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ABSTRACT. S-Tryptase is a trypsin-like serine protease stored in mast cell secretory granules primarily as
an enzymatically active tetramer. The current study aims to determine whether mongrsitase

also can exhibit enzyme activity, as suggested previously. At neutrAHpyptase tetramers in the absence

of heparin or dextran sulfate spontaneously convert to inactive monomers. Addition of a polyanion to
these monomers at neutral pH fails to convert them back to a tetramer or to an enzymatically active state.
In contrast, at acidic pH addition of a polyanion resurrects enzyme activity. Whether this activity is
associated with tetramers or monomers depends on the concentrafitrypfase. Under the experimental
conditions employed at pH 6 in the presence of heparin, the monomer concentration at which 50%
conversion to tetramers occurs is 193 ng/mL. Activity against tripeptide substrates by monomers is detected
at pH 6 but not at pH 7.4, whereas tetramer activity is greater at pH 7.4 than pH 6.0. Active monomers
are inhibited by soybean trypsin inhibitor, bovine pancreatic trypsin inhibitor, antithrombin Illg@nd
macroglobulin, whereas active tetramers are resistant to these inhibitors. Active monomers form complexes
with these inhibitors and cleave both antithrombin Il af@¥macroglobulin. These inhibitors also prevent
reconstitution of monomers to tetramers, indicating that inactive monomers become active monomers
before becoming active tetramers. The ability of tryptase monomers to become active at acidic pH raises
the possibilities of expanded substrate specificities as well as inhibitor susceptibilities where the low-pH
environments associated with inflammation or poor vascularity are encountered in vivo.

B-Tryptase is the principal protease, on a weight basis, tion is that heparin stabilized the remaining tetramers that
that is stored in the secretory granules of human mast cellsotherwise rapidly converted to inactive monomers when
(1). There it resides as an enzymatically active tetramer in adiluted into the assay solution. These experimental data

complex with proteoglycan, presumably heparit—6). became more difficult to interpret when it was discovered
Heparin and dextran sulfate (OS)olyanionic polymers, that inactive tryptase monomers placed in an acid pH at
in vitro, facilitate autoprocessing g-protryptase tog- physiologic ionic strength convert to active tetramers, a

protryptase and conversion of matyfdryptase monomers  process that is facilitated by, but not totally dependent on,
to tetramers ) and also stabilize the tetramer by binding heparin (0). Further, the fibrinogenolytic activity of the
to a cationic groove that spans each dimer of the tetramertryptase tetramer was dramatically higher at acidic than at
(5, 6). At neutral pH and a physiologic ionic strength, in the neutral pH (1). Reactivation of3-tryptase monomers was
absence of a polyanionic stabilizer active tetramers spontaneprevented by NaCl concentratiors0.5 M, which also
ously convert to inactive monomers and remain as such evenstabilized previously formed tetramers. During reactivation
if heparin is added to the monomer8).(However, the  at acidic pH, the quaternary state of the enzyme was
intermediate forms of-tryptase during conversion of active  monitored by gel filtration; enzymatic activity was monitored
tetramer to inactive monomer have been difficult to deter- by C|eavage of a Synthetic tnpep“de at neutral pH, and all
mine. Experimental data have suggested that both inactiveenzymatic activity was associated with the tetrameric form
tetramers §) and active monomer®) might form during  of the enzyme 10). However, other studies have reported
the transition to inactive monomers and that intermediate 4¢tive monomers. In one instance, gel filtration fractions of
forms of tryptase can be converted back to active tetramery monomeric peak assayed at neutral pH were actiye (
at neutral pH by addition of heparin. An alternative explana- yowever, the gel filtration running buffer contained 0.3 M
NaCl and heparin at pH 6.1, raising the question of whether
| *t_IhtiS chif:jl Wflitfl supported by Grant Al20487 from the National active tetramer may have formed after elution. In another
™. Corresponding author. Phone: 804-828-9658. Fax: 804-828-0283, CAS€: based on a prior study with murine tryptds, (man
E-mail: Ibschwar@vcu.edu. pB-tryptase monomers were isolated by gel filtration that was
1 Abbreviations: BPTI, bovine pancreatic trypsin inhibito2M, performed with a pH 6.0 buffer containing heparin at

o2-macroglobulin; ATHI, antithrombin Ill; TGPK, tosyl-Gly-Pro-Lys- i in ini i
p-nitroanilide; IPR, Hp-lle-Pro-Argp-nitroanilide; SBTI, soybean physiologic ionic strength1@). These putative monomers

trypsin inhibitor; DS, dextran sulfate; DS500, 500000 Da DS; D10, Were shown to be active against a tripeptide substrate in a
10000 Da DS; DS8, 8000 Da DS; DS5, 5000 Da DS. pH 6.0 buffer containing heparin at physiologic ionic
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strength. Again the question of reactivation, particularly anti-ATIIl (1:10000). Depending upon the primary Ab,
under the conditions used for assays, needs to be consideredecondary Abs conjugated to alkaline phosphatase included
In favor of active monomers was the observation that the goat anti-mouse Bc(Jackson Immuno Research Lab, West
associated enzyme activity was completely inhibited by Grove, PA) or goat anti-rabbit 1IgG (Jackson Immuno
bovine pancreatic trypsin inhibitor (BPTIL8). However, Research Lab, West Grove, PA) fbh atroom temperature.
whether BPTI worked as a classical active site inhibitor or Protein bands were detected by staining with 5-bromo-4-

prevented reactivation of inactive monomer to active tetramer chloro-3-indoyl phosphate/nitroblue tetrazolium solution.

was not considered.
The current study explores whethgtryptase monomers

Gel Filtration Analysis Gel filtration chromatography was
conducted with a Superose 12 HR 10/30 column (Pharmacia,

can be active and concludes that active monomers can formUppsala, Sweden) using a Shimadzu LC-10Avp HPLC

at acidic pH in the presence of heparin or DS and that
biologic protease inhibitors, such as antithrombin 11l (ATIII)
and o2-macroglobulin ¢2M), prevent reconstitution of
inactive monomers to active tetramers by inhibiting an active
monomeric intermediate.

MATERIALS AND METHODS

Reagents Mes, Hepes, EDTA, BSA, heparin (porcine
intestine, MW~6000), low molecular mass heparin (MW
~3000), tosyl-Gly-Pro-Lyg-nitroanilide (TGPK), 5-bromo-
4-chloro-3-indoyl phosphate/nitroblue tetrazolium, bovine
trypsin, DFP, leupeptin, soybean trypsin inhibitor (SBTI),
BPTI, humar2M, human ATIII, rabbit ante2M Ab, rabbit
anti-ATIIl Ab, different molecular weights of DS, including
500000 (DS500), 10000 (DS10), 8000 (DS8), and 5000
(DS5) (Sigma Chemical Co., St. Louis, MO), andbHle-
Pro-Arg+p-nitroanilide (IPR) (S-2288) (Chromogenix, West
Chester, OH) were obtained as indicated. Anti-human

tryptase mAbs, B2, B12, G3, and G4, were prepared and

used as described4). Humang-tryptase was isolated from
human lung using sequential B2-Affi-Gel and heparin
agarose chromatography as descrild&g)l. (Purified 5-tryptase
(100—200ug/mL) was stored in 10 mM Mes buffer, pH 6.5,
containing 0.8 M NaCl and 20% glycerol at70 °C.
Measurements ¢#-Tryptase Actiity and Protein.Enzy-
matic activity of f-tryptase was measured by cleavage of
TGPK or IPR. To 1 mL of 0.1 mM TGPK in 0.05 M Hepes
buffer, pH 7.4, containing 0.12 M NaChia 1 mL plastic
cuvette was added 1L of enzyme. In some experiments,

system (Shimadzu Corp., Tokyo, Japan). The column was
equilibrated with 0.01 M Mes buffer, pH 6.5, containing 1
M NacCl at a flow rate of 1 mL/min. Fractions of 0.5 mL
were collected. Molecular mass calibration markers included
Blue dextran (2x 10° Da), 5-amylase (200000 Da), alcohol
dehydrogenase (150000 Da), BSA (66000 Da), carbonic
anhydrase (29000 Da), and cytochromgl2400 Da).

Formation of Tryptase Monomers and Re-Formation of
Tryptase Tetramers from MonomerBryptase monomers
were made by diluting-tryptase tetramers to-23 ug/mL
in 10 mM Hepes buffer, pH 7.4, containing 0.12 M NaCl
and 0.5 mg/mL BSA, and incubating the mixture at°&
for 90 min. Monomer formation was monitored by loss of
enzyme activity (TGPK at pH 7.4) and confirmed by gel
filtration. Fractions were analyzed by ELISA. To re-form
tetramers from monomers, the pH was lowered to 6.0 with
one-fifth volume of 0.5 M Mes buffer, pH 6.0, in the
presence of either heparin or DS and incubated at room
temperature for 60 min. In some experiments, a protease
inhibitor was added to the mixture. Tetramer formation was
monitored by enzyme activity and confirmed by gel filtration.

RESULTS

Effect of pH and Temperature on the Inastion of Actve
B-Tryptase Tetramers and of Heparin and DS on the
Reactvation of Inactve -Tryptase Monomerg-Tryptase
tetramers convert to inactive monomers when they are placed
in normal saline at neutral pH without a stabilizing molecule,
such as heparin or DSB,(10). The stability of the active

IPR was used to measure tryptase activity in a solution tryptase tetramer at acidic and neutral pH values and at 22
containing PBS (10 mM phosphate, pH 6.0, containing 137 and 37°C was examined by incubating the active tetramer
mM NaCl and 2.68 mM KCI) with 0.2 mM IPR. Heparin in the absence of DS or heparin for the times indicated in
(25 ug/mL) was included in these two incubation solutions Figure 1. Enzyme activity was then measured by cleavage

unless stated otherwise. Releageditroanilide was moni-
tored at 405 nm by a Cary 3E, UWisible spectrophoto-
meter (Varian, Walnut Creek, CA) for 220 min.5-Tryptase

of TGPK at pH 7.4 in the presence of heparin. Enzyme
activity declined to negligible levels under each incubation
condition. In each case the rate of decline fit an exponential

protein concentrations were determined by ELISA using the decay equation consistent with first-order kinetics. Notably,

B12 mAb for capture and the biotinylated G4 mAb for
detection in a 96-well plate as describdd)( Absorbance

the enzyme was 720-fold more stable at the lower
temperature and-24-fold more stable at acidic than neutral

values were measured in a Spectramax plus micro-platepH. No inhibition by SBTI was detected under these

reader (Molecular Devices, Sunnyvale, CA).

SDS-PAGE and Western Blottinggamples were mixed
with an equal volume of sample buffer containing 2% SDS
and 2%3-mercaptoethanol and placed in a boiling water bath
for 3 min. SDS-PAGE and electrophoretic blotting to
nitrocellulose membranes were performed with a Novex
electrophoresis system (Invitrogen, Carlsbad, CA). Blotted
membranes were blocked with 5% BSA in PBS containing
0.05% Tween 20 and incubated with primary Als foh at
room temperature. Primary Abs included G3 mAb against
tryptase (2ug/mL), rabbit antie2M (1:10000), and rabbit

conditions.

The optimal pH for reactivation with heparin was 5.5
6.0 and with DS500 was 6-86.5 (10). These observations
were confirmed in the current study by enzyme activity and
gel filtration (see below). With heparin, 65% of the original
enzyme activity was recovered, while without heparin, only
20% was recovered. The effect of the size of heparin and
DS on reactivation was further examingdTryptase mono-
mers (2.5ug/mL) were incubated with 2bg/mL of heparin
or DS at pH 6.0 for 1 h. Figure 2 shows that DS500 and
DS10 produced recoveries of about 80% of the initial enzyme
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Ficure 1: Time course for tryptase tetramer inactivation at neutral
and acidic pH. Tetrameric tryptase was diluted to 166 ng/mL in 10
mM phosphate buffer, pH 6.0, containing 0.137 M NaCl, 2.68 mM
KCI, and 22 ug/mL BSA (A) or in 10 mM Hepes, pH 7.4,
containing 0.12 M NaCl and 22g/mL BSA (B) and incubated at
22 and 37°C in the absence of a stabilizing anionic polymer. At
different times, enzymatic activity was measured at neutral pH with

TGPK in the presence of heparin.
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Ficure 2: Effect of heparin and dextran sulfate on tryptase
reactivation. Monomers of tryptase (2ufy/mL) that had been
formed at pH 7.4 were incubated at pH 6.0r fb h at room
temperature in the presence of heparinggfnlL), different forms

of DS (25ug/mL), or buffer alone, each mixture also containing
BSA (250ug/mL). Then SBTI (10Qug/mL), BPTI (100ug/mL),
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Ficure 3: Effect of high molecular mass serine protease inhibitors
on tryptase reactivation. Tryptase monomers (&yimL) formed

at pH 7.4 were incubated with different concentrations of various
inhibitors in the presence of heparin (§/mL) or DS5 (10Qug/

mL) and BSA (25Qug/mL) at pH 6.0 at room temperature for 1 h.
Enzyme activity was measured by cleavage of TGPK, and 100%
was defined as the activity of the tetramer before formation of
monomers. Inhibitors used were SBTI, BP&R2M, and ATIII.

100 ug/mL) inhibited reactivated tryptase (Figure 2) under
standard conditions, regardless of the size of DS and heparin
used for reactivation. Analogous results were obtained with
ATIII and a2M. In contrast to the high molecular mass
inhibitors that inhibit tryptase reactivation but do not inhibit
reactivated or natural tryptase tetramers, certain low molec-
ular mass inhibitors, including leupeptin, PMSF, and DFP
(data not shown), inhibit reactivated tryptase tetramers as
well as the natural tetramer.

High molecular mass inhibitors of trypsin-like enzymes
that fail to inhibit tetramerigs-tryptase were examined for
their effects on reactivation ¢-tryptase monomers. After
active tetramers were converted to inactive monomers at
neutral pH as described above, different concentrations of
SBTI, BPTI,a2M, or ATIIl were added along with heparin
or DS5 to monomerig-tryptase at pH 6. Each mixture was
incubated at room temperature for 1 h. As shown in Figure
3, each of these inhibitors prevented reactivationfgef
tryptase in a dose-dependent manner in the presence of both
heparin and DS5a2M appeared to be the most efficient
inhibitor on a molar basis, followed by ATIII, SBTI, and
BPTI.

To determine whether this inhibition was associated with
prevention of tetramer formation, mixtures of BPTI or SBTI
and inactive tryptase monomers were subjected to reactiva-
tion conditions and were then analyzed by gel filtration on
Superose 12 equilibrated with 10 mM Mes buffer, pH 6.5,
containirg 1 M NaCl. Collected fractions were analyzed for
tryptase by ELISA. As shown in Figure 4A, in the absence
of an inhibitor and in the presence of heparin, as expected,
monomers (2.5ug/mL) converted almost completely to
tetramers. If DS5 was substituted for heparin, two peaks were

or buffer was added, and each mixture was incubated for 15 min detected, one corresponding to tetramer and another broad
at room temperature. Enzymatic activity was then measured by peak overlaying a putative monomer peak. Thus, DS5 was

cleavage of TGPK and reported as a percentage of the initial not as efficient as heparin at facilitating conversion of
tetramer activity prior to formation of the monomers.

monomers to tetramers. When SBTI or BPTI was added to

activity, while 60% was recovered with DS8 and 40% with the reactivation mixture, in the presence of DS5 as well as

DSS5.

Effect of Protease Inhibitors on the Reaetiion Step of
pB-Tryptase Neither SBTI nor BPTI (final concentrations of

heparin (not shown), a single peak was observed that
coincided with tryptase monomers. The peak of tryptase with
SBTI corresponded to a slightly higher molecular mass than
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FiGuRE 4: Size analysis of reactivated tryptase. In (A), tryptase
monomers (2..xg/mL) formed at pH 7.4 were assessed directly or
after incubation at pH 6.0 fol h atroom temperature in the
presence of heparin (2/mL) or of DS5 (10Qug/mL) or of DS5
together with SBTI (7%g/mL) or BPTI (75ug/mL). No enzymatic
activity was detected in the SBFtryptase and BPHtryptase
mixtures after tb 1 h incubations. In (B), DFP-labeled tryptase
monomers (2..xg/mL) made from DFP-labeled tryptase tetramers
at pH 7.4 were incubated at pH 6.0rfb h atroom temperature in
the presence of DS5 (10@/mL) together with buffer alone, SBTI
(75 ug/mL), or BPTI (75ug/mL). Superose 12 chromatography
was performed in 10 mM Mes buffer, pH 6.5, contagihM NaCl

at a flow rate of 1 mL/min. Fractions of 0.5 mL were collected.
Tryptase protein content was measured by ELISA.
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Ficure 5: Effect of tryptase reactivation on ATIIIl. (A) Western
blots. In the left panel tryptase monomers (2gmL) formed at

pH 7.4 were incubated at 3T for 30 min with ATII (5 ug/mL)

in the presence of heparin (2&/mL) at pH 7.4 or at pH 6.0. A
positive control experiment used thrombin g4/mL) and ATIII

with heparin at pH 7.4. A negative control was performed with
ATIII at pH 7.4. Samples were subjected to electrophoresis in an
8% polyacrylamide gel under denaturing and reducing conditions,
blotted onto a nitrocellulose membrane, and labeled with rabbit
anti-ATIll Ab. Molecular mass markers (kDa) are shown to the
left of the gel panel. Asterisks mark the degraded ATIII fragment
in lanes 2 and 3. In the right panel tryptase monomersy@/BiL)

tryptase with BPTI and tryptase monomer alone, presumably were incubated at 37C for 30 min with ATIII (40 ug/mL) in the

because the complex formed by tryptase monome89000
Da) and SBTI (20100 Da) was measurably larger than with
BPTI (6500 Da). Thus, BPTI and SBTI prevent conversion
of tryptase monomers to tetramers.

presence of heparin (2E/mL) at pH 6.0. The incubation mixture
was then subjected to SB®AGE under reducing conditions in a
10% polyacrylamide gel and Western blotted using the G3 mAb.
Molecular mass markers (kDa) are shown to the right of the gel
panel. (B) Gel filtration. Incubation mixtures of tryptase monomers

To determine whether tryptase proteolytic activity was and ATIII prepared at pH 6.0 as in (A) were subjected to Superose
required for these inhibitors to prevent tetramer formation, 12 chromatography as in Figure 4. Elution patterns of tryptase
tryptase monomers were first formed from tetramers that had menomers and tryptase tetramers are also shown. Fractions were
been inactivated with DFP. Interestingly, under reactivation 2"alyzed for tryptase by ELISA.
conditions these DFPtryptase monomers formed tetramers
that were enzymatically inactive, tetramer formation again
being less efficient with DS5 (Figure 4B) than heparin (not
shown). Furthermore, SBTI and BPTI inhibited formation
of tetramers from DFPtryptase monomers (Figure 4B), by Western blotting with anti-ATIIl Ab. As shown in Figure
similar to their effect on free tryptase monomers. As before, 5A (left panel), tryptase monomers, only at pH 6.0, cleaved
SBTI-treated tryptase eluted at a slightly higher apparent ATII, yielding a product that comigrated with the cleavage
molecular mass than BPTI-treated tryptase, indicating that product produced by thrombin at pH 7.4. Analysis of these
tryptase-SBTI complex formation did not require active incubation mixtures by gel filtration revealed elution of
enzyme. tryptase at an apparent molecular mass near 100000 Da,

Whether tryptase monomers become transiently active indicating that tryptase probably formed a complex with its
when their reactivation is inhibited by ATIIl was examined inhibitor (Figure 5B). Examination of these complexes by

as follows. ATIII was incubated for 30 min at 3T with

monomericf-tryptase in a 1:1 molar ratio in the presence
of heparin at pH 6.0 and at pH 7.4 and was incubated with
thrombin at pH 7.4. Incubation mixtures were then analyzed



Humang-Tryptase Active Monomers Biochemistry, Vol. 43, No. 33, 20040761

mixture of tryptase andi2M and was not observed when
B the tryptase tetramer was incubated wiBM at either
=L neutral or acidic pH (not shown). Thus, under reactivation
conditions tryptase monomers incubated witAM form
- 98 oy covalent complexes with the inhibitor, cleaw&M, and are
Lol I 64 prevented from forming tetramers.

To analyze complex formation between tryptase (236

mL) ando2M (100xg/mL) during reactivation with DS5 at

— 50 acidic pH, gel filtration was performed. However, compared
Tryptase - - - F to the two peaks of tryptase detected by ELISA in the
Trypsin -+ - - absence ofi2M, negligible tryptase was detected in the
azM + 4 + o+ presence ofi2M (Figure 7). This result suggests that tryptase
pH 7.2 7.2 6.0 6.0 monomers are trapped within ta@M tetramer and thereby

FIGURE 6: Effect of S-tryptase reactivation om2M. Inactive unavailable to bind to the capture and detector mAbs used

monomers of tryptase (24g/mL) formed at pH 7.4 were incubated  for the ELISA. A similar result was observed when heparin

in the presence ai2M (25ug/mL) at room temperaturefd hin a5 substituted for DS5, whereas no decrease in tryptase

Mes buffer containing heparin (2bg/mL) at pH 6.0. Control . . .
experiments were done usio@M (25 ug/mL) incubated alone or levels was observed in the absence of a stabilizing polyanion.

with trypsin (2ug/mL) for 1 h'in Hepes buffer containing heparin 10 further examinea2M-treated tryptase, each column
(25ug/mL) at pH 7.2. Each lane was loaded with QutBequivalent fraction was precipitated with ice-cold 10% TCA, washed
of (?LdZM a?d an(?lyze% by WeStgfg b|0:tin_g USingd_lt_Z% pOl):jaCf)QE) _twith ice-cold acetone, dried, dissolved in SDS sample buffer
amiae gels unaer reaucing an enaturing conditions and rabDpi ini i ili
antiaZl\g/]I Ab for labeling. La%es: 1g2M alonegat pH 7.2; 2, trypsin containing 5°/q6-merc;aptoethanol, and placed in a boiling
ando2M at pH 7.2; 3a2M alone at pH 6.0; 4, tryptase monomers water bath fqr 3 min. Samples_ were then analyzed by
ando2M at pH 6.0. Western blotting with the G3 anti-tryptase mAb. Tryptase
reactivated in the absence @M was detected in the same
anti-tryptase Western blotting revealed a tryptase-positive fractions that were positive by ELISA (corresponding to
band near 90000 Da, indicating that a covalent complex monomeric and tetrameric tryptase) and exhibited an apparent
between ATIII and tryptase monomer formed under these molecular mass by electrophoresis under denaturing and
conditions (Figure 5A, right panel). reducing conditions of 3840 kDa (not shown). In contrast,
Whether active tryptase monomers can be detected bytryptase reactivated in the presence of exeedd and DS5
cleavage ofi2M during reactivation of inactivg-tryptase was detected by Western blotting in column fractions
monomers also was examined by Western blotting with anti- associated with a much higher molecular mass than tryptase
a2M Ab. As shown in Figure 6, trypsin incubated wit2M monomers or tetramers. Indeed, these are the fractions where
at pH 7.2 and tryptase monomers incubated wigtM and o2M elutes. Furthermore, denatured and reduced tryptase
heparin at pH 6.0 each yielded a predominant cleavagein these fractions migrated electrophoretically in bands
product with an apparent molecular mass of 98 kDa by associated with molecular masses of 140 kDa and higher.
SDS-PAGE under reducing conditions, as predicted when These results indicate that, under reactivation conditions,
the bait region ofu2M is cleaved. This cleavage product tryptase monomers form covalent complexes wi#iM that
was not observed when a polyanion was omitted from the survive denaturation and reduction.
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FIGURE 7: Size analysis of reactivated tryptase in the presenc@bf. Tryptase monomers (2/5/mL) formed at pH 7.4 were incubated

at pH 6.0 for 1 h atoom temperature with DS5 (1Q@y/mL) in the absence or presenceodM (100ug/mL) and then were subjected to
Superose 12 chromatography. Tryptase content in the column fractions was measured by ELISA. Portions of the fractions-&t@Mm the
condition (and the-02M condition, not shown) were then subjected to electrophoresis on a 12% polyacrylamide gel under reducing and
denaturing conditions, blotted onto a nitrocellulose membrane, and labeled with G3 anti-tryptase mAb. Stained band patterns and associated
molecular mass markers are placed over their respective column fractions.



10762 Biochemistry, Vol. 43, No. 33, 2004 Fukuoka and Schwartz

Detection of Actie Tryptase Monomers at Acidic pfhe
data with botho2M and ATIII suggest that inactive tryptase
monomers become active monomers before becoming active
tetramers. One key biochemical difference between active
monomers and tetramers is their susceptibility to inhibition
by such protease inhibitors. To analyze the balance of active
monomer to active tetramer at pH 6.0, tryptase preparations
were incubated at pH 6.0 in PBS to study the concentration
(Figure 8A) and time (Figure 8B) dependence. The effect
of excess SBTI on IPR cleavage was then measured at pH
6.0 to determine the portions of active monomer (SBTI . . ,
sensitive) to active tetramer (SBTI resistant). As shown in 200 400 600 800
Figure 8A, the portion of active tryptase that was resistant B-Tryptase (ng/ml)
to inhibition by SBTI increased as the concentration of the
monomer increased, indicating that reconstitution of tetramer B
was more efficient at higher concentrations. Inhibition by 100 A L 100
SBTI of 20% of the tryptase activity was observed at a
calculated tryptase concentration range of-5600 ng/mL,
50% inhibition at a calculated concentration of 193 ng/mL,
and 80% inhibition at a concentration range of £A80 ng/
mL. If 166 ng/mL tryptase tetramers (without polyanion)
were incubated as above, total enzyme activity measured at
pH 6 with heparin and IPR decreased by-6@% by about
8 h, and most of this activity became sensitive to SBTI o L. , , 0
(Figure 8B). To confirm the monomeric character of the 0 10 20
active tryptase that was sensitive to SBTI, inacfivieyptase Time (h)
monomers (83 ng/mL) were incubated at 2 for 30 min
with heparin or DS5 as in Figure 8A and subjected to Tetramer Monomer
Superose 12 chromatograhy (Figure 8C). Nearly all of the
tryptase eluted as the monomer. In contrast, incubations of c
inactive -tryptase monomers at concentrations higher than
1 ug/mL with heparin or DS5 coincided with the elution
pattern of the tryptase tetramer (not shown). Thus, by both
gel filtration and susceptibility to inhibtion by SBTI, poly-
anion-stabilized tryptase at low concentrations was mostly
monomeric at acidic pH.

Monomers formed at neutral pH were inactive against
TGPK and IPR at pH 7.4 in the presence and absence of 20 25 30 35
heparin, similar to previous results,(10). When low Fraction Number

concentrations £100 ng/mL) of inactives-tryptase mono- FiGurRe 8: Formation and characterization of active tryptase mono
mers were incubated under reactivation conditions, they mers. (A) Effect of tryptase concentration on the formation of

remained mostly monomeric but exhibited enzymatic activity {ryptase monomer at acidic pH. Different concentrations of tryptase
against IPR and TGPK. In contrast to monomeric tryptase, monomers that had been formed at pH 7.4 were incubated at pH
tetrameric tryptase exhibited greater activity at neutral than 6.0 for 60 min in the presence of heparin (10g/mL) at 22°C.

acidic pH. Tetramers at both neutral and acidic pH and Enzyme activity measurements were then conducted on the incu-

- bated tryptase samples with IPR. After 5 min of monitoring activity,
monomers at acidic pH cleaved IPR-2-fold faster than SBTI (50ug/mL) or buffer alone was added, and activity was mon-

TGPK under comparable assay conditions. With _eaCh itored for another 10 min. In the absence of SBTI, activity was
substrate, the activity of tetramers was about 5-fold higher linear for 15 min in each case. The percentage of activity not inhib-
at pH 7.4 than at pH 6.0. At pH 6.0 with IPR, tryptase ited by SBTI (reflecting active tetramer) was then calculated at
monomer activity was-30% of tetramer activity. Thus, the each tryptase concentration. (B) Time course of tryptase monomer

ifi tivity of individual trvot | les for cl formation. Tryptase tetramer (166 ng/mL) was incubated without
specilic activity of individual tryptase molecules for cleavage  peparin for the indicated time intervals, and then activity was mea-

of small synthetic substrates is greater for tetramers thansured with IPR in the presence of heparin at pH 6.0. The percentages
monomers, but monomers are only active at acidic pH. of initial tryptase activity are shown in solid circles, while the per-
centages of residual tryptase activity that were inhibited by SBTI
DISCUSSION (reflecting active monomer) are shown in open circles. (C) Size
analysis of putative tryptase monomers incubated with heparin or
The current study demonstrates that matdreyptase  pss. Tryptase monomers (83 ng/mL) formed at pH 7.4 were incu-
monomers, complexed with heparin or DS, are enzymatically bated with heparin (5@g/mL) or DS5 (50ug/mL) at pH 6.0 for

active at acidic pH but are inactive at neutral pH. Four 30 min at 22°C, during which time most of the enzyme activity
principal findings support this conclusion. First, at concentra- became sensitive to SBTI, and then were subjected to chromatog-

. raphy on Superose 12 equilibrated with 10 mM Mes buffer, pH
tions of f-tryptase monomers less than 100 ng/mL, most 6.3, containig 1 M NaCl. Tryptase content in the fractions was

heparin- or DS-dependent enzymatic activity was associatedmeasured by ELISA. Elution positions for tryptase tetramers and
with monomers by gel filtration chromatography and was monomers are shown for comparison.
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) M feptar are sensitive to biologic protease inhibitors are short-lived

Inactive . . . .
Monomeric transients during re-formation of the tetramer at these high
BTryptase tryptase concentrations. At low tryptase concentrations,
monomers were active only at acidic pH when bound to
A B pH 7.4 Active heparin or DS5 and were sensitive to protease inhibitors such

I Teganwﬁ as SBTI, BPTI, ATIII, ando2M.
A B{‘ pH 6. ATypta ATIII (58 kDa) is a single-chain glycoprotein of 432 amino

0 . \ ) . .
\ ‘// acids that inactivates serine proteases, particularly those
— ‘v‘\'\q - involved in blood coagulation, and uses heparin as a cofactor.
ctive oo ;
s \I)j‘ Its concentration in normal plasma is about 12§/mL.

BTryptase Inactivation of protease is based on the formation of a 1:1

Ficure 9: Pathway for reactivation of tryptase monomers. Active complex between the reactive Arg-393 of mature ATIII to

tetramer is converted to inactive monomers in the absence of heparinth® active site serine residue of the proteds®. (Transient
at pH 7.4. Inactive monomers become active at pH 6.0 in the covalent thrombirATIIl complexes have been reported

presence of heparin, and then, depending in part on their concentrapreviously (9). A similar 1:1 complex between ATIII and
tion, convert to active tetramers. tryptase monomers stabilized with heparin or DS was found
detected at acidic but not neutral pH with tripeptide in the current study and was associated with cleavage of
substrates. In contrast, heparin- or DS-stabiligedyptase ATIIl. Tryptase tetramers failed to cleave ATIII.
tetramers were active at both pH values with such substrates, a2M, a protease inhibitor found in blood with a broad
but more so at neutral than acidic pH. Second, BPTI, SBTI, specificity for endoproteinases, is composed of four identical
ATII, and a2M inhibited S-tryptase monomer-associated 185 kDa subunits. Pairs of these subunits are linked
but not tetramer-associated activity, regardless of whethercovalently through disulfide bonds, and two of these dimers
natural tetramers or those created in vitro from monomers associate noncovalently to form th&M tetramer. Generally,
were examined. These inhibitors prevented tetramer forma-cleavage of or binding to the2M bait region by the targeted
tion by both native monomers and DFP monomers; i.e., protease causes a conformational change2ii that traps
proteolytic activity was not needed for protease inhibitors the protease in a cage-like structugd) o2M formed a
to block tetramer formation. Because BPTI, SBTI, and ATl complex withj-tryptase monomers in the presence of heparin
are each apparently too large to fit into the core of the at acidic pH in the current study. Thegetryptase-a2M
tryptase tetramer, their binding to tryptase monomers presentscomplexes eluted in the high molecular mass fractions after
a physical barrier to tetramer formation. In contrast to our Superose 12 chromatography. By Western blotting, tryptase
results with huma-tryptase, those reported for mouse mast in these column fractions appeared to be covalently associ-
cell protease-6 indicate BPTI but not SBTI inhibits the active ated witho2M, because it was detected in high molecular
monomer {2). Third, monomeric tryptase forms complexes mass bands after being denatured, reduced, and subjected to
with SBTI and ATIII only in the presence of heparin or DS. SDS-PAGE. In the absence of heparin or DS, tryptase
The elution patterns of these tryptase complexes shift to aincubated witha2M eluted from a Superose 12 column in
molecular mass that reflects a 1:1 tryptase:inhibitor molar fractions corresponding to the tryptase monomer. For both
ratio. Fourth, inhibition of heparin- or DS-stabilized mon- o2M and ATIIl, complex formation as well as cleavage of
omeric S-tryptase by both ATIII andx2M was associated  the inhibitor by thes-tryptase monomer was dependent on
with their cleavage, similar to what was observed with the presence of a stabilizing polyanion. Presumably, the
thrombin and trypsin, respectively. Because tetrameric polyanion causes a conformational change in tryptase that
B-tryptase formation is prevented by these inhibitors, active opens the active site to inhibitors as well as to potential
monomeric tryptase must have been responsible for theirsubstrates.
cleavage. Also, as illustrated in Figure 9, active monomeric  Complexes of tryptase with either BPTI, SBTI, or ATIII
tryptase must be an intermediate in the pathway wherebywere detected by the total tryptase ELISA. In contragi,
inactive monomers convert to active tetramers at acidic pH when it forms a complex with monomerfetryptase, blocks
in the presence of heparin. detection of tryptase by this ELISA. For such complexes to
With heparin at pH 6.0, a high concentration of inactive form in vivo with releaseg-tryptase tetramers, the enzyme
B-tryptase monomers (3/9/mL) converted predominantly ~ would need to dissociate from heparin, convert to monomers,
to active tetramers, while a low concentration of these find an acidic pH environment, reattach to heparin, and then
inactive monomers (80 ng/mL) became active monomers. encounter one of the natural inhibitors of serine proteases.
The efficiency of tetramer formation from inactive monomers Whether such complexes between either mature tryptases or
diminished as the size of either heparin or DS decreased.pro/prdtryptases and protease inhibitors form naturally in
For example, although DS500 and DS10 showed similar vivo remains to be assessed. If they do, a portion of that
efficiencies, DS8 and DS5 were progressively less efficient. tryptase would be masked from detection by ELISA.
This size dependency is analogous to previous biochemical Previous reports showed the presence of active hut@&n (
(17) and crystallographic5) data that a heparin length of and mouse (MMCP6)1Q) tryptase monomers by gel
>20 sugars, corresponding to a molecular naS500 Da, filtration at pH.6.0 in the presence of 1M heparin. The
is optimal to stabilize the tetramer. After reactivation of high concentration of human tryptase at which active monomers
concentrations of tryptase monomers to active tetramers, noformed was not precisely determinelg). BPTI could inhibit
significant inhibition of reactivate@-tryptase by SBTI or ~ monomer activity, while SBTI, tested only on mMPC-6, did
BPTI was observed, regardless of the size of the polyanionnot inhibit the monomer. However, because heparin was
and efficiency of reactivation. Thus, active monomers that present, conversion of the inactive monomer to the active



10764 Biochemistry, Vol. 43, No. 33, 2004 Fukuoka and Schwartz

tetramer at this stage was a possibility that was not excluded. 10.Ren, S. L., Sakai, K., and Schwartz, L. B. (1998) Regulation of
Whether BPTI was simply blocking conversion of monomer human mast cef-tryptase: Conversion of inactive monomer to

to tetramer also was not considered. Finall otential active tetramer at acid pHj, Immunol. 1604561-4569.
’ Y, P 11.Ren, S., Lawson, A. E., Carr, M., Baumgarten, C. M., and

biologic inhibitors of tryptase were not examined in these Schwartz, L. B. (1997) Human tryptase fibrinogenolysis is optimal
studies. The current study extends the findings of these earlier  atacidic pH and generates anticoagulant fragments in the presence
reports to unambiguously show that active tryptase monomers gg%e_ ggggryptase monoclonal antibody B1R,Immunol. 159
exist, to further characterize their formation and properties, '

. e s 12. Hallgren, J., Spillmann, D., and Pejler, G. (2001) Structural
and to show their susceptibility to protease inhibitors relevant requirements and mechanism for heparin-induced activation of a

to their existence in vivo. Further, reactivation of inactive recombinant mouse mast cell tryptase, mouse mast cell protease-

tryptase monomers at acidic pH proceeds through an active 6: formation (_)f active tryptase monomers in the presence of low
monomer intermediate. molecular weight heparin]. Biol. Chem. 27642774-42781.

13. Fajardo, I., and Pejler, G. (2003) Formation of active monomers
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