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Impact of naturally forming human α/β-tryptase
heterotetramers in the pathogenesis of hereditary
α-tryptasemia
Quang T. Le1, Jonathan J. Lyons2, Andrea N. Naranjo2, Ana Olivera2, Robert A. Lazarus3, Dean D. Metcalfe2, Joshua D. Milner2, and
Lawrence B. Schwartz1

Both α-tryptase and β-tryptase are preferentially expressed by human mast cells, but the purpose of α-tryptase is enigmatic,
because its tetramers lack protease activity, whereas β-tryptase tetramers are active proteases. The monogenic disorder called
hereditary α-tryptasemia, due to increased α-tryptase gene copies and protein expression, presents with clinical features
such as vibratory urticaria and dysautonomia. We show that heterotetramers composed of 2α- and 2β-tryptase protomers
(α/β-tryptase) form naturally in individuals who express α-tryptase. α/β-Tryptase, but not homotetramer, activates protease-
activated receptor-2 (PAR2), which is expressed on cell types such as smooth muscle, neurons, and endothelium. Also, only
α/β-tryptase makes mast cells susceptible to vibration-triggered degranulation by cleaving the α subunit of the EGF-like
module–containing mucin-like hormone receptor-like 2 (EMR2) mechanosensory receptor. Allosteric effects of α-tryptase
protomers on neighboring β-tryptase protomers likely result in the novel substrate repertoire of α/β-tryptase tetramers that
in turn cause some of the clinical features of hereditary α-tryptasemia and of other disorders involving mast cells.

Introduction
The tryptase locus on human chromosome 16 includes TPSB2,
encoding only β-tryptase, and TPSAB1, encoding either α- or
β-tryptase, both homologous to trypsin-like serine proteases and
expressed primarily by mast cells (MCs) and, to a lesser extent,
basophils. Individuals with only β-tryptase encoded by TPSB2
and TPSAB1, lack α-tryptase. Though a corresponding clinical
phenotype for α-tryptase deficiency has yet to emerge (Guida
et al., 2000; Soto et al., 2002; Schwartz et al., 2003), prevalence
variations among subjects with Asian (10%), European (23%), or
African (41%) ancestry suggest a role for natural selection in
maintaining α-tryptase (Trivedi et al., 2009). In contrast, no
subject lacking a gene encoding an active form of β-tryptase has
been reported (Trivedi et al., 2009). Although tryptase has been
used clinically as a biomarker for disorders involving MCs such
as systemic anaphylaxis and systemic mastocytosis (Schwartz
et al., 1987b, 1989, 1995), its biological and pathobiologic func-
tions are not well understood.

Mature tryptase tetramers form in MCs from monomeric
protryptase precursors at acidic pH (5.5–6.9) in the presence of
heparin (Sakai et al., 1996; Ren et al., 1998) and cathepsins (Le
et al., 2011a,b), and then are stored in secretory granules

(Schwartz et al., 2003) until released when these cells are acti-
vated to degranulate. Heparin stabilizes tryptase tetramers
(Schwartz and Bradford, 1986) and orients the protomers in an
active conformation (Maun et al., 2018). The active site of each
β-tryptase protomer of the planar tetramer faces into a central
pore (Pereira et al., 1998; Marquardt et al., 2002), restricting
access by all biological inhibitors of serine proteases (Alter et al.,
1990). Each β-tryptase protomer allosterically regulates its
neighboring protomers, optimizing an active conformation
(Maun et al., 2018). In contrast, mature α-tryptase homote-
tramers exhibit negligible proteolytic activity (Huang et al.,
1999; Marquardt et al., 2002), largely explained by a p.G245D
substitution (p.G216D in chymotrypsinogen numbering) with
the Asp side chain protruding into the substrate binding chan-
nel, obstructing potential targets from reaching the catalytic site
(Huang et al., 1999; Marquardt et al., 2002; Selwood et al., 2002).
So why do most people have a gene for α-tryptase?

Hereditary α-tryptasemia, an autosomal dominant disorder,
estimated to affect ∼3% of the total US population, is genetically
defined by extra haploid TPSAB1 copies, only when that gene
encodes α-tryptase, increasing expression of tryptasemRNA and
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serum levels of protryptase (Lyons et al., 2014, 2016), while in-
tracellular levels of tryptase in cultured MCs are not affected
(Lyons et al., 2016). The elevated serum baseline tryptase level
was essentially all protryptase in 18 subjects from 8 different
families based onmeasurements with a mature-specific tryptase
immunoassay showing no detectable tryptase (<1 ng/ml; Lyons
et al., 2014). The clinical phenotype may include dysautonomia
with gastrointestinal dysmotility or postural orthostatic tachy-
cardia, musculoskeletal abnormalities with hyperextensible
joints leading to arthritis, chronic pain, and a high prevalence of
atopic conditions. Affected patients also complain of symptoms
classically associated with MC degranulation, including urti-
caria, both spontaneous and provoked by physical stimuli such
as vibration. How overproduction of α-tryptase might lead to
disease pathology, given its apparent lack of enzymatic activity,
is unclear.

Murine MC protease (mMCP)–6 and mMPC-7, two homote-
trameric tryptases expressed in mice, can form heterotetramers
of intermediate binding affinity for heparin (Huang et al.,
2000), but human α/β-tryptase heterotetramers have not
been reported. We provide evidence that 2α:2β-tryptase heter-
otetramers form naturally in MCs from individuals with at
least one α-tryptase gene, exhibit intermediate physicochemi-
cal properties compared with the homotetramers, are increased
in individuals with a higher ratio of α-tryptase to
β-tryptase–encoding genes, and, most importantly, have unique
functional properties that can lead to activation of MCs and
other cell types.

Results
α/β-Tryptase heterotetramers form in vitro and in vivo
Recombinant human (rH)–α-protryptase (expressed in a bacu-
lovirus system; Sakai et al., 1996) and human MC leukemia 1 cell
(HMC1)–derived β-protryptases (HMC1 encodes β1 and β3
tryptases, but no α-tryptase; Trivedi et al., 2009) were im-
munoaffinity purified and processed either together or sepa-
rately to their mature forms as described (Le et al., 2011b).
Activated preparations were then applied to heparin-Sepharose
and eluted with a NaCl gradient. When the preparations were
processed together three partially overlapping immunoreactive
tryptase peaks appeared in the eluate, labeled H1, H2, and H3,
eluting at 0.8, 0.9, and 1.1 M NaCl concentrations, respectively
(Fig. 1 A). Only H1 and H2 exhibited catalytic activity (not
shown). Portions of H1, H2, and H3 were analyzed by Western
blotting (Fig. 1 B), which recognizes pro and mature forms of
both α and β tryptases. H1 contained primarily HMC1-derived
β-tryptase (diffuse tryptase band with an apparent mol wt of
∼37 kD), whereas H3 contained primarily rH-α-tryptase (sharp
doublet with an apparent mol wt of ∼28 kD). The marked dif-
ference in the electrophoretic mobilities of tryptases in H1 and
H3 is largely due to carbohydrate differences, with HMC1 cells
producing β-protryptases with large complex N-linked carbo-
hydrate moieties, and insect cells (baculovirus system) produc-
ing rH-α-protryptase with small N-linked carbohydrate moieties.
In contrast, H2 exhibited the bands observed in both H1 andH3, a
mixture of α- and β-tryptases.

To determine whether HII contained α/β-tryptase hetero-
tetramers or a mixture of α-tryptase and β-tryptase homote-
tramers, H1, H2, and H3 fractions were assessed by gelatin
zymography (Fig. 1, C and D). The peak fraction of each H1-3
peak, as well as rH-α-tryptase homotetramers labeled with
IRDye 800, were each subjected to gelatin zymography under a
condition that permits tryptase tetramers to remain intact
(Fig. 1 C). H1 β-tryptase migrated more slowly than H2, each
showing a single band of gelatinase activity, whereas α-tryptase
showed no gelatinase band (not shown). IRDye 800-α-tryptase
exhibited a fluorescent band that migrated faster than tryptase
in either H1 or H2 fractions. To better separate such putative
heterotetramers, H1 and H2 were subjected to a more pro-
longed electrophoretic separation (Fig. 1 D), which again
showed for each peak fraction a single band of gelatinase
activity. These findings indicate that α/β-tryptase hetero-
tetramers can form in vitro when α- and β-protryptases are
simultaneously processed together to their mature forms. The
single gelatinase band in H2, about equidistant from β-tryptase
and fluorescently tagged α-tryptase suggests a single hetero-
tetramer with a 2α:2β composition rather than a mixture of
homotetramers or multiple heterotetramers with α:β compo-
sitions of 1:3, 2:2, and 3:1.

To address whether α/β-tryptase heterotetramers form nat-
urally in MCs, lung tissue samples were tryptase-genotyped
(Le et al., 2014; Lyons et al., 2016) and the tryptase formed
in vivo and stored inMCs was immunoaffinity purified (P0), and
analyzed by phosphocellulose chromatography (Fig. 2 A). The
first peak of tryptase activity, P1, was eluted by a heparin gly-
cosaminoglycan gradient, and the second peak, P2, by a NaCl
gradient. From a ββ:ββ tryptase-genotyped subject only P1
tryptase activity was detected, whereas those with an αβ:αβ or
αβ:ββ tryptase genotype had detectable P2 activity that ac-
counted for more of the total tryptase activity when derived
from an αβ:αβ subject than from an αβ:ββ subject.

To determine whether P1 contained β-tryptase homote-
tramers and P2 α/β-tryptase heterotetramers, P0, P1, and P2
fractions were N-deglycosylated, reduced and denatured, sepa-
rated by SDS-gradient PAGE, andWestern blotted. Based on their
primary amino acid sequences, mature α-tryptases are slightly
larger than β-tryptases. Accordingly, P0 tryptase(s) showed two
closely- spaced bands if derived from an αβ:αβ-genotype subject,
and a single band from a ββ:ββ-genotype subject (Fig. 2 B). P1
from both the ββ:ββ-genotype and αβ:αβ-genotype specimens
showed only the faster-migrating β-tryptase band, while P2
showed both the slower-migrating α-tryptase band and the
β-tryptase band, though the band intensity of α-tryptase was
greater than the β-tryptase. We therefore considered whether
P2 contained a mixture of α/β-tryptase heterotetramers and
α-tryptase homotetramers.

To separate α/β-tryptase from α-tryptase tetramers, P2
was subjected to G5 anti-tryptase mAb immunoaffinity chro-
matography, chosen because G5 binds more slowly to mature
α-tryptase than to mature β-tryptase (Fig. S1). Eluting with
concurrent pH and ethylene glycol gradients, rH-α1-tryptase
homotetramers eluted as a single peak (E1, pH 9.05) and rH-β2-
tryptase homotetramers as a single peak (E3, pH 9.35), both
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detected by a tryptase ELISA, whereas only the β2-tryptase
fraction (E3) demonstrated peptidolytic activity (Fig. 2 C). P1
tryptase fractions from lung-derived tryptase from a
ββ:ββ-genotyped subject eluted from G5-Sepharose in a single
peak at pH 9.35 with both ELISA and peptidolytic activity.
However, the P2 tryptase purified from the lungs of
αβ:αβ-genotyped subjects eluted in two peaks, one at pH 9.05
detected by ELISA that lacked peptidolytic activity, corre-
sponding to rH-α1-tryptase tetramers (E1), and another at pH
9.23 detected by both ELISA and peptidolytic activity, termed
E2. When tryptases from E1 and E2 were Western blotted
(Fig. 2 D), E1 migrated with α-tryptase, while E2 displayed both
α-tryptase and β-tryptase bands with equal staining intensities.
Together, these data support the natural occurrence of cata-
lytically active α/β-tryptase heterotetramers composed of equal
amounts of α and β protomers.

An estimate of tryptase activity due to heterotetramers
formed in lung MCs was made by calculating the portion of the
total tryptase activity present in P2 fractions. As shown in
Table 1, this portion increased as the α-tryptase/β-tryptase gene
ratio increased from 1:3 to 1:1 in subjects with a normal tryptase
genotype. For the two lung specimens found by chance to have a
hereditary α-tryptasemia genotype, the heterotetramer portion
was higher in the ββ:αααβ than the ββ:ααβ subject, again indi-
cating an α-tryptase gene-dose effect on the heterotetramer
portion.

As homotetramers of α-tryptase aremore stable than those of
β-tryptase (Marquardt et al., 2002; Selwood et al., 2002), the
stabilities of α/β-heterotetramers (P2) and β-tryptase homote-
tramers (P0, ββ:ββ genotype), formed in vivo, were compared
after exposure to the B12 anti-tryptase mAb, which converts
heparin-stabilized active tetramers into inactive monomers
(Fig. 2 E; Fukuoka and Schwartz, 2006). After a 20 min incu-
bation, the % mean residual activity for β-tryptase was 7 ± 1%,

whereas that of α/β-tryptase heterotetramers (P2) was 57 ± 2%,
showing that the α/β-tryptase heterotetramers can be distin-
guished from β-tryptase homotetramers by their higher stabil-
ity. When P0 tryptase fractions from donors with αβ:αβ, αβ:ββ,
ββ:ααβ, or ββ:αααβ tryptase genotypes were compared, stability
varied with the α- to β-tryptase gene ratios, allowing an alter-
native estimate of the portion of tryptase activity accounted for
by heterotetramers (Fig. 2 E and Table 1) that corroborates cal-
culations based on P1 and P2 tryptase activities. From here on,
α/β-tryptase heterotetramers and β-tryptase homotetramers
will be called α/β-tryptase and β-tryptase, respectively.

Because protomers of β-tryptase have allosteric effects on
neighboring protomers (Maun et al., 2018), we explored
whether differences between α/β-tryptase and β-tryptase would
go beyond physicochemical properties to affect substrate rep-
ertoire. Accordingly, in the following two sections, we examined
whether there were distinct effects of α/β-tryptase versus
β-tryptase on two potential targets with clinical implications,
EGF-like module-containing mucin-like hormone receptor-like
2 (EMR2), based on its involvement in hereditary vibratory
urticaria, and protease-activated receptor-2 (PAR2), based on
its stimulatory effects on neuronal, smooth muscle, endothelial,
and inflammatory cells.

α/β-Tryptase facilitates vibration-triggered degranulation of
human skin MCs by cleaving EMR2α
A severe form of familial vibratory urticaria is caused by a
missense mutation (p.C492Y) in adhesion G protein–coupled
receptor E2 (ADGRE2). ADGRE2, abundantly expressed in mye-
locytes, including MCs, encodes EMR2 (CD312), which is auto-
catalytically cleaved during maturation in the endoplasmic
reticulum into two noncovalently associated subunits, dermatan
sulfate–binding EMR2α and G protein–coupled receptor EMR2β,
which reside on the plasma membrane. EMR2α is thought to

Figure 1. Formation of α/β-tryptase hetero-
tetramers in vitro. (A) Heparin-Sepharose
chromatography of homotypic and heterotypic
tetramers of natural HMC1-derived β1/3-tryp-
tases and rH-α1-tryptase. Protryptases β1/3
(top), α (bottom), and β1/3 + α (middle) were
activated with human CTSB and separated by
heparin-Sepharose chromatographywith a linear
NaCl gradient into three overlapping protein
peaks, labeled H1, H2, and H3. Only H1 and H2
were catalytically active. (B) Peak heparin-
Sepharose fractions were reduced, denatured,
and analyzed by Western blotting with the
G3 anti-tryptase mAb. (C) Peak heparin-
Sepharose fractions, nonreduced and non-
denatured, were analyzed by gelatin zymography
along with labeled mol wt standards (STDS) and
IRDye 800–labeled α1-tryptase homotetramers
(α*). (D) Gelatin zymography after extended
electrophoresis to better separate putative
α/β-tryptase heterotetramers from β-tryptase
homotetramers. Representative of two inde-
pendent experiments.
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inhibit EMR2β unless mechanical force transiently separates the
subunits. EMR2-p.C492Ymay alter EMR2α:EMR2β binding such
that vibration causes EMR2α to be shed from the cell surface,
prolonging EMR2β signaling to causeMC degranulation (Boyden
et al., 2016).

We hypothesized that α/β-tryptase cleaves EMR2α on MCs
near the Cys492 site, thereby weakening the association of this
resultant EMR2α9with EMR2β and enabling vibration-triggered

degranulation. Accordingly, we incubated skin MCs with
heparin-stabilized α/β-tryptase (P2; αβ:αβ genotype) or
heparin-stabilized β-tryptase (P0; ββ:ββ genotype) for 1 h, vi-
brating the mixture for the final 20 min. Vibration-triggered
degranulation occurred only after exposure to α/β-tryptase, not
to β-tryptase, and only when MCs were vibrated while
adherent to dermatan sulfate, not if adherent to chondroitin
sulfate A (Fig. 3 A). Degranulation occurred with exposure to

Figure 2. Separation and stability of tissue-derived β-tryptase homotetramers and α/β-tryptase heterotetramers. (A) B2-agarose–purified tryptase
(P0) from tryptase-genotyped donors and subjected to phosphocellulose chromatography. Representative of tryptase prepared from three individuals with
each genotype. (B) Western blotting (G3 anti-tryptase mAb) after SDS-gradient PAGE of P0 and P1 and P2 fractions from A, after being ±N-deglycosylated
(PNGase F), reduced (DTT), and heat-denatured (SDS). Representative of experiments from two individuals with each genotype. (C) G5-Sepharose im-
munoaffinity chromatography of mature rH-α1-tryptase (left upper panel), rH-β2-tryptase (right upper panel), and lung tryptase (ββ:ββ genotype, P0, left
lower panel; αβ:αβ genotype, P2, right lower panel). Representative of two individuals with each genotype. (D) SDS-PAGE (10–20%) of P2, E1, and E2 fractions
(αβ:αβ genotype) obtained as above from one of the two subjects with an αβ:αβ genotype. (E) Stability of α/β-tryptase heterotetramer (P2, ββ:αααβ gen-
otype), β-tryptase (P0, ββ:ββ genotype), and mixtures of α/β-tryptase and β-tryptase (P0, αβ:ββ or αβ:αβ genotypes) to inhibition by B12 anti-tryptase mAb.
Mean ± SD. Data reflect tryptase from three different individuals for each of the three genotypes displayed.
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α/β-tryptase at 3.5 µg/ml, but not at 0.35 µg/ml. In support of
α/β-tryptase being responsible were the findings that vibration-
triggered degranulation was inhibited with the B12 anti-tryptase
mAb, but not by incubating α/β-tryptase with B2 anti-tryptase
or soybean trypsin inhibitor (SBTI; neither of which inhibits
tryptase activity). Such activity did not occur in the absence of
heparin and was not attenuated by a PAR2 inhibitor (Fig. S2 A).
The α/β-tryptase effect was time dependent, as degranulation
was less for MCs simultaneously exposed to α/β-tryptase and
vibration for 20 min (Fig. 3 B) than if 20-min vibration was
initiated after an exposure for ≥40 min with α/β-tryptase.

To explore whether α/β-tryptase acted on EMR2, we first
confirmed that EMR2 is expressed on skin MCs and on MCs
derived in vitro from peripheral blood progenitors (Fig. 4 A).
Solubilized EMR2 was purified from HMC1 cells (Fig. S3) and
incubated with lung-derived P0 tryptase (n = 2 subjects with
each of the tryptase genotypes αβ:αβ, ββ:ββ, or αβ:ββ). Western
blotting of untreated EMR2 under nondenaturing/nonreducing
conditions with anti-EMR2αmAb revealed one EMR2 band with
a mol wt between 70 and 100 kD (Fig. 4 B, upper panel), while a
major EMR2α degradation fragment (EMR2α9) with an apparent
mol wt of just <55 kD emerged if P0 tryptase preparations from
αβ:αβ-genotype donors were used. This fragment was barely
visible if P0 tryptase was from αβ:ββ-genotype donors, and was
not apparent if tryptase was from ββ:ββ-genotype donors, in-
dicating that EMR2, when in solution, can be selectively targeted
by α/β-tryptase.

To determine whether EMR2 on the MC surface is also a
substrate for α/β-tryptase, plate-adherent skin MCs were in-
cubated with P0 tryptase derived from αβ:αβ-genotype or
ββ:ββ-genotype donors and either vibrated or vortexed to in-
troduce mechanical stress. Any shed EMR2-derived moieties
were separated from cell-associated ones and then analyzed by
Western blotting as above (Fig. 4 B, lower panel). A comparable
amount of EMR2 (75 kD) was detected in extracts from skin MC

pellets that had been incubated either with buffer alone or with
P0 tryptase (ββ:ββ-genotype) for which α/β-tryptase was ab-
sent. In contrast, incubation of skin MCs with P0 tryptase from
αβ:αβ subjects reduced the intensity of the 75-kD band, re-
flecting less cell-associated EMR2α. Moreover, a new band from
the cell supernatant appeared just <55 kD, comparable to the
EMR2α9 band seen when EMR2 in solution was incubated
with α/β-tryptase. Thus, α/β-tryptase cleaves EMR2α, causing
EMR2α9 to be shed with vibration.

MCs derived in vitro from peripheral blood progenitors and
attached to dermatan sulfate–coated wells, like primary skin
MCs, degranulate when vibrated if attached to dermatan sulfate
and preincubated with heparin-stabilized α/β-tryptase, not with
heparin-stabilized β-tryptase (Fig. S2 B). Transfecting EMR2
siRNA into these MCs markedly decreased EMR2α protein by
62% after 48 h and 84% after 72 h relative to GAPDH (Fig. 4 C,
upper panel). Skin MCs transfected with siRNA or negative-
control siRNA-A were then attached to dermatan sulfate–
coated wells, incubated with heparin-stabilized α/β-tryptase
or β-tryptase for 60min, and vibrated for the final 20min (Fig. 4 C,
lower panel). Degranulation was apparent only with
α/β-tryptase–treated cells that had been exposed to siRNA-A,
whereas EMR2 siRNA prevented this response, and none of the
transfection conditions affected the ability of MCs to de-
granulate when exposed to anti-FcεRI IgG.

A common clinical finding of patients with hereditary
α-tryptasemia is urticaria, with vibration often being reported
as a trigger (Lyons et al., 2014, 2016). To determine whether the
α-tryptase gene dosage affects vibration-elicited urticaria, 56
volunteers (35 healthy and 21 with hereditary α-tryptasemia)
underwent tryptase genotyping and a cutaneous vibratory
challenge as described (Lyons et al., 2014; Boyden et al., 2016).
The presence of an α-tryptase gene enhanced the likelihood for
vibration-elicited urticaria, and a graded response to increasing
α/β tryptase gene ratios was observed for both severity and
prevalence, regardless of whether the healthy or the hereditary
α-tryptasemia donors were considered together (Fig. 4 D) or
separately (Fig. S4). Each subject with a gene ratio of ≥0.6 had a
response score ≥3, while the majority of subjects with a gene
ratio of 0.0 or 0.3 had response scores ≤2. Each of the subjects
who failed to respond to a vibratory cutaneous challenge had no
or only one α-tryptase–encoding gene.

α/β-Tryptase heterotetramers activate PAR2
PAR2 has been considered a potential target for MC tryptase,
and PAR2 activation by tryptase in a variety of tissues could
offer new insights into the multisystem complaints reported in
disorders involving MC activation-degranulation. Human tryp-
tases derived from skin, lung, or HMC1 cells have been reported
to activate rH-PAR2 on COS cells (Molino et al., 1997), PAR2 on
human endothelial cells or rat ganglion cells (Steinhoff et al.,
2000) or on human airway smooth muscle (Berger et al.,
2001; Schmidlin et al., 2001). However, heparin-stabilized
skin-derived tryptase was unable to activate PAR2 on kerati-
nocytes (Schechter et al., 1998), and heparin-stabilized rH-β1-
tryptase was unable to activate PAR2 on fibroblasts (Huang
et al., 2001). A potentially unifying study reported that

Table 1. Percentages of lung tryptase activity due to α/β-tryptase after
purification of tryptase by B2-agarose immunoaffinity chromatography
(P0)

Genotype Tryptase activity
in P2 (%)a

Tryptase activity based on
stability to B12 inhibition (%)b

n

αβ:ββ 15 ± 2 15 ± 1 3

αβ:αβ 30 ± 7 46 ± 5 3

ββ:ααβc 27 27 1

ββ:αααβc 37 43 1

Values are presented as mean ± SD. Data represent two replicate
experiments for each of the three different individuals with an αβ:ββ or
αβ:αβ tryptase genotype in column 2, triplicate values for each of the three
different subjects with an αβ:ββ or αβ:αβ tryptase genotype in column 3,
two replicates from the one subject with a ββ:ααβ or a ββ:αααβ tryptase
genotype in column 2, and three replicates from the one subject with a
ββ:ααβ or a ββ:αααβ tryptase genotype in column 3.
a100 × P2/(P1 + P2).
bPercentage activity after 20 min compared to β-tryptase (P0, ββ:ββ
genotype) and α/β-tryptase (P2, ββ:αααβ genotype).
cHereditary α-tryptasemia genotype.
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optimal activation of PAR2 by human tryptase requires PAR2
desialation and heparin depletion (Compton et al., 2002a,b),
conditions unlikely to predominate in vivo. Importantly, none of
these studies considered the human tryptase genotype or pres-
ence of α/β-tryptase when using either investigator-prepared or
commercial tissue–derived tryptase.

We examined whether activation of naturally expressed
PAR2 on Jurkat cells (which express PAR1, PAR2, and PAR3, but
not PAR4) might be different for heparin-stabilized α/β-tryptase
than β-tryptase. As shown in Fig. 5 A, trypsin (PAR1 and PAR2
agonist) and SLIGKV (PAR2 agonist) each elicited a Ca2+ influx,
whereas neither rH-α1-protryptase nor rH-β2-protryptase
monomers or their corresponding mature tryptase homote-
tramers did so. RH-β1 or rH-β3, pro-monomeric or mature tet-
rameric tryptases, likewise, each failed to alter Ca2+ influx (Fig.
S5). In contrast, α/β-tryptase generated a dose-dependent Ca2+

influx with a calculated half-maximal response concentration of
20 nM (Fig. 5 B). SLIGKV completely cross-desensitized the re-
sponse of Jurkat cells to α/β-tryptase, as did α/β-tryptase to
SLIGKV, indicating specificity for PAR2 (Fig. 5 C). Inhibiting
α/β-tryptase with the tryptase-specific B12 mAb prevented both
α/β-tryptase-elicited Ca2+ influx and cross-desensitization of

the SLIGKV response, indicating that PAR2 activation by
α/β-tryptase was not due to a contaminant. Pretreating Jurkat
cells with FSLLRY (PAR2 antagonist) blocked the response to
α/β-tryptase, but not to TFLLR (PAR1 agonist). Moreover,
α/β-tryptase partially cross-desensitized the response to tryp-
sin, likely due to trypsin activating PAR1, whereas trypsin
completely desensitized the response to α/β-tryptase. Thus,
only heparin-stabilized α/β-tryptase activates endogenously
expressed and glycosylated PAR2 on Jurkat cells, conditions
likely to be present for tryptase and PAR2 in vivo.

Discussion
The current study shows that α/β-tryptase heterotetramers
(Fig. 1, C and D; and Fig. 2, C and D) form naturally in MCs in
subjects who carry any α-tryptase allele and account for a sig-
nificant portion of the total tryptase enzymatic activity (Table 1),
nearly all of which is stored in MC secretory granules. The ap-
parent α:β protomer equivalency suggests that individual α and
βmonomers do not combine randomly, but instead form from α
and β homodimers, the existence of which was predicted based
on the kinetics of monomer-to-tetramer formation (Ren et al.,

Figure 3. α/β-Tryptase but not β-tryptase
makes human MCs susceptible to vibration-
triggered degranulation. (A) Treatment of skin
MCs adherent to dermatan sulfate, but not to
chondroitin sulfate A, degranulate when vibrated
if pretreated with α/β-tryptase Hi (3.5 µg/ml),
but not with α/β-tryptase Lo (0.35 µg/ml)
or with β-tryptase at either concentration.
Pretreatment of α/β-tryptase Hi with
B12 anti-tryptase IgG, but not with SBTI or
B2 anti-tryptase IgG, prevents this degranula-
tion. Triplicate data with cells from one subject
are shown, representative of two independent
experiments. GAG, glycosaminoglycan; DS, der-
matan sulfate; CSA, chondroitin sulfate A.
(B) Time for incubating α/β-tryptase (3.5 µg/ml)
with skin MCs to make them susceptible to
vibration-triggered degranulation during the fi-
nal 20 min of incubation. Triplicate data with
cells from one subject are shown, representa-
tive of two independent experiments. *, P <
0.05; ***, P < 0.001; ANOVA followed by a
Holm–Sidak test compared with the buffer
control. Bars show means, and error bars show
the SD.
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Figure 4. α/β-Tryptase targets EMR2α, making MCs susceptible to vibration-triggered degranulation in vitro and urticaria in vivo. (A) EMR2 on skin
and CD34-derived MC surfaces by flow cytometry. Histograms representative of two independent experiments. (B) Western blotting of nonreduced/non-
denatured, SDS-solubilized EMR2 shows cleavage by P0 α/β-tryptase (αβ:αβ genotype) and negligible cleavage by β-tryptase (αβ:ββ or ββ:ββ genotypes).
Purified EMR2 (upper panel, 10–20% acrylamide; Fig. S3) incubated with P0 tryptase (1 µg/ml) from tryptase-genotyped donors or adherent skin MCs (lower
panel, 12% acrylamide) incubated with similar tryptase preparations (3.5 µg/ml) for 1 h, and then vibrated or vortexed for 20 min. C, cell extract; S, cell-free
medium. Representative of two different subjects with each genotype. (C) EMR2 silencing in CD34+ cell-derivedMCs with transfected EMR2 siRNA. These MCs
(adherent to dermatan sulfate–coated wells, treated with tryptase × 1 h, and vibrated the last 20 min) were denatured, reduced, and assessed by Western
blotting (upper panel, 12% acrylamide; representative of two separate experiments) and for degranulation (lower panel, one experiment performed in trip-
licate). B, buffer; −, negative-control siRNA-A; +, EMR2 siRNA; E, anti-FcεRI. ANOVA followed by a Holm–Sidak test compared with buffer control. Bars show
means, and error bars show the SD. (D) Response scores to a cutaneous vibratory challenge (Fig. S4) were analyzed according to the α/β-tryptase gene ratio by
Kruskal–Wallis ANOVA on ranks followed by the Dunn’s method, comparing each α-tryptase gene–containing group to the all β-tryptase gene–containing
group. Each symbol represents a different subject tested one time. **, P < 0.01; ***, P < 0.001. Bars show median and 25th/75th percentiles, error bars show
the 10th/90th percentiles, and the solid black circle shows the 95th percentile.
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1998). Further, allosteric effects of α-tryptase protomers on
neighboring β-protomers might explain the altered substrate
specificity of the heterotetramers, as such interactions have
been previously demonstrated between β-tryptase protomers in
the homotetramer (Maun et al., 2018). Importantly, the portion
of tryptase activity due to α/β-tryptase increases with the
α-tryptase gene dosage. Consequently, an α-tryptase gene-
dosage effect associated with a particular clinical phenotype,
as shown in the current study for a cutaneous response to

vibration or as reported for severe Dengue infection (Velasquez
et al., 2015) or asthma (Abdelmotelb et al., 2014), might implicate
involvement of α/β-tryptase. Also, as α-tryptase gene deficiency
varies among individuals with Asian, European, and African
backgrounds (Trivedi et al., 2009), affecting α/β-tryptase con-
tent, a role for these heterotetramers can now be considered in
the context of natural selection.

Although individuals with an αβ:αβ-tryptase genotype
are significantly more common than those with hereditary
α-tryptasemia, it was the latter disorder that made us consider
the possibility of α/β-tryptase heterotetramers. For individuals
with hereditary α-tryptasemia, α/β-tryptase likely contributes
to some of the associated clinical features. In particular, cleavage
of EMR2α by α/β-tryptase likely contributes to the vibratory
urticaria responses elicited in nearly all affected patients, per-
haps weakening the inhibitory association of this dermatan
sulfate–binding subunit with EMR2β, resulting in the EMR2α9
fragment being shed from MCs during vibration, followed by
sustained activation of the remaining uninhibited EMR2β G
protein–coupled receptor (Fig. 4 B, lower panel). This resembles
what happens with the ADGRE2 p.C492Y missense mutation
causing familial vibratory urticaria (Boyden et al., 2016),
whereby this point mutation rather than EMR2α proteolysis
weakens the EMR2α:β association. However, experimental
vibration-triggered urticaria occurs in some subjects with a
normal tryptase genotype, but the frequency of affected subjects
and severity of the reactions rise as the α/β-tryptase gene ratio
increases, providing support for the contribution of α/β-tryptase
to vibration-triggered urticaria susceptibility in vivo. That some
individuals with a ββ:ββ-genotype develop vibration-triggered
urticaria indicates that tryptase-independent mechanisms also
affect susceptibility to vibration-triggered histamine release.
The magnitude of EMR2-dependent MC degranulation could be
higher in vivo, where dermatan sulfate in the connective tissue
surroundingMCsmay engage a higher portion of the EMR2 than
in the experimental plate-bound dermatan sulfate.

For α/β-tryptase to make MCs susceptible to vibration-
triggered degranulation in vivo, some of this protease must be
secreted to have cleaved surface EMR2α before the vibration
stimulus. Whether this might happen by low levels of sponta-
neous secretion via piecemeal or anaphylactic degranulation, by
stimulation of activating receptors such as Mas-related G
protein–coupled receptor-X2 by endogenous neuropeptides or
other cationic proteins, by suboptimal activation of EMR2 or
other GPRs, or by secretion in exosomes are possibilities. As
cleavage of EMR2α by tryptase is itself irreversible, only re-
placement of cleaved EMR2 with newly synthesized protein
would reverse the tryptase effect, which might be facilitated if
extracellular α/β-tryptase activity was inhibited. Some cleavage
of EMR2α by α/β-tryptase in vivo must occur well before
the vibration-induced trigger, but secretion of additional
α/β-tryptase during the reaction may cleave additional EMR2α,
further enhancing the response to ongoing vibration. Whether
α/β-tryptase also causes EMR2-dependent mechanical activa-
tion of MCs in the lungs during coughing or breathing, in the
bowel during peristalsis, or in blood vessels during pulsatile
blood flow or of EMR2 expressed onmyelocytes other thanMCs,

Figure 5. PAR2 on Jurkat cells is activated by α/β-tryptase but not by
β-tryptase. (A) Calcium response to rH-α1 protryptase (20 nM) or homo-
tetramer (20 nM protomer), and rH-β2 protryptase (20 nM) or homotetramer
(20 or 100 nM protomer), trypsin (10 nM), and SLIGKV (50 nM). Represen-
tative of two independent experiments. (B) Dose–response calcium signal by
α/β-tryptase. Representative of two independent experiments. (C) Desen-
sitization experiments show that the calcium response to α/β-tryptase (50
nM protomer) is due to PAR2 activation, using trypsin (20 nM) or SLIGKV (50
nM), and is prevented by B12 anti-tryptase (400 nM) or PAR2-specific in-
hibitor FSLLRY (50 nM), while TFLLR activates PAR1. Each uninterrupted line
(A, B [left panel], and C) represents an independent experiment.
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and how this presents clinically, remains to be determined
(I et al., 2017).

We showed that heparin-stabilized α/β-tryptase activates
PAR2 expressed on Jurkat T cells in a dose-dependent manner,
while heparin-stabilized β-tryptase lacks this activity, providing
a possible explanation for conflicting reports of the effects of
tryptases on PAR2 activation. Unlike for EMR2 activation, PAR2
activation would occur immediately upon its cleavage by
α/β-tryptase, potentially contributing to clinical phenotypes
observed acutely during MC activation. The tryptase concen-
tration (35 µg/ml) used in the current study is likely physio-
logical. Based on MC concentrations in human tissues (Craig
et al., 1986; Irani et al., 1990) and the content of tryptase per
MC (Schwartz et al., 1987a), mean content of mature tryptase in
dermis, lung, and intestinal mucosa, nearly all of which is stored
in MCs, ranges from 160 to 270 µg/cm3, suggesting that even
with small amounts of degranulation, concentrations of mature
tryptase, at least near to where tryptase:heparin complexes are
released in vivo, would be within the range observed for acti-
vating PAR2 in vitro. Activating PAR2 when MCs degranulate
may have many clinical effects. For example, activating PAR2 on
vascular endothelium during systemic anaphylaxis might
worsen hypotension; on smooth muscle in inflammatory bowel
disease (Linden et al., 2001; Lohman et al., 2012) and asthma
(Schmidlin et al., 2001; Abdelmotelb et al., 2014) might contract
smooth muscle and promote exacerbations; and on epithelial
cells in asthma and inflammatory bowel disease and on kerati-
nocytes and sensory nerves in skin might exacerbate inflam-
mation (Frateschi et al., 2011), pruritus (Steinhoff et al., 2003),
or hyperalgesia (Vergnolle et al., 2001; Dong and Dong, 2018).
Whether activating PAR2 on neurons associated with smooth
muscle or blood vessels could promote autonomic dysfunction
needs to be considered. Also, activating PAR2 on sensory nerves
might lead to neuropeptide secretion, including Substance P and
calcitonin gene-related peptide (Steinhoff et al., 2000), which in
turn bind Mas-related G protein–coupled receptor-X2 on MCs,
stimulating further degranulation (Fujisawa et al., 2014; McNeil
et al., 2015), possibly contributing to MC activation syndrome
(Sabato et al., 2018).

Based on our study, α/β-tryptase should be considered a
mediator that can influence the severity of disorders involving
MCs where they are naturally abundant, such as in mucosal
tissues, dermis, and perivascular sites, or where they accu-
mulate as part of a disease process, such as in the bronchial
smooth muscle of asthmatics (Brightling et al., 2002). More-
over, activation of PAR2 and/or EMR2 by α/β-tryptase may
contribute to the pruritus, dysautonomia, and pain symptoms
associated with hereditary α-tryptasemia, but α/β-tryptase in
patients with a normal tryptase genotype composed of one or
two TPSAB1-encoded α-tryptase genes are more common and
may affect a wide variety of disorders, including asthma,
atopic dermatitis, inflammatory bowel disease, arthritis, and
MC activation syndrome. We suspect other differences in
substrate specificities between β-tryptase and α/β-tryptase
will be found that relate to physiological or pathological sit-
uations. Accordingly, a targeted inhibitor of α/β-tryptase may
have clinical utility.

Materials and methods
Reagents
Frozen or fresh human adult lung and skin samples, ranging
from 15 to 20 g, were purchased through the Collaborative
Human Tissue Network; cyanogen bromide–activated Sephar-
ose 4B from GE Healthcare; heparin-Sepharose, Na-benzoyl-DL-
arginine 4-nitro-anilide, porcine pancreatic type IX trypsin
(13,000–20,000 U/mg), sulphinpyrazone, calcium ionophore
(A23187), porcine intestinal mucosa heparin (mean mol wt 16
kD), SBTI, cellulose phosphate (fibrous form), and leupeptin
from Sigma-Aldrich; FCS, DMEM, penicillin, streptomycin, and
amphotericin from Thermo Fisher Scientific; anti-PAR2 IgG and
anti-EMR2 from R&D Systems; and PAR2-activating peptide
(SLIGRL-NH2), PAR1-activating peptide (TFLLRN-NH2), PAR2
peptide control LRGILS-NH2, and PAR2 antagonist (FSLLRY-
NH2) from Tocris Bioscience. PAR2 agonists or antagonist were
diluted in a buffer comprising 20% DMSO and 80% PBS.

Cell cultures
Skin-derived MCs were dispersed from discarded surgical skin
obtained from the Collaborative Human Tissue Network and
cultured as described (Lotfi-Emran et al., 2018). MCs were dis-
persed from fresh surgical skin by collagenase and hyaluroni-
dase digestion, partially purified by Percoll density-dependent
sedimentation, and cultured in 24-well plates containing
X-VIVO 15 serum-free medium containing 100 ng/ml of rH-
stem cell factor (rH-SCF). MCs were harvested after ≥6 wk of
culture, by which time they were >99% pure and ∼97% viable.

Human peripheral blood buffy coats obtained from the Vir-
ginia Blood Bank were used to isolate peripheral blood mono-
nuclear cells, from which CD34+ hematopoietic progenitor cells
were purified with the StemCell Technologies EasySep Human
CD34 Positive Selection Kit, according to the manufacturer’s
directions. In brief, the human buffy coat sample was subjected
to isopycnic centrifugation using Ficoll-Paque. The mononuclear
cell layer was harvested, washed, and positively selected for
CD34+ cells with EasySep CD34+ Positive Selection Kit. These
cells were cultured in AIM V serum-free medium with rH-SCF
(100 ng/ml), rH-IL-6 (100 ng/ml), and rH-IL-3 (30 ng/ml) for
1 wk, and then cultured in the same medium lacking rH-IL-3.
After 6–8 wk, the culture consists of mature human MCs,
CD117hi, FcεRI+, and tryptase+ (>95% purity). Such MCs were
used after 6 and before 12 wk of culture.

Jurkat T cells were propagated in 75-cm2 T flasks containing
RPMI 1640 supplemented with 2 mM L-glutamine, penicillin
(100 U/ml), streptomycin (100 µg/ml), 10 mM Hepes, 10% (vol/
vol) heat-inactivated FCS, and 1 mM sodium pyruvate. HMC1
cells were maintained in 75-cm2 T flasks containing Iscove’s
medium supplemented with 2 mM L-glutamine, penicillin (100
U/ml), streptomycin (100 µg/ml), 10% (vol/vol) heat-inactivated
bovine serum, and 0.01% α-thioglycerol.

Tryptase enzymatic activity assays
Tryptase enzymatic activity was monitored in 96-well micro-
titer plates, using tosyl-Gly-Pro-Lys-p-nitroanilide (TGPK) as the
substrate (Le et al., 2011b), except that SBTI (50 µg/ml) was
included when proteases other than tryptase were present, such
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as when using cell extracts. Free p-nitroanilide was measured at
a wavelength of 405 nm in a EL312 Kinetic plate reader (Bio-Tek
Instruments). One unit of enzyme activity was defined as the
amount that cleaves 1 mmol synthetic substrate per min. For
inhibition studies, samples were preincubated with various in-
hibitors at room temperature for 20min. Protein concentrations
were measured with the BCA method using BSA as a standard.
G3 mAb, which recognizes both pro- and mature forms of α- and
β-tryptases, and mAbs against PAR2 and CD312 (R&D Systems)
were used for Western blotting and detected with IRDye-
conjugated anti-mouse IgG (Odyssey Infrared Imaging System;
LiCor).

Formation of tryptase tetramers from protryptases
rH-protryptases had been cloned as described (Miller et al., 1989,
1990). rH-β1, rH-β2, or rH-β3 or HMC1 β1/3 protryptases (5 µg/
ml) were incubated alone or at a 1:1 molar ratio with rH-α1-
protryptase and then activated with cathepsin B (CTSB) in the
presence of heparin (50 µg/ml) in 50mM sodium acetate buffer,
pH 5.5, containing 150 mM NaCl, 1 mM EDTA, 5 mM L-cysteine,
5% glycerol, and SBTI (50 µg/ml) for 30 min at 37°C (Le et al.,
2011b). Activation of β-protryptase, α-protryptases, or mixtures
of β- and α- protryptases was measured with TGPK and used in
experiments shown in Figs. 1, 5, S1, and S5.

Gel filtration chromatography
Gel filtration studies were performed on a Superose 12 HR 10/
30 size-exclusion column (GE Healthcare) using a series Shi-
madzu High Performance Liquid Chromatography system
(PerkinElmer) at a flow rate of 1 ml/min. The column was
equilibrated and run in 10 mM 2-mopholinoethanesulfonic acid
(MES) buffer, pH 6, containing 1 M NaCl. The column was
calibrated with bovine thyroglobulin (669 kD), horse spleen
apoferritin (443 kD), sweet potato β-amylase (200 kD), yeast
alcohol dehydrogenase (150 kD), BSA (66 kD), and bovine
erythrocyte carbonic anhydrase (29 kD).

B2-Sepharose chromatography
Human MC tryptase from human adult lung and skin was im-
munoaffinity purified as described (Schwartz et al., 1990). Tis-
sue extracts were adjusted to 1 M NaCl by adding a cold 10 mM
MES buffer, pH 6.1, containing 4 M NaCl, and then loaded onto a
B2 anti-tryptase IgG-Sepharose immunoaffinity column (2.5 ×
10 cm). Elution samples containing TGPK-cleaving activity were
pooled, concentrated, and dialyzed overnight at 4°C in 10 mM
MES, pH 6.1, containing 0.3 M NaCl.

Heparin-agarose chromatography
RH-α1-protryptase and HMC1 β1/β3 protryptases were purified
by B2 anti-tryptase mAb-agarose chromatography (Schwartz
et al., 1990; Sakai et al., 1996), mixed, and incubated with hu-
man CTSB together with heparin (50 µg/ml) for 30 min at 37°C
as described (Le et al., 2011b). Reactions were stopped by adding
1 µM E64 to block any remaining CTSB activity, after which
heparinase I (2 U/ml) was added and incubated for 30 min at
37°C to remove free heparin. The resulting tryptase complexes
were then applied to a 1-ml column of heparin-Sepharose

connected to a Shimadzu High Performance Liquid Chroma-
tography system, already equilibrated with 400 mM NaCl and
50 mM sodium acetate, pH 6.0. The column was washed with
10 ml of equilibration buffer; and elution was performed with a
40 ml NaCl linear gradient (0.4–2.0 M) in 50 mM sodium ace-
tate, pH 6.0, at a flow rate of 1 ml/min. To stabilize tryptase
tetramers, collected samples were adjusted to 1 M NaCl by the
addition of 4 M NaCl. Column fractions were analyzed for
tryptase content and activity using immunoblot analysis with
the G3 anti-tryptase IgG mAb and gelatin zymography. Mea-
surement of tryptase activity from eluates samples was per-
formedwith 0.1mMTGPK substrate at pH 7.6 in 50mMTris-HCl
containing 0.15 M NaCl.

Phosphocellulose chromatography
Tryptase samples were dialyzed overnight in 10 mM MES, pH
6.1, containing 0.3 M NaCl and loaded onto a phosphocellulose
column (0.5 × 5 cm) equilibrated with 10 mM MES, pH 6.1,
containing 0.3 M NaCl. The column was washed with equili-
bration buffer, followed by a two sequential elution buffers. The
first elution was performed with a linear heparin gradient
(0–10 µM) in the equilibration buffer containing 0.3 M NaCl,
yielding P1. The remaining tryptase was eluted with a linear
gradient of 0.3–1.5 M NaCl in equilibration buffer containing
10 µM heparin, yielding P2.

G5 anti-tryptase IgG mAb-Sepharose immunoaffinity
chromatography
The G5 IgG anti-tryptase mAb preferentially recognizes mature
forms but not proforms of α- and β-tryptase (Schwartz et al.,
2003). Fractions from P1 or P2 fractions were separately pooled,
concentrated ∼10-fold using Centricon 10 microconcentrators
(Amicon), diluted approximately fivefold with 10 mM MES, pH
6.5, to a NaCl concentration of∼0.4M, and loaded onto a G5 anti-
tryptase IgG mAb-Sepharose column (2.5 × 1 cm) over ∼360 min
at 4°C. The column was washed with the same buffer, linear
gradients of pH 6–10 and ethylene glycol 0–50% were applied in
parallel at 20 ml/h over 6 h at 4°C, and 0.5-ml fractions were
collected. Fractions were adjusted to 1 M NaCl, and those with
tryptase activity peaks were identified, pooled, concentrated,
dialyzed with 10 mMMES, pH 6.5, containing 1 M NaCl and BSA
(0.5 mg/ml), and analyzed as described below. rH-β- or rH-
α-tryptase homotetramers, used as controls, were subjected to
G5-Sepharose immunoaffinity chromatography as above.

N-deglycosylation
Human tryptases were N-deglycosylated with peptide-
N-glycosidase F (PNGase F; New England Biolabs) under
nondenaturing conditions. PNGase F was incubated with
tryptases in 0.01 M Tris-HCl buffer, pH 7.5, at 37°C for 24 h.
Deglycosylated tryptase to be subjected to SDS-PAGE under
denaturing conditions was first treated with 1% SDS and
80 mM dithiothreitol (DTT) for 5 min in a boiling water bath.

Electrophoresis and zymography
Tryptase tetramers were denatured with 1% SDS and reduced
with DTT (10 mM) in a boiling water bath, subjected to
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SDS-PAGE in a 10–20% polyacrylamide gradient gel or a 12%
polyacrylamide gel, and Western blotted with the G3 anti-
tryptase IgG, which recognizes both pro- and mature forms of
α- and β-tryptases or G5 anti-tryptase IgG, which recognized
mature forms of α- and β-tryptases.

Purified human tryptases and their major peak fractions
obtained by phosphocellulose or G5-Sepharose chromatography
and thenN-deglycosylated, were separated by SDS-PAGE using a
linear 10–20% acrylamide gradient in a Tris-Tricine buffer
system. PageRuler Plus Prestained Protein Ladders (Thermo
Fisher Scientific) were used to monitor mol wt. Tryptase bands
were analyzed by Western blotting with the G3 anti-tryptase
murine IgG mAb. Because α1 (27.701 kD) and α2 (27.743 kD;
99% amino acid sequence identity), are slightly larger than
β1 (27.444 kD), β2 (27.446 kD), and β3 (27.581 kD) tryptases (β1,
β2, and β3, 98–99% identity), denatured and reduced mature
α-tryptases have a slightly slower electrophoretic mobility than
β-tryptases. Mature α- and β-tryptase sequences are 92–96%
identical.

Tryptase tetramers, stabilized with heparin (50 µg/ml) in
20 mM sodium acetate buffer, pH 6.0, containing 0.15 M NaCl,
were concentrated by ultrafiltration to 3.5–5 µg/ml, adjusted to
1% SDS at room temperature, and subjected to gelatin zymog-
raphy by nondenaturing, nonreducing SDS-PAGE in 8% poly-
acrylamide gels cast with 0.1% gelatin as described (Le et al.,
2011b). SeeBlue Plus2 Pre-Stained Standards (Thermo Fisher
Scientific) were used in parallel. After electrophoresis, gels were
washed twice with 2.5% Triton X-100 at room temperature to
remove SDS; incubated overnight at 37°C in 50 mM Tris-HCl
buffer, pH 7.4, containing heparin glycosaminoglycan (50 µg/
ml); stained with Coomassie Brilliant Blue G-250 (Thermo Fisher
Scientific) for 30 min; washed; and visualized in the Odyssey
Image System. As α-tryptase tetramers show negligible proteo-
lytic/gelatinase activity, their migration was assessed after la-
beling α-protryptase with IRDye 800CW (LiCor), having an
N-hydroxysuccinimide reactive group, at a 1:1 molar ratio dur-
ing an overnight incubation in 100 mM MES buffer, pH 6.0, at
4°C per manufacturer’s instructions.

Inhibition of tryptase by B12 anti-tryptase IgG
Tryptase (5 µg/ml) extracted from human skinMCs from donors
having different tryptase genotypes (ββ:ββ, ββ:βα, or βα:βα or
with an increased TPSAB1 α-tryptase copy number) and purified
by B2-Sepharose immunoaffinity chromatography was incu-
bated with different concentrations of the B12 mAb at 37°C
for ≤60 min in 0.1 ml of assay buffer (50 mM Hepes buffer,
pH 7.4, containing heparin glycosaminoglycan [50 µg/ml], BSA
[0.5 mg/ml], and 0.15 M NaCl). Portions were removed and
assessed for enzyme activity with TGPK as substrate.

Cytosolic Ca2+ flux in Jurkat T cells and HMC1 MCs
Jurkat or HMC1 cells were washed with Hepes-buffered HBSS
(137 mMNaCl, 4.7 mMKCl, 0.56 mMMgCl2, 2 mM CaCl2, 1.0 mM
Na2HPO4, 10mMHepes, pH 7.4, 2.0mM L-glutamine, and 5.5mM
D-glucose) without phenol red, containing 0.1% BSA, resuspended
at 5 × 106 cells/ml, and then incubated in the same solution with
4 µM Fura-2/AM and 0.01% Pluronic F-127 for 30 min at room

temperature (25°C). Cells then were washed and resuspended in
calcium assay buffer (20 mM Hepes, pH 7.4, containing 150 mM
NaCl, 3 mM KCl, 1.5 mM CaCl2, 10 mM glucose, and 0.25 mM
sulphinpyrazone). Stimulated cell suspensions (0.5 ml) in 1-ml
cuvettes were stirred with a magnetic bar and maintained at
25°C. Fluorescence measurements were continuously monitored
with a PerkinElmer 650-10S fluorescence spectrometer at exci-
tation wavelengths of 340 and 380 nm and an emission wave-
length of 510 nm. The fluorescence ratio of the 510-nm emission
responses at the two excitation wavelengths, proportional to the
intracellular Ca2+ concentration, was calculated.

PAR2 cross-desensitization studies
PAR2 desensitization analyses were conducted to assess
α/β-tryptase specificity for activating PAR2. Various forms of
tryptase and known agonists or inhibitors of PAR2 were added
serially to Jurkat cells suspended in a 0.5-ml cuvette at 37°C,
while the intracellular calcium signal was continuously re-
corded. After the rise in intracellular calcium triggered by the
first PAR2 agonist returned to baseline, desensitizing the re-
sponse of only this receptor to subsequent triggers, a second test
agonist was added, thereby permitting specificity to be assessed.

EMR2 purification
EMR2 was extracted from HMC1 cells by suspending 108 cells in
10 mM triethanolamine HCl buffer, pH 7.8, containing 150 mM
NaCl, 5 mMEDTA, 1%NP-40, SBTI (50 µg/ml), and 1× EDTA-free
Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific), at
4°C. Solubilized material in the supernatant after centrifugation
at 2,000 g for 20 min at 4°C was applied to a MonoQ 5/50 GL
anion exchange column (GE Healthcare Life Sciences) equili-
brated in 0.05 M Tris-HCl buffer, pH 7.8, containing 0.15 M
NaCl, 5 mM CaCl2, and 1 mM MgCl2; washed with this buffer;
and then eluted with a 0.12–1.0 M NaCl gradient, followed by
step elution with 1.5 M NaCl, each in the equilibration buffer
(except for the NaCl concentration and without CaCl2) at a flow
rate of 1 ml/min at 4°C, 1 ml/gradient fraction. EMR2-containing
fractions identified by Western blotting with anti-EMR2α IgG
were combined; dialyzed in the equilibration buffer for der-
matan sulfate chromatography; applied to a dermatan sulfate–
Sepharose column (2 ml volume) equilibrated in 0.02 M Tris
HCl, pH 7.5, containing 0.2 M NaCl, 2.5 mM EDTA, 5 mM CaCl2,
and 1 mM MgCl2; washed with this equilibration buffer; and
eluted with a 0.2–1-M NaCl linear gradient followed by a 1.5 M
NaCl step elution, both in the wash solution without CaCl2.
Dermatan sulfate–Sepharose fractions containing the bulk of
EMR2 were combined, dialyzed in the equilibration buffer for
the subsequent Mono Q chromatography step, and applied to a
second Mono Q 5/50 GL column as above, but washed with
equilibration buffer containing 0.5 M NaCl before being eluted
with a 0.5–1.5 M NaCl gradient in the wash solution without
CaCl2. Fractions containing the bulk of EMR2 were combined,
concentrated 10–15-fold by ultrafiltration (Amicon Ultra 0.5 ml
Centrifugal Filter; 10,000 mol wt cutoff), and subjected to gel
filtration chromatography on a Superose 12 HR 10/30 size-
exclusion column (GE Healthcare Life Sciences) equilibrated in
0.05 M Tris HCl, pH 7.5, buffer containing 0.15 M NaCl, 2.5 mM
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CaCl2, 1 mM MgCl2, and 2.5% glycerol. Fractions containing
EMR2 by Western blotting were combined, concentrated 10-
fold, analyzed by SDS-PAGE, and stained with Coomassie blue.
Whether either β-tryptase or α/β-tryptase would cleave this
purified, nondenatured, nonreduced EMR2 was further exam-
ined in Fig. 4 B (upper panel).

EMR2 silencing and Western blotting
1 d before transfection, CD34-derived MCs (2 × 105 cells/ml)
were plated in 1 ml of AIM V serum-free medium containing
rH-SCF (100 ng/ml) and rH-IL-6 (100 ng/ml) per well in a 24-
well tissue culture plate. Cells were cultured at 37°C in a CO2

incubator for 24 h, after which time the cells were 70–80%
confluent, ready to be transfected. EMR2 siRNA (sc-45381) and
negative-control siRNA-A (sc-37007) were obtained from Santa
Cruz Biotechnology. DNA-siRNA:Lipofectamine 2000 com-
plexes were prepared according to manufacturer’s instructions.
siRNA duplexes (8–10 µl containing 80–100 pmol siRNA) were
mixed with 100 µl of Opti-MEM I medium without serum. In
parallel, Lipofectamine 2000 (10 µl) was mixed with Opti-MEM
I medium without serum (100 µl), gently pipetting the solution
up and down, and then incubating the mixture for 15–45 min at
room temperature. Cells were washed once with 2 ml of Opti-
MEM Imediumwithout serum. The washmediumwas removed
by aspiration, followed immediately by overlaying the trans-
fection solution onto the washed cells, and then incubating these
cells for 24, 48, and 72 h at 37°C in a CO2 incubator. Cells were
collected, washed with PBS, and used as indicated.

For Western blotting, 50 µl lysis buffer was added to cell
pellets, which were then vortexed and centrifuged. Supernatants
were collected, and protein concentrations were measured. Su-
pernatants containing 20 µg of protein were mixed with 125 mM
Tris-HCl buffer, pH 6.8, containing 4% SDS, such that the final
concentration of SDSwas 1%. For samples to be reduced and heat-
denatured, DTT (80 mM) was added, and samples were heated
in a boiling water bath for 5 min. For samples that were not
reduced and not heat-denatured, no DTT was added and samples
were brought to room temperature before being subjected to
SDS-PAGE (12% polyacrylamide). In both cases, PageRuler Plus
Prestained Protein Ladder mol wt markers (Thermo Fisher Sci-
entific) were run in parallel to the EMR2 samples. Samples were
then transferred by electrophoresis to an Immobilon transfer
membrane (Millipore), followed by blocking with Odyssey
Blocking Buffer. Membranes were incubated overnight at 4°C
with murine IgG mAb against EMR2α (2A1; Thermo Fisher Sci-
entific) and rabbit polyclonal IgG anti-GAPDH (ab9485; Abcam),
washed with PBS containing Tween 20, incubated with IRDye
680RD goat anti-mouse IgG (P/N 926-68070; LiCor) together
with IRDye 800CW goat anti-rabbit IgG (P/N 926-32211; LiCor),
washed, and scanned with an Odyssey CLx Imager.

MC vibratory challenge in vitro
Wells in 96-well flat-bottom plates were coated with either
dermatan sulfate, chondroitin sulfate, or poly-L-lysine (100 µg/
ml) in PBS overnight at 4°C, and then washed three times with
PBS alone. MCs (25,000 cells per 100-µl well) in 10 mM Hepes
buffer, pH 7.4, containing 1.8 mM CaCl2, 1 mMMgCl2, and 0.04%

BSA, were then added to each experimental well, centrifuged for
5 min at 450 g at room temperature, washed three times with
this Hepes buffer, and suspended in this Hepes buffer, also
containing heparin glycosaminoglycan (10 µg/ml). Various
forms of tryptase (10 µl of either 0.3 or 3 µg/ml of 0.02 M Mes,
pH 6.0, containing 1 M NaCl and BSA [250 µg/ml]) or control
solutions (10 µl) are added to the cells for the time periods
specified at 37°C. Attached cells are vibrated (750 rpm; Stat Fax
2200; Awareness Technology) or vortexed (Level 4–5, Vortex-
Genie 2 Shaker; Scientific Industries) or incubated without agi-
tation for 30 min at 37°C, and then centrifuged at 450 g at 4°C for
5 min to separate released from retained substances found in the
respective supernatant and pellet fractions. Cells in the pellet are
resuspended in Tyrode’s buffer containing 5mMEDTA, SBTI (50
µg/ml), 1× EDTA-free Halt Protease Inhibitor Cocktail (Thermo
Fisher Scientific), and 1% Triton X-100, and lysed by sonication
(four 15-s pulses at room temperature; Solid State Ultrasonic
FS-9 bath; Fisher Scientific), after which β-hexosaminidase
levels are measured (Schwartz et al., 1981) and % degranulation
calculated as 100 × [supernatant/(supernatant + pellet)].

Vibratory cutaneous challenge
Each subject underwent a vibratory cutaneous challenge and
was tryptase genotyped after providing written informed con-
sent on National Institutes of Health–approved research proto-
cols (NCT01164241 and/or NCT00852943; Lyons et al., 2014,
2016), and received one point each for erythema, induration,
pruritus/tingling/pain, or warmth and two additional points for
either expansion beyond the margins of the vortex and/or sys-
temic symptoms, for a maximal possible response score of six.

Statistical analysis
Data were analyzed using SigmaStat (Systat Software). For
normally distributed data, a one-way ANOVA compared with the
control was used with a Holm–Sidak post hoc analysis to isolate
the groups that were statistically different from the control
group. For data not normally distributed, a nonparametric
Kruskal–Wallis ANOVA compared with control group was used
with a post hoc Dunn’s method to isolate the groups that were
statistically different from the control group. Significance levels
were as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data in
each plot is displayed asmean ± SD if normally distributed or as a
box and whisker plot, with median, 25th/75th percentiles, 10th/
90th percentiles, and outliers for data not normally distributed.

Online supplemental material
Fig. S1 shows that binding of the G5 mAb to mature rH-β2-
tryptase occurs faster than to mature rH-α1-tryptase, which led
us to successfully separate α-tryptase tetramers from
α/β-tryptase heterotetramers in Fig. 2 C by G5-Sepharose im-
munoaffinity chromatography, whereby α-tryptase eluted ear-
lier than α/β-tryptase. Fig. S2 shows that heparin is required for
α/β-tryptase to cause MCs to become susceptible to vibration-
triggered degranulation, that β-tryptase lacks this ability re-
gardless of the presence of absence of heparin, and that the time
course for α/β-tryptase to make human MCs derived in vitro
from peripheral blood CD34 progenitors is comparable to the
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time course shown in Fig. 3 B for skin MCs. Fig. S3 shows the
purification of EMR2 from HMC1 cells (an MC leukemia cell
line), which was then shown in Fig. 4 B, upper panel, to be
cleaved by α/β-tryptase but not β-tryptase, producing an EMR2α
fragment migrating at a slightly faster electrophoretic mobility
than the 55-kD mol wt standard. Fig. S4 examines the data
shown in Fig. 4 D based on the α/β tryptase genotype rather than
the α/β tryptase gene ratio, showing that having two or more
α-tryptase genes, regardless whether the subject has a normal
genotype with two α-tryptase genes (one on each parental
chromosome 16) or a genotype with extra copies of the
α-tryptase gene, would have a higher cutaneous response to
vibration than those with either one or zero α-tryptase genes.
Fig. S5 shows that neither β1 nor β3 protryptase nor mature
tryptase activates PAR2 on Jurkat cells, analogous to what was
shown in Fig. 5 A for rH-β2 protryptase and mature tryptase.
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