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Background: Tryptase is a serglycin proteoglycan-dependent protease localized in mast cell granules.
Results: Tryptase was found to degrade core histones, both during apoptosis and in viable cells.
Conclusion: A serglycin-tryptase axis is identified as a novel mechanism for histone modification.
Significance: Secretory granule compounds are implicated in the regulation of nuclear events.

A hallmark feature of mast cells is their high content of cyto-
plasmic secretory granules filled with various preformed com-
pounds, including proteases of tryptase-, chymase-, and car-
boxypeptidase A3 type that are electrostatically bound to
serglycin proteoglycan. Apart from participating in extracellu-
lar processes, serglycin proteoglycan and one of its associated
proteases, tryptase, are known to regulate cell death by promot-
ing apoptosis over necrosis. Here we sought to outline the
underlying mechanism and identify core histones as primary
proteolytic targets for the serglycin-tryptase axis. During the
cell death process, tryptase was found to relocalize from gran-
ules into the cytosol and nucleus, and it was found that the
absence of tryptase was associated with a pronounced accumu-
lation of core histones both in the cytosol and in the nucleus.
Intriguingly, tryptase deficiency resulted in defective proteo-
lytic modification of core histones even at baseline conditions,
i.e. in the absence of cytotoxic agent, suggesting that tryptase has
a homeostatic impact on nuclear events. Indeed, tryptase was
found in the nucleus of viable cells and was shown to cleave core
histones in their N-terminal tail. Moreover, it was shown that
the absence of the serglycin-tryptase axis resulted in altered
chromatin composition. Together, these findings implicate his-
tone proteolysis through a secretory granule-derived serglycin-
tryptase axis as a novel principle for histone modification, dur-
ing both cell homeostasis and cell death.

Mast cells (MCs)3 are hematopoietic cells of the immune
system, contributing to both the innate and the adaptive arms
of immunity (1). A hallmark feature of MCs is their high con-

tent of cytoplasmic secretory granules densely packed with
numerous different preformed compounds, including bioactive
amines (e.g. histamine, serotonin), preformed cytokines (e.g.
TNF), and anionic proteoglycans of serglycin type and various
MC-specific proteases, the latter including tryptases, chymases,
and carboxypeptidase A3 (2– 4). Previous studies have shown
that serglycin proteoglycan has a key regulatory role in main-
taining the homeostasis of the secretory granules by forming
complexes with the various granule proteases and bioactive
amines, thereby promoting their storage within granules (5, 6).

The general notion is that the preformed compounds present
in immune cell granules predominantly carry out pro-inflam-
matory functions after their exocytosis in the context of various
pathological situations, in particular during allergic conditions
(1, 7, 8). However, we have recently shown that secretory gran-
ules and their contained serglycin-bound proteases in addition
can influence cell death. When assessing the mechanism of cell
death in MCs, we found that although wild type (WT) MCs
predominantly die by apoptosis in response to various cytotoxic
agents, cells lacking serglycin predominantly undergo necrotic
cell death (9). This could potentially have a large impact on
MC-mediated events, considering that apoptosis occurs with
minimal damage to the surrounding milieu, whereas necrotic
cell death is characterized by extensive leakage of pro-inflam-
matory alarmins from the interior of necrotic cells to the cell
surroundings (10 –12).

When dissecting this process further, we found that granule
compounds leaked into the cytosol in conjunction with the cell
death process. Moreover, we found that the apoptosis-promot-
ing effect of serglycin was attributed to tryptase, i.e. one of the
proteases that are complex-bound to serglycin and dependent
on serglycin for storage within granules (9). However, the
mechanism by which the serglycin-tryptase axis regulates cell
death is not known, one essential aspect being to identify the
downstream intracellular targets(s) for the serglycin-tryptase
axis. Here we address this issue and identify core histones as
primary proteolytic targets for tryptase during cell death.
Intriguingly, we show that tryptase also causes proteolysis of
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core histones during cell homeostasis. In line with this finding,
we show that tryptase, in addition to being localized in secre-
tory granules, is found within the nucleus of viable cells and
cleaves off N-terminal tails of core histones. Together, these
findings introduce a novel principle for histone modification,
mediated by a secretory granule protease.

EXPERIMENTAL PROCEDURES

Reagents—Cycloheximide (CHX), digitonin, Pefabloc SC and
E-64d were from Sigma-Aldrich (Steinheim, Germany). Rabbit
anti-histone H2A, H2B, H3, and H4 polyclonal antibodies were
from Abcam (Cambridge, UK). Goat polyclonal antibody to
actin was from Santa Cruz Biotechnology (Santa Cruz, CA).
Recombinant human skin �-tryptase was from Promega (Mad-
ison, WI). Recombinant human histone H2A, H2B, H3.1, and
H4 were from New England Biolabs (Ipswich, MA). Lyso-
Tracker Red DND-99 was from Life Technologies.

Animals—Mice (8 –18 weeks old) deficient in serglycin (ser-
glycin�/�) (6) and mMCP-6�/� mice (13) deficient in tryptase
as well as WT controls were on C57BL/6J genetic background.
All animal experiments were approved by the local ethical
committee.

Bone Marrow-derived MCs (BMMCs)—Mice were sacrificed
by CO2 asphyxiation. Femurs and tibiae were removed, and
marrow was flushed from the bones with PBS. BMMCs were
obtained by culturing bone marrow cells in Dulbecco’s modi-
fied Eagle’s medium (SVA, Uppsala, Sweden), supplemented
with 10% heat-inactivated fetal bovine serum (Invitrogen), 50
�g/ml streptomycin sulfate, 60 �g/ml penicillin G, 2 mM L-glu-
tamine (National Veterinary Institute (SVA)), 1 �g/ml mouse
recombinant IL-3, and 30% WEHI-3B conditioned medium.
The cells were kept at a concentration of 0.5 � 106 cells/ml, at
37 °C in 5% CO2,and the medium was changed every 3rd day.
Cell viability in mature BMMCs was �95%.

Induction/Inhibition of Cell Death—Triplicates of 1 ml
BMMCs (0.5 � 106 cells/ml) were transferred into individual
wells of a 24-well flat-bottomed plate and were either left
untreated or treated with 5 �g/ml CHX in complete culture
medium. Inhibitory assays were performed using the same
methodology. However, before the addition of CHX, cells were
previously incubated for 30 min with 0.1 mM Pefabloc SC.

Confocal Microscopy—Aliquots of 100 �l from 0.5 � 106

cells/ml suspensions were dropped into round areas (prepared
using liquid-repellent slide marker pen) on microscopic glasses.
After 15 min, liquid was removed carefully with filter paper.
The remaining cells were left to dry for 15 min. Samples were
fixed with 4% paraformaldehyde in PBS for 30 min followed by
a 15-min drying step. 100 �l of 50 �g/ml digitonin solution in
PBS was added to each individual glass and incubated for 10
min at room temperature. Next, 50 �l of mMCP-6 antibody
(1:500) in TBS, 1% BSA or isotype control antibody at the same
concentration was left in contact with cells for 1 h followed by
washing three times with TBS-T (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, and 0.01% Tween 20). 50 �l of Alexa Fluor 488-
conjugated antibody against rabbit Ig in TBS, 1% BSA was
added to each slide. The slides were kept in the dark for 1 h and
washed three times with TBS-T. Finally, 50 �l of 1 �g/ml DAPI
in TBS, 1% BSA was added for 2 min followed by washing three

times with TBS-T. The slides were mounted with Fluoro-
mount-G (Southern Biotech, Birmingham, AL) and cover glass.
Samples were analyzed using a laser-scanning microscope
equipped with ZEN 2009 software (LSM 710; Carl Zeiss, Berlin,
Germany).

Western Blot Analysis— 0.5 � 106 BMMCs were collected by
centrifugation and immediately solubilized in SDS-PAGE sam-
ple buffer followed by boiling for 10 min. Control experiments
showed that tryptase activity was completely abolished
immediately after the addition of SDS (without boiling).
Samples corresponding to equal numbers of cells were sub-
jected to Western blot analysis as described previously (14).
Membranes were scanned using an Odyssey Infrared Imager
(LI-COR, Lincoln, NE).

Cytosolic Extract Preparation—BMMCs (106 cells) were col-
lected by centrifugation (150 � g, 8 min, 4 °C) in 1.5-ml Eppen-
dorf tubes and then resuspended in 300 �l of ice-cold digitonin
extraction buffer (10 �g/ml digitonin, 250 mM sucrose, 20 mM

HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM

EGTA). After 10 min of incubation on ice, cells were centri-
fuged (11,500 � g, 5 min, 4 °C), and the supernatant (cytosolic
fraction) was quickly removed and frozen.

Chromatin Extraction and Analysis—BMMCs (2 � 106 cells)
were collected by centrifugation, washed with PBS, and resus-
pended in 200 �l of 10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM

MgCl2, 0.34 M sucrose, 1 mM DTT, 1:100 protease inhibitor
cocktail (Sigma-Aldrich), and 0.1% Triton X-100. Samples were
incubated for 8 min on ice followed by centrifugation (1,300 �
g, 5 min, 4 °C). The supernatant was discharged, and pellets
were lysed for 30 min with 100 �l of 3 mM EDTA, 0.2 mM EGTA,
1 mM DTT, and 1:100 protease inhibitor cocktail followed by
centrifugation (1,700 � g, 5 min, 4 °C). The supernatant was
discharged, and pellets (chromatin-enriched sample) were
resuspended each in 100 �l of 10 mM HEPES, pH 7.5, 0.5 mM

MgCl2, and 0.05 mM CaCl2. 1 unit of micrococcal nuclease from
Staphylococcus aureus (Sigma-Aldrich) was added followed by
incubation for 5 min. 10 �l of 0.1 M EDTA/tube was added to
stop the reaction. Samples were analyzed by agarose gel (2%)
electrophoresis and visualized under UV transillumination.

Electron Microscopy—BMMCs were pelleted and fixed in 1%
glutaraldehyde in 0.1 sodium cacodylate buffer (pH 7.4) for 30
min. The samples were washed three times in 0.1 sodium caco-
dylate buffer (pH 7.4) and then postfixed with 1% osmium
tetroxide for 1 h at 4 °C. Postfixed cells were dehydrated with an
ascending ethanol series ending with 100% ethanol and then
embedded in Dow epoxy resin (DER332; Unione Chimica
Europea, Milan, Italy) and DER732 (Serva, Heidelberg, Ger-
many). Ultrathin sections were prepared with an Ultrathome III
(GE Healthcare, Uppsala, Sweden). The immunogold postem-
bedding technique was performed as described previously (15).
Ultrathin sections were mounted on nickel grids etched for 1
min with 1% periodic acid and rinsed three times in distilled
water (2 min each time). The sections were incubated in 20 mM

Tris-HCl, pH 8.2, containing 2% BSA, 225 mM NaCl, 20 mM

NaN3, 1% Tween 20, and 0.05% Triton X-100, for 15 min at
room temperature, and exposed overnight at 4 °C to primary
antibodies: rabbit anti-mMCP-6 (diluted 1:30) or nonimmune
rabbit serum (diluted 1:10) as control. The grids were washed

Tryptase in Histone Modification

MARCH 14, 2014 • VOLUME 289 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 7683



three times (over 15 min) in the same buffer with 0.5% BSA and
were thereafter incubated with secondary antibodies (goat anti-
rabbit IgG-20 nm gold; British Biocell International (Cardiff,
Wales, UK)) at 1:50 final dilution, for 1 h at room temperature.
The grids were finally rinsed five times (over 15 min) with
buffer and distilled water (last washing), double-stained with
uranyl acetate and lead citrate for 5 min each, and observed
with a transmission electron microscope (EM208; Philips,
Eindhoven, The Netherlands). Micrographs were taken with a
Morada camera (Olympus Soft Imaging Solutions (OSIS),
Munster, Germany). Control experiments using nonimmune
rabbit serum showed no significant immunogold labeling.
Many sections were obtained from two experiments. In each
experiment at least 100 sections were analyzed, and the images
displayed were representative. The amount of gold particles
scored on ultrathin sections depends on many factors, but also
on the amount of antigen in a specific subcellular site (16).
Accordingly, we enumerated the gold particles in the various
subcellular sites by scoring at least 25 micrographs taken at the
same magnification, showing 20 secretory granules on average
and about one-third of the nuclear area.

Identification of Cleavage Sites—Histone fragments gener-
ated after tryptase cleavage were separated by SDS-PAGE fol-
lowed by extraction of fragments from gels and N-terminal
sequencing by the Edman degradation procedure, using a Pro-
cise 494 protein sequencer from Applied Biosystems (Stock-
holm, Sweden).

RESULTS

Core Histones Accumulate in the Cytosol of Dying Serglycin-
and Tryptase-deficient MCs—To monitor the effect of the ser-
glycin-tryptase axis on cell death, we treated MCs from WT,
serglycin-deficient (serglycin�/�), and tryptase (mouse mast
cell protease 6 (mMCP-6))-deficient mice with cytotoxic agent
(cycloheximide) followed by annexin V/propidium iodide
staining. In agreement with our previous findings (9), WT MCs
showed clear signs of apoptotic cell death, whereas MCs lacking
either serglycin or tryptase underwent necrosis (data not
shown). To approach the mechanism by which the serglycin-
tryptase axis regulates cell death, we next performed experi-
ments to identify proteolytic substrates for tryptase during the
apoptotic process. To this end, cytosolic extracts were prepared
from MCs subjected to cytotoxic agent followed by proteomic
analysis using one-dimensional SDS-PAGE. As seen in Fig. 1A,
prominent protein bands at �17, �15, and �13 kDa were
observed in cytosolic extracts from both serglycin�/� and
mMCP-6�/� cells, but were absent in cytosolic extracts from
WT cells. Mass spectrometry analysis identified these bands as
histone 2B (H2B; most abundant), H2A, and H4, i.e. all repre-
senting core histones involved in nucleosome organization. By
immunoblot analysis, a profound accumulation of H2B was
confirmed in cytosolic extracts from dying cells lacking either
serglycin or tryptase (Fig. 1B).

To further substantiate the effect of the serglycin-tryptase
axis on core histone accumulation during cell death, we per-
formed confocal microscopy analysis. As expected, H2B co-lo-
calized with DAPI in viable cells, both of WT and of mMCP-
6�/� genotype (Fig. 2A). When WT cells were treated with

cytotoxic agent, H2B staining was gradually reduced, suggest-
ing degradation of H2B during the apoptotic cell death, and it
was also notable that the core histone showed a nuclear local-
ization in viable WT cells as well as in all stages of cell death. In
contrast, preserved H2B staining was apparent in mMCP-6�/�

MCs even at 48 h after the addition of cytotoxic agent, suggest-
ing defective degradation of the core histone. Moreover, in
mMCP-6�/� cells treated with cytotoxic agent, strong H2B
staining was seen also in the cytosol. Hence, these findings indi-
cate that the absence of tryptase is associated with profound
defects in core histone degradation during cell death, leading to
defective histone degradation in the nucleus accompanied by
an accumulation of core histones in the cytosolic compartment.

Core Histones Are Released from Tryptase-deficient MCs
Undergoing Cell Death—Necrotic cell death is associated with
permeabilization of cell membranes and leakage of various
intracellular compounds to the extracellular space (12). Based
on the predominant necrotic cell death and accumulation of
cytosolic histones in tryptase-deficient MCs, we reasoned that
histones might be released from mMCP-6�/� MCs undergoing
cell death. Indeed, confocal microscopy analysis revealed
strong extracellular H2B staining after treatment of tryptase-
deficient MCs with cytotoxic agent (Fig. 2B), whereas this was
not observed in WT MCs (data not shown). Moreover, release
of H2B from dying mMCP-6�/�, but not WT, cells was sup-
ported by immunoblot analysis (Fig. 2C).

The Serglycin-Tryptase Axis Affects Core Histones during
Both Cell Death and Homeostasis—To provide further insight
into the impact of the serglycin-tryptase axis on histones, we
performed immunoblot analysis for all core histones (H2A,
H2B, H3, and H4) in total cell extracts, i.e. including the nuclear
compartment. As expected, full-length forms of the core his-

FIGURE 1. Core histones accumulate in the cytosol of tryptase- and ser-
glycin-deficient mast cells during cell death. A, WT, tryptase-deficient
(mMCP-6�/�) and serglycin�/� mast cells were treated with cytotoxic agent
(CHX). At the time points indicated, cytosolic extracts were prepared and
were analyzed by SDS-PAGE followed by staining with Coomassie Brilliant
Blue. The indicated protein bands were excised and identified by mass spec-
trometry analysis. B, immunoblot analysis of cytosolic extracts, showing the
preservation of H2B in cytosolic extracts from serglycin�/� and mMCP-6�/�

mast cells after their exposure to cytotoxic agent.
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tones were readily detected in extracts from viable MCs of all
genotypes (Fig. 3). When subjecting the cells to cytotoxic agent,
a time-dependent reduction of core histone levels was clearly
seen in WT MCs, all core histones being virtually undetectable
after 72 h of treatment. In contrast, the reduction in core his-
tone levels was substantially delayed in serglycin�/� and
mMCP-6�/� MCs, supporting a role for the serglycin-tryptase
axis in regulating core histone levels during apoptotic cell death
(Fig. 3). Most likely, the effect of the serglycin-tryptase axis on
core histones is explained by a proteolytic mechanism where
tryptase, complex-bound to serglycin, degrades the respective
histones. In support of this, the addition of a general inhibitor of
serine proteases (Pefabloc; tryptase belongs to the serine prote-
ase family) to WT MCs caused a profound blockade of the
reduction of core histone levels in response to cytotoxic agent
(Fig. 3). Notably, after the addition of serine protease inhibitor
to WT cells, the pattern of core histone reduction in response to
cytotoxic agent was highly similar to those of serglycin�/� and
mMCP-6�/� cells. After the addition of cytotoxic stimulus, it is
notable that actin degradation is observed.

In addition to their full-length variants, truncated forms of
core histones, in particular H2B and H3, were seen in WT MCs.
Strikingly, truncation of H2B and H3 was clearly observed in
cells that had not been subjected to cytotoxic agent, suggesting
that core histone truncation occurs as a normal process in via-
ble MCs. Even more strikingly, the truncation of H2B and H3 at
baseline conditions was strongly reduced in MCs lacking tryp-
tase, and partly reduced in serglycin�/� MCs (Fig. 3). These

FIGURE 2. Effect of tryptase on histone 2B in mast cells undergoing cell death. WT and tryptase-deficient (mMCP-6�/�) mast cells were exposed to
cytotoxic agent (CHX). A, at the time points indicated, cells were stained for histone 2B (H2B) and with DAPI followed by confocal microscopy analysis. Note the
preservation of and cytosolic location of H2B in mMCP-6�/� as opposed to WT cells. B, lower magnification showing extracellular release of H2B from
mMCP-6�/� cells undergoing cell death. C, immunoblot analysis confirming the release of H2B from mMCP-6�/� cells exposed to cytotoxic agent. Note that
the release of H2B is minimal from WT cells.

FIGURE 3. The processing of histones in viable and apoptotic mast cells is
dependent on tryptase and serglycin. WT, serglycin�/�, and mMCP-6�/�

mast cells were treated with cytotoxic agent (CHX) or left untreated. In addi-
tion, WT cells were incubated in the presence of both cytotoxic agent and a
general serine protease inhibitor (Pefabloc) as indicated. At the time points
indicated, total cell extracts (corresponding to 0.5 � 106 cells/sample) were
prepared and subjected to immunoblot analysis for core histones H2A, H2B,
H3, and H4. �-Actin was used as loading control.
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findings suggest that tryptase has an impact on core histones
even under normal conditions, i.e. outside of a cell death con-
text. This was highly unexpected considering the general view
that tryptase is confined to the secretory granules, being a well
established marker for this cellular compartment (3, 4).

Although H2B as expected showed an apparent nuclear
localization in WT and tryptase-deficient MCs at baseline con-
ditions (Fig. 2), we reasoned that defective histone processing in
tryptase-deficient cells might lead to low levels of histone accumu-
lation in the cytosol. Indeed, although cytosolic H2B staining was
not apparent using low contrast images (Fig. 2), when increasing
the contrast of the confocal images, we noted H2B accumulation
in the cytosol of tryptase-deficient MCs (Fig. 4). In contrast, no
cytosolic H2B staining was seen in high contrast images from WT
cells (Fig. 4). These findings support a role for tryptase in regulat-
ing the levels of core histones during normal MC homeostasis.

Tryptase Is Found in the Nucleus in Both Viable and Apopto-
tic Cells—The findings above introduce the intriguing possibil-
ity that tryptase, a protein that hitherto has been recognized as
being localized exclusively to secretory granules, in fact may
enter the nucleus. To directly address this possibility, we
stained MCs for mMCP-6 followed by confocal microscopy
analysis. As seen in Fig. 5A, strong granular staining for
mMCP-6 was as expected seen in viable WT MCs. As controls,
negligible staining was seen when preimmune serum was used
(Fig. 5A). When MCs were subjected to cytotoxic agent, the
granular staining was lost, accompanied by a more diffuse stain-
ing throughout the cells, suggesting release of tryptase from the
granules into the cytosol (Fig. 5B). We also noted nuclear stain-
ing for mMCP-6, both in untreated cells and in cells treated
with cytotoxic agent (Fig. 5B). mMCP-6 positivity was mostly
evident in the periphery of the nuclei, but staining was also seen
in internal regions of the nucleus (Fig. 5B and data not shown).
Upon treatment with cytotoxic agent, a time-dependent grad-
ual increase in nuclear mMCP-6 staining was seen, indicating
increased migration of tryptase from granule compartments to
the nucleus during apoptotic cell death (Fig. 5B). As an addi-
tional sign of lost integrity of acidic compartments during cell
death, granular staining with LysoTracker was evident in viable
cells but was gradually lost as MCs were exposed to cytotoxic
agent (Fig. 5C).

To provide more detailed insight into the subcellular local-
ization of tryptase, we performed immunogold transmission
electron microscopy analysis. As displayed in Fig. 6A, strong
mMCP-6 positivity was as expected seen in many secretory
granules, although heterogeneous staining among individual
granules was evident. In agreement with the confocal analysis,
mMCP-6 staining was also evident in the nuclear compartment
(Fig. 6, A–D). Approximately 20% of the total tryptase positivity
was seen in the nucleus. In particular, heterochromatin areas
were positive for mMCP-6, whereas weaker staining of euchro-
matin was seen (Fig. 6, B and D). We also observed mMCP-6
positivity in the cytosol, and higher magnification of these sig-
nals indicated that mMCP-6 was found within membrane-en-
closed small vesicles (Fig. 6A, lower right panel). In contrast,
nuclear mMCP-6 was membrane-free. Strikingly, mMCP-6
was seen protruding through nuclear clefts (Fig. 6C, arrow).
Together, these findings indicate that tryptase, in addition to its
granule localization, is found within the nucleus of viable MCs.

FIGURE 4. Histones accumulate in the cytosol of tryptase-deficient mast
cells at baseline conditions. Viable WT and tryptase-deficient mast cells
were stained for histone 2B (H2B; green) and with DAPI (red) followed by
confocal microscopy analysis. The images were generated using high con-
trast. Note that cytosolic H2B is seen in tryptase-deficient cells, whereas H2B is
exclusively localized to the nucleus of WT cells.

FIGURE 5. Tryptase mMCP-6 is found in the nucleus of viable and apopto-
tic mast cells. A and B, control cells (0 h) or mast cells treated with pro-
apoptotic agent (CHX) for various time periods were stained for tryptase
(mMCP-6; green) and with DAPI (red). Note that mMCP-6 is found both within
granular structures and in the nucleus of mast cells and that the nuclear frac-
tion of mMCP-6 increases in apoptotic cells. C, control cells (0 h) and mast cells
treated with pro-apoptotic agent (CHX) were stained with LysoTracker (red)
to visualize acidic mast cell compartments and with DAPI (blue). Note that the
staining with LysoTracker is reduced in apoptotic cells.
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Tryptase-dependent Core Histone Processing Accompanies
MC Differentiation—Tryptase is a well established MC marker,
being expressed in differentiated but not in immature MCs
(17). We therefore reasoned that tryptase-dependent core his-
tone processing might accompany the process of MC differen-
tiation. To investigate this possibility, we developed MCs from
bone marrow precursor cells and assessed H2B processing and
mMCP-6 levels in MCs at different stages of differentiation. In
agreement with mMCP-6 being a marker of MC differentiation
(17), mMCP-6 was not detected in bone marrow cells (day 0) of
either genotype but was strongly induced in WT cells as they
acquired MC phenotype (high expression from day �16 of cul-
ture)(Fig. 7). As expected, mMCP-6 was absent in mMCP-6�/�

cells and strongly diminished in serglycin�/� cells (Fig. 7). Pro-
cessed H2B was detected in day 0 bone marrow cells of all
genotypes. From day �4, H2B processing was less pronounced
in cells of all three genotypes, but became again apparent start-
ing from day �16. However, although pronounced H2B pro-
cessing was seen in maturing WT MCs, H2B processing was

minimal in mMCP-6�/� cells and reduced in serglycin�/� MCs
(Fig. 6). It is also notable that the onset of H2B processing in
maturing cells coincided with the onset of high mMCP-6
expression (Fig. 7). Together, these findings indicate that
tryptase-dependent core histone processing accompanies
the process of MC maturation.

Core Histones Are Substrates for Tryptase—Next, we
employed a purified system to verify that purified core histones
are proteolytic substrates for tryptase. Indeed, all core histones
were substrates for recombinant tryptase, although the effi-
ciency of cleavage and pattern of degradation products varied
among the different core histones. As displayed in Fig. 8A, H2A
was rapidly and extensively degraded into fragments too small
to be visualized on SDS-PAGE. H2B was also rapidly degraded,
into distinct fragments of �15, �14, and �13 kDa followed by
further degradation. Incubation of H3 with tryptase resulted in
rapid formation of one dominant fragment of �15 kDa fol-
lowed by further degradation into a somewhat smaller frag-
ment (�11 kDa). Degradation was also apparent for H4, leading
to the generation of a fragment of �14 kDa. However, the deg-
radation of H4 was not as efficient as for the other core histones.

Tryptase Cleaves Off Core Histone N-terminal Portions—To
identify the sites in the core histones that are targets for tryp-
tase, N-terminal sequencing of cleavage products was carried
out. N-terminal sequencing of H2B cleavage products revealed

FIGURE 6. Electron microscopy analysis of tryptase location in mast cells.
Mast cells were stained with anti-tryptase (mMCP-6) antibody followed by
incubation with gold-labeled secondary antibody and transmission electron
microscopy analysis. A, general distribution of tryptase, showing extensive
positivity in granules but also positivity in the nucleus and in the cytosol. The
right panels show enlargements of the indicated areas, the upper panel high-
lights the strong positivity of granules, and the lower panel shows membrane-
enclosed tryptase in the cytosol. Nucl, nucleus; Eu, euchromatin; Cyto, cyto-
plasm; Gran, granule; Het, heterochromatin. B, enlarged view of the nucleus,
showing tryptase positivity mainly of the heterochromatin. C, view of tryptase
protruding through a nuclear cleft (arrow). D, quantification of the tryptase
staining, showing the distribution of tryptase in cellular compartments. NI,
nonimmune control serum.

FIGURE 7. Tryptase-dependent core histone processing accompanies
mast cell differentiation. Mast cells were developed by differentiation of
bone marrow cells from WT, serglycin�/�-deficient, and tryptase-deficient
(mMCP-6�/�) mice. At the time points indicated, cells were harvested and
subjected to immunoblot analysis for histone 2B and, as a control for mast cell
differentiation, for tryptase mMCP-6. �-Actin was used as loading control.
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tryptase-catalyzed cleavage at Lys-5, Lys-11, and Lys-15,
whereas H3 (H3.1 variant) was cleaved at Lys-9 and Arg-26 (Fig.
8B). This indicates that the N-terminal portions are truncated
in cleaved H2B and H3. Importantly, the N-terminal portions of
the core histones, in particular those of H2B and H3, are major
sites for extensive post-translational modification (18, 19).
Notably, the cleavage patterns seen after incubating purified
tryptase with purified histones closely resemble those seen in
cultured cells (Fig. 3). For example, highly similar H3 cleavage
patterns are seen in cultured cells and after incubation of puri-
fied tryptase with purified H3.1 (compare Figs. 3 and 8), and
there is a corresponding agreement regarding H2B processing
in the respective contexts. Hence, it is likely that the cleavage
sites identified through analysis of purified components corre-
spond to the cleavages observed in intact cells.

Tryptase Regulates Chromatin Structure—It is well estab-
lished that chromatin organization is highly regulated through
histone modifications (20). Based on our observed impact of
tryptase deficiency on histone modification, combined with our
finding that tryptase predominantly localized to heterochro-
matin, we decided to investigate whether the serglycin-tryptase
axis might influence chromatin structure. To address this pos-
sibility, we extracted chromatin from WT, serglycin�/�, and
mMCP-6�/� cells followed by degradation with micrococcal

nuclease and size separation on agarose gels. As shown in Fig. 9,
chromatin from WT cells was extensively degraded, whereas a
large fraction of the DNA from both mMCP-6�/� and sergly-
cin�/� cells was resistant to treatment. As resistance of chro-
matin to micrococcal nuclease treatment is an indication of
high heterochromatin content (21), these findings indicate that
tryptase regulates chromatin structure by promoting the for-
mation of euchromatin over heterochromatin.

DISCUSSION

A unique feature of MCs is their remarkably high content of
granules aimed for regulated secretion, the granules being
densely packed with various preformed compounds. Among
these, serglycin-protease complexes occupy a dominant posi-
tion, accounting for a major part of the protein content of the
granules. The general view is that the major function of sergly-
cin-protease complexes is to exert extracellular functions, after
their release in conjunction with MC degranulation. Indeed,
MC proteases including tryptases, chymases, and carboxypep-

FIGURE 8. Tryptase cleaves core histones in their N terminus. A, purified
tryptase (2.5 �g; 2.6 �M) was incubated with 5 �g of either purified histone 2B
(H2B) or purified histone 3 (H3.1)(12 and 11 �M for H2B and H3.1, respec-
tively). At the time points indicated, incubations were interrupted, and the
samples were analyzed by SDS-PAGE (12% gels) followed by Coomassie Bril-
liant Blue staining. Fragments indicated by arrows were excised and sub-
jected to N-terminal sequencing. B, sequence of H2B and H3.1. Dashed lines
indicate the sites that were cleaved by tryptase. The numbering of fragments
in A corresponds to the numbering of identified cleavage sites in B.

FIGURE 9. Tryptase regulates chromatin structure. Chromatin was
extracted from WT, serglycin�/�-deficient, and tryptase (mMCP-6)-deficient
mast cells followed by digestion with one unit (1U) of micrococcal nuclease
and agarose gel electrophoresis. The lower panel shows quantification of the
data using the ImageJ software. Note that the chromatin from serglycin�/�

and mMCP-6�/� cells is largely resistant to digestion, indicative of a high
content of heterochromatin. M indicates molecular size markers.

Tryptase in Histone Modification

7688 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 11 • MARCH 14, 2014



tidase A3 have been implicated in a variety of conditions involv-
ing extracellular proteolysis of various substrates, in particular
in the context of inflammatory events (3).

Here we introduce a new dimension to the granule-localized
proteases by showing that a serglycin-tryptase axis, in addition
to impacting on the extracellular environment, can regulate
cell-intrinsic processes. Intriguingly, we show that tryptase,
during the apoptotic process, is released from the granules into
the cytosol and nucleus and that this is accompanied by exten-
sive proteolysis of core histones. As evidence for this scenario,
extensive accumulation of core histones was seen both in the
cytosol and in the nucleus of tryptase-deficient cells undergoing
cell death. In this context it is notable that WT and tryptase-
deficient cells differ profoundly in their mechanism of cell
death, with WT cells predominantly undergoing apoptotic cell
death, whereas tryptase-deficient MCs die by necrosis. A hall-
mark feature of apoptotic as opposed to necrotic cell death is
extensive degradation of DNA mediated by DNA-degrading
enzymes such as caspase-activated DNase (12). Conceivably,
the DNA degradation seen in WT cells can be facilitated by
tryptase-mediated histone proteolysis that may result in
unmasking of DNA, thus rendering it sensitive to DNA-degrad-
ing enzymes. We may thus propose that the apoptotic mode of
cell death seen in WT cells is dependent on tryptase-mediated
core histone degradation and, conversely, that the necrotic cell
death of tryptase-deficient cells may be linked to defective his-
tone proteolysis.

A highly unexpected finding was that tryptase-mediated his-
tone proteolysis, in addition to occurring in the context of apo-
ptosis, was also evident in viable cells. In agreement with this,
tryptase was found in the nucleus of live cells, mostly localizing
to the heterochromatin. We also noted that the absence of
either tryptase or serglycin resulted in a higher content of het-
erochromatin versus euchromatin. Plausibly, serglycin-tryptase
axis-dependent histone proteolysis could thus affect the gen-
eral organization of the chromatin. It should be noted that
although protease appears to be the major histone-processing
tryptase in mast cells, limited histone processing with similar
cleavage patterns as those dependent on tryptase is also seen in
cells lacking tryptase expression (Fig. 7). Hence, proteases other
than tryptase can also contribute to the histone processing,
although to a minor extent.

Tryptase has a highly unusual structure, being a tetramer
with all of its active sites facing a narrow central pore (22), thus
having a macromolecular organization reminiscent of the pro-
teasome. Due to this organization, tryptase is resistant to all
known macromolecular protease inhibitors found in mammals
(23). The enzyme is thereby well suited for carrying out proteo-
lytic processes in the cellular environment, unhindered by the
multitude of protease inhibitors of serpin type that are abun-
dant within the cytosol and also in the nucleus (24, 25). The
ability of tryptase to degrade histones intracellularly is thus
compatible with its biochemical organization. It is also impor-
tant to note that tryptase is highly dependent on serglycin pro-
teoglycan, both for tetramerization/activation and stability, as
well as for storage within granules (4). In agreement with a
central role of serglycin in regulating tryptase, we show that
serglycin�/� MCs display similar alterations in histone prote-

olysis as those seen in tryptase-deficient cells. However, it is
important to emphasize that the lack of serglycin does not
result in complete tryptase deficiency (Fig. 7). In agreement
with the latter notion, serglycin�/� cells showed effects on his-
tone proteolysis that were intermediate to those of WT and
tryptase-deficient cells.

Another consequence of the unique macromolecular organi-
zation of tryptase is that relatively few proteins have the ability
to enter the active site-containing central pore. Accordingly,
although the actual cleavage specificity of tryptase is broad,
relatively few substrates for tryptase have been identified (4),
and in most cases it has not been verified whether the respective
identified substrates are of physiological relevance. The present
study thus identifies core histones as major substrates for tryp-
tase. In agreement with the trypsin-like cleavage specificity of
MC tryptase, histones were exclusively cleaved after Lys and
Arg residues. The core histones, in particular those that were
shown to be cleaved by tryptase, all possess structurally flexible
N-terminal portions that extend outside of the nucleosomes
(18). These N-terminal ends would thus be highly susceptible to
proteolysis, and it is also likely that the N-terminal ends, due to
their flexible structure, can readily enter the central pore of
tryptase. In some analogy with the present findings, it has been
shown that cathepsin L, a cysteine protease, can modify core
histones in embryonic stem cells (26).

In summary, the present study introduces a novel principle
for histone modification, mediated by a secretory granule-ser-
glycin-tryptase axis.
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