The two major proteases in WT B6 mBMMCs are mMCP-6

(4) and the chymase/elastase family member mMCP-5 (35).
In support of the Fig. 4B data, lysates of mMCP-5-null B6
mBMMCs also rapidly degraded the � chain of mFibrinogen
(data not shown), thereby confirming that the relevant protease
in these MCs was mMCP-6.
Anticoagulant Activities of mMCP-6� and hTryptase-

��Heparin Complexes and Importance of mMCP-6�Heparin
Complexes in Fibrin Deposition in the PCA Reaction of B6
Mice—The findings that the � chains of mouse and human
fibrinogen were rapidly cleaved by mMCP-6� and hTryptase-
��heparin complexes in vitro even if the digestion reactions
were carried out in the presence of the protease inhibitors in
0.2% normal serum raised the possibility that these MC-re-
stricted granule mediators might effectively hinder thrombin-
mediated coagulation of plasma. The ability of thrombin to clot
plasma was markedly delayed if the plasma samples were ini-
tially exposed to a mouse or human tryptase�heparin complex
(Fig. 5). Although the heparin preparation used to create the
tryptase complexes in the Fig. 5 experiment had weak anti-
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coagulant activity, that was done intentionally to demonstrate
that the primary anti-coagulant factor in each protease�heparin
complex wasmMCP-6 or hTryptase-� rather than heparin gly-
cosaminoglycan. In a repeat experiment, the evaluated heparin
preparation once again did not cause a significant delay in clot-
ting time even when used at 100 �g/ml. In contrast, pre-expo-
sure of this second plasma sample to a recombinant hTryptase-
��heparin complex (4 �g/ml) resulted in a 1.9-fold increase in
clotting time relative to untreated plasma. Based on these data,

we concluded that the active factor in these complexes was the
tryptase rather than the heparin cofactor as the latter glycos-
aminoglycan used to create the complexes had relatively poor
anticoagulant activity at the dose used.
In support of our in vitro data, more fibrin deposits accumu-

lated in the skin of 6�/7� B6mice after these animals had been
subjected to the PCA reaction (Fig. 6, right) than in the skin of
similarly treated 6�/7� B6 mice (Fig. 6, left). The presence of
these complexes outside of the activatedMCs and the presence

FIGURE 2. MS/MS and C-terminal amino acid sequence analysis. The prominent fragment of the hFibrinogen � chain that formed after this plasma protein
was incubated with a recombinant hTryptase-��heparin complex for 15 min (75:1 enzyme:substrate ratio) was purified by SDS-PAGE and then subjected to
C-terminal amino acid sequence analysis by LC-MS/MS. Shown are the susceptible peptides that were identified in the analyses. The entire fragment was
mapped. The 19-mer sequence highlighted in pink corresponds to the protein N-terminal signal peptide of the protein that was not present in the analyzed
protein as it is removed in the endoplasmic reticulum before the protein is secreted from its expressing cell. The vertical red line highlights Lys575, which is the
preferred site of cleavage by the hTryptase-��heparin complex.
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of edema, which results from exocytosed histamine in these
experiments, confirmed that the cutaneousMCs in both animal
populations had degranulated. Six hours after the induction of
the PCA reaction, the ear of the mMCP-6-null B6 mouse con-
tained noticeably more fibrin than the corresponding ear of the
treated WT B6 mouse. Similar data were obtained in another
IgE-sensitized 6�/7� B6mouse that received the same amount
of antigen as well as two other mice that received 5-fold less
antigen (data not shown).

DISCUSSION
We previously noted that mFibrinogen is a preferred target of

recombinant andnaturally occurringmMCP-7 in vitro and in vivo

(26). We now demonstrate that mFibrinogen also is a preferred
target of mMCP-6 when this MC-restricted tryptase is ionically
bound to heparin glycosaminoglycan or SGPG (Fig. 4). We addi-
tionally showthatmMCP-6hasaprominent role inpreventing the
internal accumulation of fibrin deposits when theMCs in the skin
of the B6 mouse degranulate in the PCA reaction (Fig. 6). The
findings that the� chains ofmouse (Fig. 3) andhuman (Figs. 1 and
2 and supplemental Figs. S1 and S2) fibrinogen are similarly
cleaved by recombinant hTryptase-��heparin complexes at neu-
tral pH suggest that the in vivo mouse data are relevant to what
occurs in the inflammatory sites of humanswhen their tissueMCs
degranulate in the PCA reaction.

FIGURE 3. The � chain of mFibrinogen is susceptible to hTryptase-��heparin complexes despite the fact that its C terminus is different from that in
hFibrinogen. The amino acid sequences of the C termini of the � chains of reference human (GenBankTM accession number NP_068657) and mouse
(GenBankTM accession number NP_034326) fibrinogen are shown in A. As noted, the P1-P1� cleavage site in the � chain of fibrinogen in the two species is nearly
identical. mFibrinogen was incubated with a hTryptase-��heparin complex for 1–180 min, and the resulting digests were subjected to SDS-PAGE. The gel
shown in B was stained with Coomassie Blue. As seen in B, the � chain of mFibrinogen is preferentially cleaved by the hTryptase-��heparin complex. In C, a
SDS-PAGE immunoblot was prepared of mFibrinogen that was untreated or had been exposed to an hTryptase-��heparin complex for 1 or 30 min. The
resulting blot was stained with rabbit anti-fibrinogen antibody ab83477. Like what occurred when hFibrinogen encountered the enzyme complex (Fig. 1E), the
antigen in the C terminus of mFibrinogen that was recognized by the antibody was quickly lost.

FIGURE 4. The � chain of mFibrinogen is susceptible to recombinant mMCP-6�heparin glycosaminoglycan complexes and naturally occurring mMCP-
6�SGPG complexes. A, mFibrinogen was incubated for 10 min at 37 °C in the absence (lane 1) or presence of recombinant hTryptase-��heparin glycosaminoglycan
(lanes 2 and 3) or mMCP-6�heparin glycosaminoglycan (lane 4) complexes. The recombinant proteases used in this experiment were generated in yeast (lane
2) or insect cells (lanes 3 and 4), and the substrate:enzyme ratio was 30:1 or higher. The � chain of mFibrinogen is indicated by the arrow. Because similar data
were obtained if the recombinant tryptase was expressed in insect cells or yeast, the active factor in the preparations was not a contaminant that originated
from the expressing cell. B, mFibrinogen (lane 2) was exposed to non-boiled (lane 3) and boiled (lane 4) mBMMC lysate that contained naturally occurring
mMCP-6�SGPG complexes. Molecular weight markers are shown in lane 1. Shown in lane 5 is the low amount of protein present in the lysate used in this
experiment to document that the substrate:enzyme ratio was �100:1. The loss of most of the � chain of fibrinogen in lane 3 indicates that this plasma protein
is also susceptible to naturally occurring mMCP-6.
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The formation of intravascular fibrin deposits and
fibrin�platelet clots can have life-threatening consequences.
When the MCs in the skin and other tissue sites degranulate,
these immune cells quickly release the contents of their
secretory granules, which include histamine and tryptase�heparin
SGPG complexes. Histamine is themajor vasopermeability fac-
tor that induces the edema that occurs at sites where tissue
MCs degranulate. This causes an influx of plasma fibrinogen
into the inflammatory site.
Fibrinogen is a major constituent of blood where its concen-

tration is 2–4 g/liter. The prominent isoform of fibrinogen in
human andmouse blood and plasma is a head-to-head dimer of
two monomers that in each instance consists of three peptide
chains that are linked by disulfide bonds. Although we now
show that mouse and humanMC tryptases readily cleave the C
terminus of the fibrinogen � chain, no evidence for proteolysis
of the N terminus of the chain was found (Fig. 2, supplemental
Figs. S1 and S2). Due to the spatial constraints of the two fibrin-
ogen monomers in the circulating dimer unit (36), it is likely
that the N terminus of the protein � chain has difficulty enter-
ing the central pore of the tryptase tetramer (37). The C termi-
nus of the longer � chain is not covalently bound to the protein
� and� chains via disulfide bonds. It, therefore, ismore exposed
than the rest of the 3-chained plasma protein. Presumably, this
structural feature is the reasonwhy theC terminus of the fibrin-
ogen � chain is more susceptible to mouse and human MC
tryptases than the protein � and � chains.

Factor Xa converts inactive pro-thrombin to active throm-
bin, and some lowmolecular weight fragments of heparin from
porcine MCs have anti-Factor Xa activity. Once formed,
thrombin is negatively regulated by anti-thrombin-III/serpin
C1. In the absence of heparin or heparan sulfate, the efficiency
of the latter thrombin�serpin C1 interaction is poor. However,
serpin C1 undergoes a conformational change that increases its
affinity for thrombin �1000-fold when this protease inhibitor
encounters a highly sulfated pentasaccharide sequence present
in the heparin chains of SGPG and the heparan sulfate chains of
syndecan-4 proteoglycan. The MCs in human and mouse skin
have SGPGs that contain heparin chains. Fibrin deposits are
rare in the edema sites that form when cutaneous MCs
degranulate, as noted in our WT B6 mice that have been sub-
jected to the PCA reaction (Fig. 6, left). It, therefore, has been

proposed that the relevant anticoagulant factor released
from activated MCs is heparin, which hinders the formation
of fibrin by preventing the Factor Xa-dependent generation
of thrombin and then by catalyzing the serpin C1-dependent
inactivation of any thrombin that is able to accumulate in the
edema site.
AlthoughMC-derived porcine heparin is used pharmacolog-

ically to prevent thrombin-dependent coagulation in vivo and
in vitro, it is nowbelieved that the anticoagulant heparan sulfate
chains of the endogenous syndecan-4 proteoglycans on the sur-
faces of endothelial cells are the physiologically relevant glycos-
aminoglycans (38). In support of this conclusion, no more than a
third of the heparin chains attached to the SGPGs inmouse and
human MCs are able to activate serpin C1, and many heparin
preparations by themselves have poor anticoagulant activity as
noted in the preparation we used to create our tryptase�heparin
complexes (Fig. 5). In addition, we and others showed thatMC-
derived heparin is covalently attached to the protease-resistant
peptide core of serglycin and that the primary function of the
resulting SGPG is to package numerous neutral proteases in the
MC secretory granules (1, 2). When theMCs in varied connec-
tive tissue sites are activated, their exocytosed protease�heparin
SGPG complexes stay intact in extracellular matrices for hours
(39). Most of these complexes eventually are endocytosed by
macrophages (40) and other nearby cells (41, 42) where they are
destroyed in lysosomes. Thus, very little, if any, MC-derived
heparin glycosaminoglycan is available in normal circum-
stances to bind to serpin C1, Factor Xa, or even thrombin when
theMCs in tissues degranulate. The lowmolecular fragments of
porcine heparin that are used pharmacologically to prevent
blood coagulation also have not been detected in any mouse or
human edema site. It, therefore, remains to be determined how
MCs physiologically prevent blood coagulation and fibrin dep-
osition in edema tissue sites.
Pejler and Karlström (43) reported that thrombin can be

slowly destroyed by the MC chymase family member
mMCP-4 in vitro if the reaction was carried out in the
absence of plasma or serum. This finding raised the possibly
that the chymase-dependent destruction of thrombin might
be an alternate way that MCs hinder blood coagulation and
fibrin formation in vivo. We previously showed that the MCs
in our 6�/7� mice have no defect in mMCP-4 expression
(15). The discovery that fibrin deposits accumulate in the
skin of 6�/7� B6 mice that have been subjected to the PCA
reaction (Fig. 6), therefore, suggests that the mMCP-4-de-
pendent destruction of thrombin is not the primary wayMCs
prevent coagulation and fibrin formation in edema sites, at
least in the B6 mouse during a PCA reaction.
In the alternateMC-dependent anti-coagulationmechanism

we uncovered, the cell tetramer-forming tryptases proteolyti-
cally destroy fibrinogen before this plasma protein can be con-
verted to fibrin by thrombin. Our data suggest that mMCP-6�
and hTryptase-��heparin complexes initially cleave the
exposed C terminus of the fibrinogen � chain (Figs. 1–4, sup-
plemental Figs. S1 and S2) as previously shown for mMCP-7
(26). In support of our in vitro data, a noticeable increase in the
amount of fibrin was detected in the skin of our 6�/7� B6mice
6 h after the induction of a PCA reaction (Fig. 6).

FIGURE 5. Anticoagulant activities of recombinant mMCP-6� and hTryp-
tase-��heparin complexes. In the depicted experiment, sodium citrate-
treated human plasma (100 �l/assay) was incubated at 37 °C with heparin
alone (100 �g) or with heparin bound to recombinant hTryptase-� (3.3 and
6.6 �g) or mMCP-6 (10 �g) for 60 min. The time required for thrombin to clot
the treated samples relative to untreated plasma (base line) was determined
using a fibrometer.
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We show that hTryptase-��heparin complexes preferentially
cleave the� chain of hFibrinogen at Lys575 (Fig. 2, supplemental
Figs. S1 and S2). Although Thomas et al. (27) reported that an
undefined hTryptase-��heparin complex purified from human
lung also cleaves the � chain of hFibrinogen in their in vitro
study, these investigators concluded that proteolysis preferen-
tially occurs at Arg591, which resides in a 14-mer sequence not
present in the fibrinogens of many species, including the
mouse (Fig. 3A). The discovery that human and mouse MC
tryptase�heparin complexes rapidly cleave the � chain of
mFibrinogen (Figs. 3 and 4) revealed that these complexesmust
normally degrade fibrinogen at a more conserved site that pre-
sumably resides upstream of Arg591. The finding that the liber-
ated peptides were only weakly recognized by anti-fibrinogen
antibody ab83477 (Figs. 1 and 3) indicated that hTryptase-
��heparin complexes eventually cleave the 69-mer C-terminal
domain of fibrinogen � chain at more than one site.

To explain the SDS-PAGE immunoblot (Fig. 1) and MS/MS
C-terminal amino acid sequencing data of the digests (Fig. 2, sup-
plemental Figs. S1 and S2), hTryptase-��heparin complexes could
initially cleave the fibrinogen � chain at Lys575 and then quickly
cleave thenewlygenerated69-merpeptideatmultiple sites includ-
ing Arg591. Alternately, hTryptase-� could progressively nibble
the C terminus of the fibrinogen � chain, eventually stopping at
Lys575. These possibilities are not mutually exclusive events, and
experimental evidence was obtained for both (e.g. see Figs. 2, sup-
plemental Figs. S1 and S2). Recombinant mMCP-6�heparin com-
plexes preferentially cleave phage-display peptides at Lys-Thr
sequences (29) like the Lys575-Thr576 sequence in mFibrinogen
(Fig. 3). However, if the nibbling scenario is themajor way endog-
enous hTryptase-�� andmMCP-6�heparin complexes attack the�
chain of fibrinogen in vivo, it is possible that cleavage stops at
Lys575 due to a steric problem in inserting the remainingC-termi-
nal domain of the � chain into the central pore of the tryptase
donut-shaped tetramer unit.
The findings that mMCP-6, mMCP-7, and hTryptase-� are

more effective anticoagulants than many heparin preparations
on a weight basis (Fig. 5) have important clinical implications

and change the paradigm as to how mouse and human MCs
prevent blood coagulation and fibrin accumulation when these
immune cells degranulate. Formation of fibrin deposits and
fibrin�platelet clots internally could have devastating conse-
quences in vivo. Thus, our data provide an explanation why no
hTryptase-�-null human has been identified (44) and why
mammals possess two genes that encode MC-restricted serine
proteases that recognize fibrinogen. The findings also account
for the apparent strong evolutionary pressure to prevent the
expression of circulating protease inhibitors that could effi-
ciently inactivatemouse and humanMC tryptases. Our discov-
ery that fibrin deposits do not accumulate in the skin of the
6�/7� B6mouse when thisWT animal is subjected to the PCA
reaction (Fig. 6) (in contrast to what occurs in 6�/7� B6 mice
(Fig. 6) emphasizes the importance of using transgenic mice
that lack both tetramer-forming tryptases in disease models, as
we previously noted in one of our arthritis studies (17).
Finally, our data explain why some pediatric mastocytosis

patients who have an excess of hTryptase-�� MCs have exces-
sive bleeding of their skin and gastrointestinal tract (45) and
why some women have menstrual-like bleeding shortly after
they experience a severe anaphylactic event.5 The finding that
mMCP-6, mMCP-7, and hTryptase-� are potent anticoagu-
lants raises the possibility that the next generation of tryptase
inhibitors that are more specific than those currently available
might be useful in hindering the bleeding abnormalities that
sometimes occur in patients with systemicmastocytosis and/or
anaphylaxis. The use of the recombinant hTryptase-��heparin
complexes we created (8, 9) also might be a more effective way
to prevent blood coagulation in the clinic than by using heparin
alone.
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SUPPLEMENTAL DATA 

 

FIGURE S1. MS/MS and C-terminal amino acid sequence analysis. The prominent fragment of 

hFibrinogen’s α chain that formed after this plasma protein was incubated with a recombinant 

hTryptase-β•heparin complex for 1 min (75:1 enzyme:substrate ratio) was purified by SDS-PAGE, and 

then subjected to exhaustive digestion, LC-MS/MS, and C-terminal amino acid sequence determination. 

Shown are the susceptible peptides that were identified in the analyses. Although the entire fragment was 

mapped, only the region C terminal to residue 481 is shown for clarity. Twenty-two spectra were acquired 

whose C-terminal sequences terminate at Lys
575

, an amino acid that agrees with the specificity of 

hTryptase-β but orthogonal to the specificity of the enzymes used in the mapping assay. In addition, 

MS/MS spectral counts diminish significantly C terminal to Lys
575

. We expect these to be due to 

co-isolated minor degradation products or incomplete cleavage of hFibrinogen by the 

hTryptase-β•heparin complex. The vertical red line highlights Lys
575

, which is the preferred site of 

cleavage by the hTryptase-β•heparin complex used in the study. 

 

FIGURE S2. MS/MS analysis of a 7-kDa peptide in the digest of hFibrinogen. hFibrinogen was 

incubated with a recombinant hTryptase-β•heparin complex. The resulting peptides in the digest were 

subjected to spin-column filtration, trichloroacetic acid precipitation, and SDS-PAGE. The obtained 

7-kDa peptide was exhaustively digested with trypsin, and the resulting peptides subjected to MS/MS 

analysis. Ten peptides were identified, seven of which had different sequences. The identification of these 

peptides are shown, as well as their location in native α chain of hFibrinogen (GenBank accession # 

NP_068657). Nine of the ten peptides reside in the 69-mer C terminus of the protein’s α chain as 

expected. 
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Figure S1 
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Figure S2 
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