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ABSTRACT. Human tryptaseég (HTf) is a serine protease with an atypical tetrameric structure and an

unusual dependence on heparin binding or high salt for functional and structural stability. In the absence
of heparin and at physiological salt, pH, and temperaturej lapidly loses activity by a reversible
process that we have called spontaneous inactivation. The role of tetramer dissociation in this process is
controversial. Using small irreversible or competitive inhibitors ofHs stabilizing ligands, we were
able to examine tetramer stability under inactivating (decay) conditions in the absence of heparin and to
define further the process of spontaneous inactivation. Size exclusion chromatography showed that

interaction with inhibitors stabilized the tetramer. Using sedimentation equilibrium, spontaneously
inactivated HP (si-HTj3) was shown to be a destabilized tetramer that dissociates upon dilution and
which in the presence of a competitive inhibitor re-formed a stable tetramer. Addition of inhibitors to
si-HTp rescued catalytic activity as was shown after inhibitor displacement. At high concentrations of
si-HTp (4—5 uM), the binding of inhibitor alone provided sufficient free energy for complete reactivation
and tetramer stabilization, whereas at low sifH¥oncentration (0.1kM) where the destabilized tetramer
would be mostly dissociated, reactivation required more free energy which was provided by the binding
of both an inhibitor and heparin. The results demonstrate th#tisl@ tetramer in the absence of heparin
and that tetramer dissociation is a consequence of and not a prerequisite for inactivation. Heparin binding
likely stabilizes the tetramer by favoring a functionally active conformation with stable intersubunit contacts,
rather than by simply cross-linking active monomers.

Human tryptase* (HTS),! the major protein stored within
mast cell secretory granuleg)( is a serine protease that

surface area of 500%and is structurally asymmetric. Two
other unusual features of KTare its insensitivity to

exhibits a number of unusual features. Unlike other serine physiological inhibitors 7—9) and its functional instability
proteases, it is a tetramer of identical subunits of 27.5 kDa (2—5). The somewhat inaccessible location of the active sites
(2—6). The tetramer is atypical in that the subunits frame a may explain the insensitivity to biological inhibitors, which
central aqueous pore into which the active sites face, asare macromolecules. Functional instability is manifest as the

depicted in Figure 16). Two types of interfaces produce

rapid loss of enzymatic activityty(; of about 1 min) when

the tetramer. One type has a buried surface area of 1200 A HTS is incubated under conditions approximating physi-
and is structurally symmetric, whereas the other has a smallerological @, 10). This autoinactivation may substitute for a
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physiological inhibitor.

We refer to the activity loss process as spontaneous
inactivation because it is nonproteolytic and first ord®r (
Its rate is dependent on temperature and NaCl concentration
and is markedly reduced by the presence of heparin, a
polyanionic glycosaminoglycan coproduced withl'/# in
mast cells 11, 12). Activity loss is associated with confor-
mational changes that affect both the CD and intrinsic
fluorescence spectra of I#T13—15). Accompanying these
conformational changes is the disruption of the primary
substrate specificity pocket (S1 pocketh). Inactivated HPB
can be reactivated by the addition of heparin, demonstrating
the reversibility of spontaneous inactivatiod) 4, 16).

Spontaneous inactivation is accompanied by dissociation
of the tetramerd, 5, 14, 16); however, the extent and role
of dissociation in activity loss are controversial. Two minimal
pathways shown in Figure 1 depict this controversy. In
pathway A, the subunits of the tetramer undergo conforma-
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Ficure 1: Possible pathways (A and B) for the spontaneous inactivation @ Ipontaneous inactivation was initiated by shifting from
solution conditions that stabilize activity (e.g., 2.0 M NaCF@, pH 6.8) to conditions where activity is rapidly lost (e.g., 0.2 M NaCl, 37

°C, pH 6.8). The primary specificity (S1) pocket, which binds the Lys/Arg residue on the N-terminal side of the scissile bond in substrates,
is open to depict the active conformation and closed to depict loss of function. In pathway A, destabilization of the tetramer is depicted by
a change from square-like to circular subunits, and in pathway B the interface change is depicted as small and only in the region of the S1
pocket. The gray area depicts the central aqueous pore of the active tetramer.
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tional changes that result in both activity loss and tetramer structure of active HfJ, the mechanism of spontaneous
destabilization. Evidence for pathway A is derived from inactivation, and tetramer dissociation.
sedimentation equilibrium analyses showing thaphiihen EXPERIMENTAL PROCEDURES

stabilized in high salt is a homogeneous tetramer, while under ) ]
similar conditions si-HB exists as an equilibrium mixture Materials.LMW heparin, AEBSF, and buffers were from

of tetramer and monomet4). Additional support is derived ~ Calbiochem, La Jolla, CA. The chromogenic substrates
from the stability of rHT, a protein 93% identical in amino ~ L-BAPNA and TOS-GPK-NA, bovine serum albumin, LBTI,

acid sequence to HBL Although exhibiting a similar and BPTI (aprotinin) were from Sigma, St. Lou_is,_M_O. The
quaternary structurel(), rHTa does not dissociate upon fluorescent substrate CBZ—GPR—AI\/!C and the |nh|b¢or pAb
prolonged incubation under decay conditioris8)( The were from Bachem, King of Prussia, PA. Leupeptin (Ac-
crystal structures of HF and rHTa. were similar except for ~ Leu-Leu-argininal) was from Roche, Indianapolis, IN. CRA-
the conformation of their S1 pockets, (17). 2059 was a gift from Celera Genomics, Inc.

In pathway B, the tetramer is a loose aggregate of rHTS. rtHT} referred to in the text is our rHBH variant,
monomers held together by weak contacts that are enhancedHT3-E149T described previously§, 23). The variant has
by high salt or by heparin cross-linking of monomers. In comparable stability and catalytic properties to wild-type
the aggregated state, contacts between adjacent monomerdiT and to native tryptase isolated from human skin. The
stabilize the S1 pocket. Lowering the salt concentration or mutation eliminates a site within rbT sensitive to the
dissociation of heparin results in rapid tetramer dissociation protease that processes our fusion protein construct. Stock
followed by an isomerization that disrupts the S1 pocket. In €nzyme was stored at70 °C in 2.0 M NaCl and 10 mM
support of pathway B is the unusual tetramer structure and MOPS, pH 6.8, until needed. Preparations we89% active
implied weakness of the small interface),(a study sug- based on concentrations determined using previously estab-
gesting that the appearance of the inactive tetramer occurdished specific activities for substrates compared to concen-
after the production of inactive monomes)(and studies  trations estimated usingzsonm [€(HTB2g0nm = 64900 M
indicating that heparin stabilization is mediated by the cross- cm™'] (18). Concentrations reported are those of the active
linking of monomers via binding across the small interface subunit, except in sedimentation equilibrium studies where
(19, 20). A heparin-stabilized HF monomer with enzymatic ~ subunit concentration was based Afgonm The concentra-
activity (3, 21, 22) and sensitivity toward protein proteolytic  tions of si-rHT3 were based on the active subunit concentra-
inhibitors @1, 22) also has been reported. Whether this tion of an identical amount of stock rifTdiluted into decay
monomer is formed simply by dissociation of the heparin- buffer containing 0.5 mg/mL heparin.
stabilized tetramer is unclear. Measurement of Hydrolytic Acity. Assays were per-

To understand the stability of the tetramer under decay formed n a 1 cmpath length cuvette using eithelBAPNA
conditions and to distinguish between pathways A and B, (1 mM), TOS-GPK-NA (1 mM), or CBZ-GPR-AMC (35
the quaternary structure of fTand the reactivation of si-  «M) in 0.2 M NaCl, 0.1 M Tris-HCI (pH 8.0), 0.1 mg/mL
HTS were investigated utilizing small molecule inhibitors heparin, and 9% M&O, at 25°C. These assay conditions
as stabilizing ligands. These inhibitors bind only to the active do not produce loss/gain of activity. The substrate concentra-
site, predominately the S1 pocket, and therefore would betions are well below th&y (18). The presence of heparin
expected to stabilize HTin its active conformation under  stabilizes active rH but does not mediate reactivation at
decay conditions without cross-linking. Pathway A posits the protease concentration (6.80 nM) and pH 16) of the
HTp and reactivated si-HI would be stabilized as a assay. Enzymatic activities reported are initial velocities
tetramer, whereas pathway B posits dissociation to mono-measured ovea 3 min period by monitoring either NA
mers. Our results find that pathway A best accounts for the accumulation at\10nmin a Beckman DU 640 spectropho-
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tometer or AMC accumulation by fluorescence emission (ex/
em 370/475 nm) in a Photon Technologies International QM
C60 fluorometer. In all measurementd 0% of the substrate
was consumed, and product accumulation was linear.

Assays withL.-BAPNA were used to monitor the hydro-
lytic activity of aliquots removed from decay/reactivation
mixtures containing=4.0 uM rHT j/si-rHTf; the dilution
was 50-fold into assay medium. TOS-GPK-NA was used to
monitor activity of aliquots removed from inhibitor-mediated
reactivations containing 4.0 uM si-rHTg; the dilution was
1000-fold. CBZ-GPR-AMC was used to monitor activity of
aliquots removed from decays/reactivations of @A rHT 5/
si-HTg; the dilution was 1000-fold.

Inhibitors. The stock concentrations of leupeptin (10 mM
in 0.01 M MOPS, pH 6.8), BPTI (1@M in water), and LBTI
(80 uM in water) were determined by titration with bovine
trypsin previously standardized with NPGB)( The stock
concentration of pAb (200 mM in 1.0 M MOPS, pH 6.8)
was determined by absorbance assumipg.{pAb) =
15000 Mt cmt (24). The stock concentrations of AEBSF
(5 mM in water) and CRA-2059 (30 mM in M8O) were
based on weight.

The K; values for the interaction of leupeptin and pAb
with 6 nM rHTp stabilized by heparin were determined at
25°Cin 0.2 M NaCl, 10 mM MOPS (pH 6.8), 9% M8O,
and 0.5 mg/mL heparin and with the [inhibito# [rHTS].
Buffer, inhibitor, and HTS were mixed in a cuvette to a
reaction volume of 45@L. Activity remaining was then
measured after addition of %0 of 10 mM TOS-GPK-NA.

As noted above, 1 mM substrate<sKy. Thus, the small
dilution and substrate addition did not perturb the binding
equilibrium significantly. Reactions with leupeptin were
incubated for 15 min before substrate addition to allow for
the relatively slow dehydration of the aldehyde hydra).(
Reactions with pAb were assayed after a 2.0 min incubation.
Fraction inhibited vs [|] plots were hyperbolic, and; values
were determined by fitting the data to eq 1, where fraction
inhibited = 1 — [(activity with inhibitor)/(activity without
inhibitor)].

fraction inhibited or returneer [I] /(K; + [1] o) (1)

Spontaneous Inactation/Reactiation of rHTS. Decays
were initiated by a 10-fold dilution of rHTj stock solution
into buffer to give conditions of 0.2 M NaCl and 10 mM
MOPS, pH 6.8, at 30 or 37C. Dodecyl maltoside (final
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activity. Because the dilution was not sufficient to completely
dissociate the inhibitor from rHT at high inhibitor concen-
trations, fraction returned was determined by comparison to
a parallel control with the same inhibitor and rBiToncen-
tration but stabilized by 0.5 mg/mL heparin. This control
was diluted and assayed identically to the reactivation sample
and thus provided an estimate of the maximum activity at
each concentration of inhibitor. BSA (1.0 mg/mL) was
included with leupeptin to limit possible irreversible inactiva-
tion of rHTfS by the reaction of the aldehyde group with
free amino groups of si-rHA. This inclusion increased the
extent of the returns at high leupeptin concentrations. The
dissociation of rHB—leupeptin complexes was slow; there-
fore, steady-state rates were taken 15 min after dilution when
product accumulation was linear.

Susceptibility to the inhibitor CRA-2059 was used to
indicate the aggregation state of si-fBiWwhich was reacti-
vated at low concentration. CRA-2059 is a bivalent inhibitor
composed of two phenylguanidinium headgroups joined by
a synthetic linker 10). It interacts with the S1 pockets of
two adjacentHT/3 subunits producing K; value of 0.6 nM
(10). TheK; is approximately 18fold higher for partially
modified AEBSF-rHT/ tetramers with a single unmodified
subunit (0), indicating that the inhibitor would bind much
more weakly to an active tryptase monomer. Although a tight
binding inhibitor of the active tetramer, CRA-2059 does not
reactivate si-rHB (unpublished observation) for reasons that
are as yet unclear. Given these properties, 30 nM CRA-2059
could only inhibit the tetrameric form of H3. To determine
if 0.1 uM si-rHTS reactivated by heparin or heparin plus
pAb was sensitive to 30 nM CRA-2059, reactivated enzyme
was diluted to 0.1 nMri a 1 mLcuvette. After activity was
measured using the fluorescent substratel.0f 30 uM
CRA-2059 was added. Immediate inhibition of activity was
taken as indicative of the tetrameric state. Inhibition of a
dimeric form of rHTp cannot be eliminated, although no
evidence for a stable dimer exists at present.

AEBSF Modification of rHB. To completely modify
(inhibit) rtHTS, 2 uL of 30 MM AEBSF was added to 7L
of 100uM rHT S in 2.0 M NaCl and 10 mM MOPS, pH 6.8
at 25°C. Inhibition was monitored using-BAPNA until
over 98% of the starting activity was lodt/4 = 10 min).
Partially modified preparations of rHT (57% and 82%
inhibited) were prepared by the same protocol except that
the AEBSF concentration was substoichiometfi6)( The
distribution of tetrameric species with zero, one, two, three,

concentration, 0.1%) was added to inactivations/reactivationsand four modified subunits was calculated assuming random

of 0.1 uM rHT}p to limit nonspecific loss of the protease.
FA is the (activity of sample)/(activity of the control at time
0), where the control was stabilized by 0.5 mg/mL heparin.
The si-rHTS used in reactivations was produced by decay
of 0.1, 4.0, or 8.uM rHT at 30 or 37°C for 0.5 h when
FA was <0.04. The si-HTp solution was adjusted to 25
°C, and reactivation was initiated by addition of inhibitors
and/or 0.5 mg/mL heparin. These additions produs&8%
dilution of si-tHTp. Reactivations were monitored periodi-
cally for a total time of 45 h, until activity no longer
increased; the slowest reactivations were at low inhibitor
concentration. In reactions with competitive inhibitors dilu-
tion into assay medium resulted in displacement of the
inhibitor while heparin functioned to stabilize the reactivated
protease, thereby permitting measurement of hydrolytic

modification using eq 2, where(N) is the probability for a
tetramer withN number of modified subunits ard is the
fraction of the initial activity lost by modification.

P(N) = MM — M)® N@umia — Ny - ()

Size Exclusion Chromatograpfmalyses were performed
using a Superose-12 HR 10/30 FPLC column equilibrated
at 25°Cin 2.0 or 0.2 M NaCl and 0.01 M MOPS (pH 6.8).
All samples were loaded in 0.1 mL of the low-salt buffer
and eluted with either high- or low-salt buffer at a flow rate
of 0.5 mL/min. Elution was monitored continuously/gtonm
andAggonmusing a Perkin-Elmer LC-235 diode array detector.
To mark the total volume of each analysis,A0of 1.0 M
MOPS (pH 6.8) was added to each sample before loading
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unless otherwise stated. MOPS absorbs at 230 nm, and its

elution time was 34 min. Other calibration markers were
DNA (void volume), IgG (150 kDa)g-1-antichymotrypsin
(45 kDa), and chymotrypsinogen (23.5 kDa). The total
protein loaded onto the column was determined from the
Axzonm Of the sample in a spectrophotometer before MOPS
addition. This value was compared to the integrake@,m
elution profile recorded by the column detector to provide
an estimate of the amount of protein recovered. A conversion
factor between detector and spectrophotometer-basggh
was established in an experiment where fractions were
collected, and the sum of th&3onm Of fractions measured

in a spectrophotometer was related to the integrétgghm
from the detector. Inhibitors eluted later than MOPS,
presumably due to nonspecific interaction with the matrix.
In high salt AEBSF and leupeptin eluted at 75 and 42 min,
respectively, and in low salt they eluted at 54 and 36 min,
respectively.

Sedimentation EquilibriunTo produce si-rHE, rHTS in
2 M NaCl was diluted to 0.2 M NaCl and 10 mM MOPS,
pH 6.8, and the activity was allowed to decay at room
temperature for 153 h. For the stabilized control, rbT
was diluted usig 2 M NaCl and subjected to the same room
temperature incubation. At the end of the incubation period,
leupeptin was added to the si-r@Tto give the final
concentrations 0.9, 0.5, and 0.05 mM; leupeptin also was
added to the control. The final concentrations of fHvere
based on thé\gonm measured in the centrifuge using a 1.2
cm path length.

Sedimentation equilibrium experiments were performed
at 4°C and at several speeds in a Beckman XL-A analytical
ultracentrifuge. Approximately 100L of each sample was
loaded into cells with 1.2 cm double sector charcoal-filled
epon centerpieces; the reference wasA0Bf the appropri-
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Ficure 2: SEC of inhibitor stabilized rHB, reactivated HTS,
and si-HTg. In all analyses, 0.1 mL of 5.6M (125 ug) protease
=+ inhibitor was loaded into the injector in decay buffer (0.2 M
NaCl, pH 6.8). Protease was eluted at’Z5with low- or high-salt
buffer andAz30nm monitored. Weights shown on theaxis mark
the elution of calibration proteins and the total volume marker,
MOPS. The elution of inactive monomer (27.5 kDa) and active
rHT/ tetramer (110 kDa) is indicated as M and T, respectively.
Panels A and B show the elution patterns for AEBSF-modified
rHTj as follows: traces a, AEBSF-modified ridTimmediately
after dilution into decay buffer at 3C; traces b, AEBSF-modified
rHT/ after 24 h incubation in decay buffer at 3T; traces c,
unmodified rHT3 after 30 min in decay buffer at 3. Panels C
and D show the elution patterns for r@Thcubated with leupeptin
as follows: traces a, rHT incubated with 1 mM leupeptin; traces

ate buffer without leupeptin. Gradients were monitored until b, si-rHTj reactivated by 1 mM leupeptin; traces c, si-ffiafter
they became superimposable when recorded 3 or more hours0 min of decay at 37C. The elution buffer for traces a and b of

apart. In studies using BPTI, gradients were recorded at
Aogonm @s Well asAzgonm At the former wavelength, the
contribution from BPTI is negligible due to the lack of Trp
residues. The buffer densities of 1.017 g/mL (0.2 M NaCl)
and 1.077 g/mL (2 M NacCl) were measured at@ in an
Anton Parr DMA5000 density meter. The partial specific
volumes for rHP (27.5 kDa) and a 1:1 complex with BPTI
(complex= 33.9 kDa) were calculated from sequence data
as 0.735 and 0.731 mL/g, respectively

Weight-average MWs were determined over a range of

panel D contained &M leupeptin. Excess leupeptin in the sample
eluted slightly after the MOPS peak in the low-salt analyses (marked
L) of panel D and much later than the MOPS peak in the high-salt
analyses of panel C (peak not shown).

(10, 26—28), which binds to the S1 pocket and chemically
modifies Ser195 [all numbering is by alignment with
chymotrypsinogen 18)]. SEC was used to examine the
guaternary structure of unmodified and AEBSF-modified
rHTp after incubation in decay buffer at 3T where the

data using linear regression to approximate the slopes ofhalf-life for decay of unmodified rH is about 1 min 18).

tangents to the curves. When curvature of the plot was

rHTS was completely modified with AEBSF while stabilized

obvious, data were evaluated over limited ranges at low andin high-salt solution. Both modified and unmodified stock

the In A data included in the regression.
Data AnalysisData were analyzed by linear or nonlinear

onto the SEC column which was then developed with high-
salt (Figure 2A) and low-salt (Figure 2B) elution buffers.

least squares regression using Igor Pro (Wavemetrics, Lake AEBSF-modified rHP immediately after dilution and

Oswego, OR). Errors are standard deviations obtained fromafter 24 h of incubation under decay conditions showed little,
the curve fits. Data analysis and presentation of sedimentationif any, change in elution profile (traces a and b, respectively).
equilibrium data used software developed in IGOR Pro by The major peak under both salt conditions eluted as a large
Darrell R. McCaslin. protein of 100 kDa. In contrast, after 30 min of decay
unmodified rHT eluted as a monomer at 25 kDa (traces c).
RESULTS The different elution patterns suggested that modification
A Small Irreversible Inhibitor Stabilizes the Tetramer  prevented spontaneous inactivation and stabilized the tet-
AEBSF is an irreversible inhibitor of trypsin-like proteases ramer.
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The biphasic nature of the decays appears rooted in the
various combinations of unmodified and modified subunits
within the tetramer. When either three subunits or two
diagonally located subunits are modified, then the large and
small interfaces of the remaining unmodified subunits are
both formed with modified subunits and give rise to the
slower decaying population. On the other hand, when one
subunit or two adjacent subunits are modified, the unmodified
subunits will either not be in contact with a modified subunit
or be in contact at only one interface. This latter population
along with tetramers containing no modified subunits would
form the faster decaying population. The predicted ratios

substoichiometric concentrations of AEBSF. Decay conditions were pased on eq 2 for the more:less stable populations are 33:67

0.2 M NacCl, pH 6.8, and 37C. Each of the decays contained 5
uM rHT 8 subunits where 0% (filled triangles), 57% (filled circles),

for 57% modified rHP and 54:46 for 82% modified rHi.

or 82% (filled squares) of the subunits had been modified by These ratios qualitatively mirror the relative contributions
AEBSF. The solid lines are fits of the data to a sum of two of the slow and fast phases described above.
exponentials; parameters are described in the text. Corresponding The effect of complete modification on tetramer stabiliza-

open symbols are parallel incubations containing 0.5 mg/mL heparin

as a stabilizer.

tion, and partial modification on the rate of activity loss,
suggests that activity loss is linked to conformational changes

Creating some ambiguity in the results was the shape of at both subunit interfaces. This finding supports pathway A

high MW peaks and the amounts of AEBSF-modified fHT
recovered in the different elution buffers. High-salt elution

where the product of spontaneous inactivation is an inactive
destabilized tetramer.

profiles showed well-defined tetramer peaks that accounted Reactvation of rHTS Mediated by Small Rersible
for nearly 100% of the protein loaded (Figure 2A, traces a Inhibitors. To determine if small molecule inhibitors were
and b), whereas low-salt elution profiles exhibited a much capable of reactivating si-rHB[ the interactions of the

broader peak that eluted at a slightly lower MW position

competitive inhibitors pAb and leupeptin with si-ridTvere

than the high-salt tetramer and corresponded to about 50%investigated. In these studies; 8 uM rHTf was spontane-
of the protein loaded (Figure 2B, traces a and b). The lossously inactivated under decay conditions at 3D. The

of protein is probably not due to dissociation of the tetramer,

as unmodified si-rHB is recovered as monomer in both
high- and low-salt elutions. The slightly later elution position

reaction mixture was then divided into »Q aliquots and
cooled to 25°C before varying amounts of inhibitor were
added. The extent of reactivation at 25 was determined

of the high MW peak in low salt may suggest the dissociation after a large dilution into the standard assay. The dilution
of the tetramer. However, as will be shown later in studies served to dissociate inhibitor bound to reactivated protease.
with leupeptin, the most likely explanation for the appearance To estimate fraction returned, recovered activity was com-

of the low-salt elution profiles is the nonspecific interaction
of tetramers with the column matrix.
Tetramer integrity under decay conditions was further

pared to that of a heparin-stabilized rBiTontrol that was
treated with inhibitor and diluted in a parallel manner.
Both leupeptin and pAb mediated the reactivation of si-

analyzed by characterizing the rate of spontaneous inactiva+HT/ in a concentration-dependent manner. In Figure 4, the

tion of rHTg partially inhibited by AEBSF. At substoichio-
metric levels of modification, rHfF tetramers will be a
mixture containing 6-4 modified subunits/tetramer with the
distribution being a function of the extent of modification
(eq 2). If activity loss and tetramer integrity are linked as in
pathway A, the juxtaposition of AEBSF-modified subunits
to unmodified subunits should add stability to the unmodified

concentration dependence for each inhibitor to reactivate si-
rHTS is compared to that for each to inhibit heparin-
stabilized rHP. Both inhibition and reactivation data were
fit well by the simple mass action binding model of eq 1.
TheKj's for the inhibition of rHTB (Figure 4, circles) were
1.0 and 65:«M for leupeptin and pAb, respectively, while
the corresponding appareKt's for the reactivation of si-

subunits. Alternatively, if the tetramer is a loose aggregate rHTS (Figure 4, squares) were 1QM and 4 mM. The

of monomers as in pathway B, AEBSF modification should
have little, if any, effect on the rate of activity loss of
unmodified subunits.

displacement of the reactivation curves to higher concentra-
tions than the inhibition curveg\K; = 50—100 at 25°C) is
consistent with the loss of-23 kcal/mol of favorable free

In Figure 3 are shown the time courses of spontaneousenergy in the binding of either leupeptin or pAb to silifi

inactivation for 0%, 57%, and 82% modified ridTBoth

modified preparations decayed more slowly than the un-

modified t,2 at 37 °C of 1 min), and each required two

relative to heparin-stabilized 3. This difference in free
energy, which is independent of the choice of inhibitor, must
correspond to that needed for reorganization to the active

exponential processes to describe their time course of activitystructure.

loss (solid lines in Figure 3). The half-life values for activity
loss of 57% modified rH were 90 and 2.2 min with relative

SEC was used to analyze 5u® rHTj treated with 1.0
mM leupeptin (Figure 2C,D, traces a) or 5® si-rHTS

contributions of 30% and 70%, respectively, and for 82% completely reactivated by 1 mM leupeptin (Figure 2C,D,

modified rHT3 they were 70 and 3.5 min with relative

traces b). Both rHF and si-rHT3 treated with leupeptin

contributions of 60% and 40%, respectively. The markedly eluted as tetramers in high salt with almost complete recovery

slower decay rates of tetramers with mixtures of modified

of protein, which is consistent with the reactivation of si-

and unmodified subunits imply that intersubunit contacts play rHTS as determined by activity. Parallel analyses in low salt

a role in stabilizing the tetramer.

(Figure 2D, traces a and b) showed extensive loss of protein,
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Ficure 4: Interaction of leupeptin and pAb with heparin-stabilized g 0 5mM L i
rHTB and si-HTp. The inhibition of heparin-stabilizedH TS T L M[\;IV- ﬁ"épggo'" _
(circles) by either leupeptin (panel A) or pAb (panel B) is compared = - f B '
to the extent of reactivation (squares) mediated by these inhibitors. 7 B
Inhibition and reactivation studies were performed in 0.2 M NacCl, 1 1 1
pH 6.8, at 25°C. The extent of reactivation was assumed to equate
with the ability of si-HT/ to bind inhibitor; therefore, both fraction 48 49 50 )
inhibited and fraction returned should reflect the formation of the Radial Position {(cm”)

inhibitor—rHTS complex. The concentration of heparin-stabilized
rHTS in inhibition studies was 6.0 nM, and the concentration of

si-HTpS in reactivations was between 4 and /. Inhibitor J '. J { J

concentrations were in excess of fi@nd si-HT5 concentrations; 4= @' ® -

thus x-axis ~ free inhibitor.K; values were determined from the O

data assuming eq 1. Both data and fits to eq 1 were transposed to «® ] ]

a log scale for presentation. 3= m =
(=}

and thus., the ability of leupeptin tq stabilize the HT = ) % [Leupeptin], MM —

tetramer in decay buffer and to mediate reassembly of the o ? Ho

tetramer from si-rHE could not be established by SEC. The []0.05

loss of protein seemed to be a more extreme case of the 177 @05 .

behavior observed with AEBSF-modified riAT Below, Qo9 C

sedimentation equilibrium is used to demonstrate the ability ok | I | .

of leupeptin to stabilize the tetramer, indicating that the poor o = 10 15 20

recoveries of inhibitorrHT complexes in low-salt elutions .
were likely due to nonspecific adsorption to the gel matrix. [Subunit] (M)

Interaction of si-rHp with Leupeptin Characterized by
Sedimentation EquilibriunSedimentation equilibrium mea-
sures the weight-average MW of a protein from its distribu- Ficure 5: Sedimentation equilibrium studies of si-rATwith
tion in a centrifugal field. Representative examples of leupeptin. Data at various speeds were obtained® @t 4nd protein
sedimentation equilibrium data for rifTstabilized in high ~ concentration was measured Bysonm For clarity of the presenta-

; ; P ; ; tion only every third data point is shown. The buffer was 0.2 M
salt with leupeptin and si-rHi'in decay buffer (#C) with NaCl, 10 mM MOPS, pH 6.8, except for the analysis of stabilized

and without leupeptin are shown in Figure 5A,B. Data are 1414 which was performed in 2.0 M NaCl, 10 mM MOPS, pH
plotted as the natural logarithm of protein concentration (as 6.8. In panel A the speed was 8800 rpm. Triangles are fon®18

indicated byAzgonn) Vs radial position squared?; the slope active rHTB (at Ioading)_ in 2.0 M NacCl with 0.9 mM Ieupeptin.
at anyr2 is directly proportional to the weight-average MW Squares are for 3.4M si-rHTf in the absence of leupeptin, and

- i ; ; circles are for 3.24M si-rHTS with 0.9 mM leupeptin. For panel
at that position. For rHf stabilized with high salt plus g% 2 speed was 12400 rpm, and the data are fouMBi-rHTS

leupeptin, plots_were Iinez_ir at all spe_:eds, demonstrafcing theyith 0.05 mM (squares) or 0.5 mM (circles) leupeptin. Weight-
presence of a single species (e.g., Figure 5A, open triangleshverage molecular weights were calculated by linear regression as
with a MW approximately equal to that of the tetramer. In described in the text. In panel C, the sedimentation equilibrium
contrast, plots of si-rHB in 0.2 M NaCl without leupeptin  £08 T8 SR Bre Beee o o O ot o5 a
were curved upward at_ mpst speeds (e.g.,_Flgure oA, OP€Ntynction of the subunit concentration at the measurément position,
boxes). Such curvature indicates that the weight-average MWand include measurements at speeds in addition to those shown in

is a function of the protein concentration. A representative panels A and B.
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weight-average MW calculated from a tangent at small radial
position (low protein concentration) shown in Figure 5A is
greater than that of monomer and, therefore, indicates a
mixture of species. The maximum MW based on tangents
at large radial position (higher concentration) was indicative
of the presence of some tetrameric species. These results
are consistent with a previous sedimentation equilibrium
study performed in 1.0 M NaCl with HT purified from
human skin where the concentration dependence of the MW
was best described as an equilibrium between monomer and

tetramer speciesld). . . . Ficure 6: Effects of heparin (Hep) and pAb on the reactivation of
The effect of leupeptin concentration on the weight- |4y concentration si-rHB. Reactivation of 0.kM si-rHTS was
average MW of si-rHB in 0.2 M NaCl is illustrated in  performed by simultaneous addition of stock pAb and heparin to
Figure 5A,B. Leupeptin was added to si-rBTsamples give 20 mM and 0.5 mg/mL pAb and heparin, respectively (circles).
produced by decay before centrifugation. At all speeds, si- For one case (triangles), addition of pAb was followed after 50

. . . min by heparin, and in another (squares), the sequence was reversed.
rHTf in 0.9 mM leupeptin was a homogeneous population Reactivation conditions were 0.2 M NaCl, 10 mM MOPS, pH 6.8,

of tetramers (e.g., Figure 5A, open circles), indicating that ang 25°C. Fractional return was calculated relative to a control as
the position of the monomer/tetramer equilibrium had described in Experimental Procedures.

markedly shifted to the tetramer. The shift to tetramer was
not as complete at the lower leupeptin concentrations. A si-rHTj is about 70% monomeric at#M subunit concen-
mixture of species was still obvious at some speeds, astration and virtually completely dissociated at @ (see
illustrated by the curvature in the plot for 0.05 mM leupeptin also Figure 5C), indicating a greater free energy requirement
(Figure 5B, open squares). Although leupeptin was always for reassembly of the active tetramer at low concentration.
in molar excess of si-rHT, the curvature suggests that its To overcome this proposed greater free energy requirement,
concentration was not high enough to drive the equilibrium reactivation of si-rHPB by heparin was augmented by the
to tetramer at all protein concentrations reached in the addition of pAb, an inhibitor that binds only to the S1 pocket.
gradients. The effect of leupeptin and protein concentration As shown in Figure 6, 20 mM pAb alone or 0.5 mg/mL
on the weight-average MW of si-rbfTis summarized in  heparin alone produced minimal reactivation of N si-
Figure 5C. The results are presented as the measured weightHT/ after 50 min of incubation. With both heparin and pAb
average MW calculated at variou&in the cell divided by present, the extent of return at low concentration markedly
the polypeptide MW (27.5 kDa) plotted against the total increased te-70% of the predecay level. The extent of return
subunit concentration at the® used for the calculation. was independent of the addition order, as pAb and heparin
Clearly, the weight-average MW of si-rifFleupeptin added in either order nearly an hour apart produced the same
mixtures is a function of both protein and inhibitor concen- level of return as when added simultaneously. The greater
trations, where increasing either shifts the population toward extent of reactivation is consistent with separate binding sites
the tetrameric form. for pAb and heparin and with the free energy available from
These sedimentation equilibrium studies show that addition binding either ligand alone not being sufficient to completely
of leupeptin, a small competitive inhibitor of rifTcan drive re-form the active tetramer from low concentration si-fHT
si-rHTS completely to tetramer, even under inactivating Given the reported return of low concentration si-fHBy
conditions (0.2 M NaCl) where si-rHfis partially mono- heparin alone at pH 6.0L6, 22), this result confirms that
meric (Figure 5C). The same high concentration of leupeptin monomeric si-rHP is not a dead species in our system and
(2.0 mM) that produced the complete return of enzymatic that reactivation is a protein concentration as well as a pH-
activity in reactivations (Figure 4A) also converted si-fHT  dependent process. The protein concentration dependence is
to a virtually homogeneous population of tetramers, dem- consistent with pathway A.
onstrating that the return of enzymatic activity in reactivations  SEC could not be used to demonstrate the return of the
was associated with reassembly of the active tetramer. Lowertetramer because th&szonm 0f 0.1 uM si-rHTj3 was below
leupeptin concentrations, which produced less return of the detection limits of the column monitor. As described in
enzymatic activity in reactivations, also produced less Experimental Procedures, an alternative method to probe the
extensive conversion of si-rlfTto the tetrameric state, aggregation state of 04M reactivated si-rHp was devised
adding further support to the linkage between the tetrameric using CRA-2059, a bivalent inhibitor that binds tightly only
state and activity. These results support pathway A by to the rHT3 tetramer and does not reactivate si-fHTT0
showing that si-rHB is a mixture of different molecular  maintain an excess of CRA-2059 over enzyme at an inhibitor
weight species in equilibrium and that the tetramer is the concentration (30 nM) where only tetramer is reactive,
favored structure of the active protease even in decayreactivations were diluted to 0.1 nM in assay buffer before
conditions. addition of inhibitor. Under these conditions, CRA-2059 was
Reactvation of si-rHT5 at Low Concentrationlt has been  shown to inhibit 0.1uM si-rHT/ that had been reactivated
reported that reactivation of si-rtffTby heparin is a pH- by heparin alone (20% rescue) or by heparin in combination

Fraction Returned

Time, min

dependent process that only occurs below pH &6 22). with pAb (70% rescue), suggesting strongly that active
At pH 6.8, we find little reactivation by heparin of 0V tetramer was reassembled in both reactivations.
si-rHTp but nearly complete reactivation of 4/ si-rHTS Trapping of Monomeric si-rHF by BPTI.Recently, two

(4, 15). On the basis of the equilibrium association constant laboratories have reported the dissociation of heparin-
(Ka) of 5 x 10 M~3for si-HT/ determined previouslyld), stabilizedHT/ to a monomeric species reactive with BPTI
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(21, 22), a protein protease inhibitor (6.5 kDa) that binds T T T T T .
tightly to trypsin K = 102 M) and other monomeric - 1.2 ® A
trypsin-like protease0—32). Given the above observations, g 1.0 N
incubation of heparin-stabilized rkfTwith a high concentra- % 0.8 '*BFM d |
tion of BPTI would be expected to drive dissociation of the X g6 | i
tetramer to inactive BPFHmonomer complexes. In our 5

hands, incubation of 0,5M rHT 3 stabilized with 0.025 mg/ g 04 7
mL heparin showed no loss of activity when incubated with E 0.2 -
10.0 uM BPTI for over 24 h under conditions (0.14 mM 0.0 T 3 I —
NaCl, 2.7 mM KC!, 0.0'1 'M phosphate',' pH 7.4, 3@) 0 10 20 30 40
reported to favor dissociatior2y). In addition, 8.0uM si- Time, hr

rHTS reactivated by heparin was not sensitive to BPTI as
shown in Figure 7A nor was 04M si-rHTf reactivated by
pAb and heparin. In the latter case, BPTI (1@ final
concentration) was added to reactivated si{fHifter dilution

to 0.1 nM to dissociate bound pAb. Thus, we find little, if
any, tendency for BPTI to inhibit heparin-stabilized HT

To determine if BPTI could bind to si-rH7, the effect of
BPTI on the reactivation of 8,0M si-rHT} by heparin was
examined. The addition of BPTI to si-rifTbefore, but not
after, the addition of heparin completely prevented reactiva-
tion (Figure 7A, triangles), indicating an interaction between
BPTI and si-rHT3. SEC analyses of this reactivation mixture
(Figure 7B, trace a) showed a major protein peak corre-
sponding to monomeric si-rH3T (Figure 7B, trace c).
However, comparison of this trace with that of BPTI alone
at the same concentration used in the reactivation (dotted
trace) revealed a reduced BPTI peak. This reduction implies I | I
that the major peak in trace a was that of a monenB#TI ~ BPT/Subunit
complex and that the size of BPTI was too small to change - o m;ggggg 3.2
the elution position of the peak. Trace b in Figure 7B is a
control where BPTI was added to heparin-stablilized fHT
before chromatography. The elution pattern shows BPTI
completely recovered as free BPTI and yHiigrating as
the tetramer, consistent with the inability of BPTI to interact
with and dissociate the stabilized rdTetramer. The minor
peak at the total volume position of trace ¢ is MOPS, which
was included as the total volume marker in the si-fHilone . . .
analysis but not in the other analyses.

Sedimentation equilibrium also was used to establish the 49 50 512
interaction of BPTI with si-rHB (Figure 7C). Analyses were Radial Position {cm)
in decay buffer (#C) containing 4.5M si-rHT/ with and FIGURE 7: The interaction of si-rH with physiological inhibitors
without 10uM BPTI. The BPTI-containing sample appeared BPTI and LBTI. In panel A, reactivation of 8,0M si-rHTS3 by
as a single species at all speeds (Figure 7C) with a MW of 0.5 mg/mL heparin was measured in the absence and presence of
36500, in good agreement with the expected value of 33865NNibitors. After decay at 37C, si-rHTj was cooled to 23C, and

. . reactivations were performed as follows: addition of heparin
calculated for a 1:1 monomeBPTI complex. The weight ¢ 1owed by addition of BPTI (10.0uM final) after 100 min
was lower than that of si-rH7, which is the weight-average  (circles); addition of LBTI (8.Q:M final) followed by heparin after
MW of a mixture of monomers and tetramers. The reduction 5 min (squares); addition of BPTI (10#M final) followed by
in weight demonstrates further the interconvertibility of all heparin after 5 min (triangles). In panel B, SEC analyses were as

; i i : ; i follows: trace a, 8.&M si-rHT/ preincubated with 10.0M BPTI
species comprising si-rHB with leupeptin driving all to for 5 min before addition of heparin (0.5 mg/mL final); trace b,

tetramer and BPTI dissociating all species to produce a heparin-stabilized rHF (0.5 mg/mL heparin final) preincubated
BPTI—monomer complex. with 10.0 uM BPTI for 5 min; trace ¢, 8uM si-rHTj alone.

To determine if si-HTJ is generally susceptible to protein ~ Superimposed on traces a and b is the elution gfNIBPTI alone
proteolytic inhibitors, a similar study was performed using (dotted traces). Elutions were in high salt so that tetramer and

. . R monomer could be resolved, and MOPS as a total volume marker
LBTI instead of BPTI. LBTI is a two-headed protein inhibitor was added only to the analysis of si-tAWithout BPTI, trace c.

(10 kDa) in which at least one head binds strongly to trypsin- panel C is a set of sedimentation equilibrium data at 12000 rpm
like proteases33). The effect of LBTI on reactivation by  for 4.5uM si-rHTj in the absence and presence of;d0 BPTI.
heparin was not as dramatic (Figure 7A, squares) as that ofln the presence of BPTI, a single species with a MW of 36500
BPTI (Figure 7A, triangles). LBTI decreased the rate, but _(4_—80) adequately described the data at five different speeds, whereas

not the extent, of reactivation, suggesting a weak interaction yy the absence of BPTI, a single species was not satisfactory. The
’ » SUgg g MW shown in the absence of BPTI is the weight average for all

that could not prevent the return of si-rTo the active  species that comprise si-ri#Tand is based on linear regression of
tetramer. the data shown in panel C only.
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DISCUSSION unmodified tetramers (Figure 3). The largest decrease in
decay rate correlated with a population of unmodified
subunits that were in contact with modified subunits at each
interface. This result suggests that subunit contacts at both
interfaces play a role in maintaining the active conformation
and, thus by implication, are weakened by spontaneous
inactivation.

The new sedimentation equilibrium studies with yHand
si-rtHTA under conditions closer to physiological (0.2 M
NacCl) confirm the studiemil M NaCl, which showed that
the product of spontaneous inactivation was an equilibrium
mixture most likely consisting of inactive monomer and
inactive tetramerX4). For reasons unknown at present, the
decay of HP5 from skin used in earlier studies was biphasic
with 85% of the activity being lost during a fast phase and
the remainder over a much longer time frarde (HT/, on
the other hand, decays as a single phas¥06 activity loss)
such that virtually all species comprising si-rBimust arise

Given the high levels of mast cells in connective and
mucosal tissues, HTis probably one of the most abundant
serine proteases found in the body. It also is probably the
most biochemically distinct serine protease due to its unusual
tetrameric structure and functional instability. Previously, we
provided evidence that the functional instability of (BB
governed by conformational changes that produce disruption
of the S1 pocketl5) and destabilization of the tetramdsj
as in pathway A of Figure 1. Further support for pathway A
is provided in the current study by using small molecule
inhibitors that bind primarily to the S1 pocket to stabilize
the active conformation of rHI. Their use permitted the
guaternary structure of rbTto be investigated under decay
conditions without stabilization by polyanions which have
the potential to cross-link subunits. Establishment of pathway
A helps to understand the role of heparin in stabilizing3HT
the struc_tural stability of rH®&, and recent studies reporting from the same proces&%). Most importantly, the equilib-

a catalytic monomer_2(_1, 22). rium between the species was demonstrated further by

Spontaneous Inacttion Follows Pathway AControversy  ghowing its sensitivity to added inhibitors. Addition of
over the integrity of the HFF tetramer as discussed in the |eypeptin shifted the si-rHT mixture to the tetrameric state
introduction led to the proposal of pathways A and B as two (Figure 5) whereas addition of BPTI shifted it to a homo-
possible mechanisms for spontaneous inactivation. Briefly, geneous 1:1 proteasénhibitor complex (Figure 7).
pathway A postulates that func_tipnal instability is a_prpperty Taken together, these findings show that spontaneous
of the tetramer and that activity loss occurs within the jnactivation likely involves concerted structural changes that
subunits, whereas pathway B postulates that functional affect, at minimum, the integrity of the S1 pocket and both
instability is a property of the monomer and that the tetramer jierfaces. The crystal structure of AT6) revealed the S1
is primarily the result of solvent influences that promote pocket in close proximity to the large interface with some
aggregation to a “pseudotetramer” in which the monomers resiques being common to both. Given this arrangement, a

are stable. The final product of spontaneous inactivation in conformational change affecting the S1 pocket is likely to
pathway A is an inactive-destabilized tetramer that dissociates¢fect the large interface, and vice versa. Less clear is why

upon dilution, whereas in pathway B it can only be an ihe small interface is affected.

inactive monomer. Our results support pathway A as  giapilization by HeparinThis study is the first to show
subsequently described. that small ligands that cannot span subunits have the ability
Binding of small competitive inhibitors or complete tg stabilize and reactivate HTin decay buffer. Given this
modification by the small irreversible inhibitor, AEBSF, finding, the stabilization of HB enzymatic activity by
stabilized the tetramer in decay buffer, indicating that heparin is not due to its ability to bridge and cross-link
intersubunit contacts are sufficient to maintain the tetramer monomers. Rather, it is more likely that heparin binding
under physiological conditions in the absence of stabilizing fayors the active conformation in which intersubunit contacts
polyanions. Even more definitive was the return of the active are inherently strong. Long heparin chains with the ability
tetramer mediated by competitive inhibitors alone at high to bind to multiple sites will bind more strongly than short
si-rtHTf concentration (45 «M) or by inhibitor plus heparin  chains 84). This could explain why short heparin or dextran
at low si-rHTj concentration (0.LM). Re-formation of the  syifate chains are not as effective as longer chains in
active tetramer from si-rHT where inactive monomer is stabilizing HTB activity (20).
either the major or the only species would not have occurred  Qur findings are in contrast to recent studies reporting
unless the tetramer was favored thermodynamically. dissociation of the heparin-stabilized tetramer to a heparin-
The ability of AEBSF modification to stabilize the tetramer  stabilized monomer that is reactive with protein proteolytic
is in contrast to that observed with DFP, another small inhibitors such as BPTI or SBTR(). Prolonged incubation
molecule inhibitor that reacts with Ser195. DFP-modified with BPTI of either heparin-stabilized rHBTor heparin-
HTA was shown to dissociate to monomer when incubated reactivated si-rHB did not result in a loss of activity,
at 37 °C for 30 min @) and to retard, but not prevent, indicating that heparin-stabilized ri#Tis not in equilibrium
structural changes associated with spontaneous inactivationwith a form capable of interacting with BPTI. Moreover,
at 25°C (14). The difference in stability is likely related to  heparin-stabilized rHf diluted to subnanomolar concentra-
the size of each inhibitor, with the smaller isopropyl groups tions remained sensitive to low concentrations of the divalent
of DFP being unable to stabilize the S1 pocket as completely inhibitor, CRA-2059, implying little tendency for the heparin-
as the larger aminoethylbenzene group of AEBSF. stabilized tetramer to dissociate [this study and previously
A link between function and interface stability also was (10)]. Still, dissociation of heparin-stabilized tetramers to
established by limited covalent modification using AEBSF monomers that are reactive with BPTI cannot be eliminated
to produce tetramers that contained a mixture of modified as our studies were typically performed under conditions (0.2
and unmodified subunits. The activity of the partially M NaCl, pH 6.8) that do not precisely duplicate those
modified tetramers decayed significantly more slowly than reported to favor dissociatior2q, 22).
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Is a Catalytic Monomer Possible®though, in our hands,
BPTI showed no tendency to react with heparin-stabilized
rHT/, we were able to demonstrate its reaction with si-pHT
When added to a reactivation before heparin, BPTI com-
pletely blocked the return of active ri#Tby formation of a
1:1 complex with si-rHB (Figure 7).

BPTI binds with high affinity to the active site of trypsin-
like proteases (e.gK; = 10712 M for trypsin) and with less
affinity to their zymogen forms (10 M for trypsinogen)
(33, 35, 36). The weaker binding to trypsinogen is the net
result of a portion of the binding free energy being applied
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inhibitor. Mutation of Lys192 and Asp216 to the homologous
residues inHTS (GIn192 and Gly216) converted rHTto

an HTp-like protease, suggesting that these electrostatic
interactions within the S1 pocket of rldTwere sufficient

to stabilize the tetrameric stat&d). The underlying cause
for the unusual S1 pocket structure in reid'has not been
established. It is tempting to speculate that the same forces
producing the disruption of the S1 pocket upon spontaneous
inactivation of rHT3 also produced the unusual S1 pocket
conformation in rHT.. However, in rHT, the electrostatic
interactions limit the extent of change in the S1 pocket,

to a conformational change that organizes the S1 pocket tothereby preventing spontaneous inactivation from proceeding

accommodate the reactive site Lys residue of the inhibitor.
The S1 pocket in the zymogen is nonfunctional because an
essential ionic bond between the free amino group of 1le16
and the carboxyl group of Asp194 is not formed.

On the basis of structural parallels betweenBi-HT/
with chymotrypsin/chymotrypsinogen, we have speculated
that si-rHTB has a zymogen-like conformation in which the
llel6—Aspl194 ionic bond and, in turn, the S1 pocket are
disrupted {4, 15). Because the ionic bond disruption/
formation is reversible, at least in chymotrypsi/,( 38),
interaction of si-rHP with BPTI could be mediated via a
reorganization of the S1 pocket.

The interaction of BPTI with si-rHf raises the possibility
that a ligand or protein substrate with sufficient binding
energy to reorganize the S1 pocket of si-fHJould produce
a monomeric HB species with catalytic potential, provided
that the reassembly of the tetramer is prevented. BPTI
binding likely prevents tetramer reassembly by its bulk
sterically hindering subunit association. The active monomer
reported by Fukuoka and Schwar22) was produced by
the interaction of heparin (8BM) with dilute si-HTS (about
5 nM monomer) at pH 6.0. This activity suggests that heparin
can interact with si-rH at concentrations too dilute to allow
(kinetic or thermodynamic) reassembly of tetrameric species.
According to pathway A, this finding would be consistent
with the formation a new monomeric species that is not fully
equivalent in conformation or catalytic properties to the
subunit of the original tetramer. From the kinetic data
presented by Fukuoka and Schwar@2)( the catalytic
activity of their heparin-stabilized monomer was not equiva-
lent to that of a subunit of the original tetramer.

Structure of rHT.. The stabilizing effect of competitive
inhibitors on the HP tetramer may provide a rationale for
the stability of the rH® tetramer. In contrast tbIT and
rHTp, rHTa does not catalyze the hydrolysis of substrates
but is a stable tetramer under decay conditions displaying
the spectral characteristics of actiddTf (18, 39). On the
basis of their crystal structures, the major difference between
HTp and rHTa. was in the configuration of the S1 pocket.
In the HTp structure, the S1 pocket was occupied by a
competitive inhibitor, and therefore the conformation ap-
peared open and similar to that of bovine trypsin without an
inhibitor (6). In the rHTa structure, which was crystallized
without an inhibitor (7), one side of the S1 pocket appeared
to have collapsed toward the other, allowing two new

electrostatic interactions between residues on opposite sides

of the pocket: Lys192 with Glu217 and Asp216 with the
oxyanion hole (formed by the amides of Gly193 and Ser195).
This collapse effectively fills the S1 pocket, creating a
situation somewhat analogous to the binding of a competitive

to the destabilized tetramer.

Summary Our data show that active HTunder decay
conditions is a tetramer. Dissociation of the tetramer is a
consequence of spontaneous inactivation which produces a
destabilized tetramer via concerted structural changes that
result in both enzymatic activity loss and a weakening of
intersubunit contacts (pathway A). Heparin binding stabilizes
the HTpS tetramer by maintaining the structure of subunits
in their active conformation, rather than by cross-linking
weakly interacting monomers. A monomeric form of HT
with catalytic potential is possible only after spontaneous
inactivation has occurred and requires the interaction of si-
rHT/ with a molecule (e.g., protein or heparin) capable of
reorganizing the S1 pocket under conditions where reas-
sembly of the tetramer is disfavored.
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