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ABSTRACT. Recombinant human tryptases (rHTs) corresponding amd 3 isoforms were characterized.

rHTS was similar to tryptase isolated from skin (HST); it was a tetramer, hydrolyzed model substrates
efficiently, and was functionally unstable when incubated under physiological conditions. Activity was
lost rapidly €12 ~ 1 min) by a reversible process similar to that observed for the spontaneous inactivation
of HST. Circular dichroism (CD) and intrinsic fluorescence emission (IFE) spectra of actiVg rH
corresponded to those of active HST and upon spontaneous inactivation IFE decreased in parallel to
activity loss. rHTa differed from HST in catalytic ability and stability. rHT did not react with model
substrates, an active site titrant, or a competitive inhibitor of HSTAHRE and CD spectra were similar

to those of the active and not the spontaneously inactivated form of HST. Under physiological conditions,
rHTo IFE decreased at a rate 900-fold slower than that observed for HST, andrddTained tetrameric

when examined by size exclusion chromatography at physiological salt concentration. ThassraT
stable “inactive” form of HT. Three active site variants of rtdTK192Q, D216G, and K192QD216G

were characterized. Residues 192 and 216 (chymotrypsinogen numbers for residues 191 and 24p of rHT
lie at the entrance to the primary specificity (S1) pocket, and the mutations converted them to the residues
of HTS. While K192Q displayed the same properties as alihe catalytic and stability characteristics

of D216G and K192Q D216G progressively approached those of HST. Thus, the contrasting stability/
activity properties of rH& and rHTB are largely related to differences at the S1 pocket. On the basis of
the properties of the variants, we suggest that the side chain of Asp216 is blocking and stabilizing the S1
pocket and that this stabilization is sufficient to prevent spontaneous inactivation.

Tryptases are serine proteases found in mast cglthét, of activity loss is sensitive to temperature, pH, and salt
as the name implies, have a substrate specificity similar to concentration, and is dramatically reduced by the binding
that of bovine trypsin Z—4). HT* isolated from skin and  of sulfated polysaccharides, 6, 9). Although the mechanism
lung is distinguished from most other serine proteases by and biological significance of spontaneous inactivation is
its tetrameric structure and functional instabilitg—g). controversial §, 10—13), most laboratories agree with our
Functional instability is the loss of HT enzymatic activity original findings that the process can be reversed by the
through a nonproteolytic process that we and others haveaddition of heparin to inactivated HT and that it is the result
termed spontaneous inactivation. Under physiological condi- of reversible and limited structural changés 11, 14).

tions, enzymatic activity is lost with &, of 1 min. The rate
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We have provided evidence that spontaneous inactivation
is the reversible conversion of HT to a zymogen-like form
and that dissociation of the tetramer is produced by this
conversion 11, 14). The zymogen conformation of a serine
protease is typically associated with the incomplete formation
of the S1 subsite, or primary specificity pocket, due to the
absence of an ionic bond between thw@mino group of
lle16 and the carboxyl group of Asp1945). Alternatively,
it has been proposed that spontaneous inactivation is initiated
by tetramer dissociation, i.e., the HT tetramer is inherently
weak and readily dissociates to inactive subunits in the
absence of heparii®, 13, 16). The crystal structure of HLT
revealed a frame-like tetramer with two different size

circular dichroism; EK, enterokinase; EKCS, enterokinase cleavage site;interfaces, each formed by loops structurally unique to HT

HT, human tryptase; HST, human skin tryptase; HLT, human lung

tryptase; IFE, intrinsic fluorescence emissiorBAPNA, Na-benzoyl-
L-arginine-pNA; MUGB, 4-methylumbelliferyl 4-guanadinobenzoate;
NA, 4-nitroanilide; pAb, p-aminobenzamidine; rHT, recombinant

(8). Both interfaces are located near the active site, which

2 Residues of serine proteases are referred to using numbering based

human tryptase; SD, standard deviation; SEC, size exclusion chroma-on alignment with bovine chymotrypsinogen. The alignment for rHT

tography.

is that described by Pereir8)(
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was apparently stabilized by the binding of an inhibitor. was produced reflecting the difference in amino acid
Instability of the smaller interface has been suggested as thesequence between T and rHTS.11 (P150R, T186S,
cause for tetramer dissociation and activity 10%8, (L6). R187Q, and Q192K). Because of our overlap strategy, the

Analysis of specific gene products, instead of possible sequence difference also required the production of a new
mixtures isolated from tissues, may help to define and sense primer coding for the end of exon IV and the beginning
understand further the unusual properties of HT. HT genesof exon V. The sequence of the sense/antisense primers used
fall into two closely related groups termed HTand HTp. for the amplification of exons IV and V were the following:
Six genes/alleles have been identified within these groups,exonlV: SCGATGTGGACAATGATGAGCCCCTCCCACCG-
HTo.l (17, 18), HTo.ll (19), HTA.la, HTS.Ib (19—-21), CCA3 and BCTTGCAGGAGTCCCTCTGGC3and exon
HTA.I, and HTSII (21). In addition, a separate gene V:5AGAGGGACTCCTGCAAGGGCGACTCTGGAGGG-
encoding for a transmembrane form of HT (termed TMT or CC3 and 3CCG(GAATTC)TCACGGCTTTTTGGGGAC3
HTy) has been describe@Z, 23). The published sequences Within the parentheses is d&toRl restriction site.

of the HTas differ from those of the Hfs by 14-18 amino The exon products coding for Hilwere coupled together
acids depending on the pairing. On the basis of the crystalin the appropriate order using the overlap-extension PCR
structure of HLT, 6-9 of these differences lie at subunit ethod of Horton et al.1). The nucleotide sequence for
interfaces and %2 lie at the S1 pocket]. the EKCS was added to the N-terminus of @dT DNA
Several laboratories including ours have producedAHT uysing a primer coding for the EKCS and the N-terminus.
(24—28). Initial characterizations of rHT described struc-  To produce the fusion protein DNA, EKCS-HT DNA was
tural and catalytic properties similar to those of HST and cloned into a pAcGP67B vector immediately downstream
HLT. Characterization of rH@ has been more controversial.  of the bovine ubiquitin DNA sequence. The ubiquitin DNA
While one study has indicated that probiTcannot be  was previously placed in the vector downstream of the GP67
processed to its mature form within the cél),(another study  signal sequence and the polyhedrin promoter. The vector was
found that rHT. produced in COS cells was able to activate cotransfected with BaculoGold DNA into Sf9 cells and
a trypsin-sensitive cellular receptd?g). Huang et al. 25) propagated. The fusion protein was expressed in Hi-5 cells.
have produced a mature ridTn baculovirus using a pseudo-  Tg produce rHT variants, DNAs coding for rtdTor rHTS
zymogen construct. Mature rHT demonstrated highly  \yere mutated by the PCR method of Ho et &82)(
reduced catalytic activity as compared to JHTAN Asp  gequences of all tHTs were confirmed by DNA sequencing.
instead of a Gly residue at position 216 within the active Purification of HST and rHTsHST was ourified as
site was identified as an important factor affecting the reviously described 14) rHTs. were urifigd by the
catalytic activity. None of these studies have characterized]?OIIOWin ymetho d with ali steps at 25C pexce t fci/r the
rHTa with respect to structural integrity and spontaneous ammon%m Sulfate precipitat[i)on step 'at o pMedium

inactivation. : . ) :
. . . (typically 1 L) obtained after 72 h of expression was diluted
In this study, the structure, functional stability, and with an equal volume of 20 mM MES, pH 5.5, and

catalytic efficie_ncy of rtHE.| was compa_re_d to r'_ﬁ.”' immediately applied to a 100-mL heparin-Sepharose column
rHTS andd rHTo |s_0formiwere found to exh|b|t(_j|a1|netr|c_ally equilibrated in 20 mM MES, pH 5.5. The acidic pH and
8p{)0t5e tprogljlertlesi Vt\)ll er(i:; ias enzyrpanl(l:a.y a(;juve reduced salt concentration resulted in increased adsorption
?I S ﬂtjc .L:La ybuTs? eh’ rd Iwasdenf?ymatllcatl) yl_'{;(_:/ 'V?I_’ of the fusion protein to the resin. The column was washed
g tea:s V;" ﬁu f rg}eso ythro %)/ze. efmer: y yfth mHT with 800 mL of a solution of 50 mM NaCl, 0.01 M MOPS,
v:rizr:gsc ltjl-rléels)ésc?)nt?éstir:wg Ero%selfti%sagriyafg(;y ;?:g(fun te de 6.8. All subsequent solutions utilized in purification steps
' were buffered at pH 6.8 using 0.01 M MOPS. The fusion

for by residues forming the S1 pocket and not by those at protein was eluted with a single step of 0.5 M NaCl. Fusion

subunit interfaces. These results indicate that the structure in fracti i > f .
of the S1 subsite of HT is central not only to catalysis but protein fractionation was monitored by assay of EK-activated

. o ) . aliquots removed from fractions and/or by SPBAGE.
also to spontaneous inactivation and the integrity of the : o : . .
Fractions containing the fusion protein were combined, and
tetramer structure.

ammonium sulfate was added to 85% saturation. After 1 h
EXPERIMENTAL PROCEDURES at 4 °C, the prECipitate Containing fusion pl’otein was
collected by sedimentation at 30 000 rpm (100 @p@or
Materials. Bovine intestinal mucosal heparin, 5 kDa 30 min in a Ti45 rotor. The resulting precipitate was
average mass, was from Calbiochem. Substrates and porcineesuspended in 10 mL of 0.2 M NaCl and clarified by
EK (catalog number E0885) were from Sigma. Heparin- centrifugation at 12 000 rpm (17 0@) for 10 min in a SS-
Sepharose and the Superose 12HR 10/30 FPLC column were4 rotor. No HT activity was detected in the fusion protein
from Pharmacia. The vector pAcGP67B was obtained from preparations. To produce mature rHTs, heparin (50 mg/mL
Pharmingen. Ultrafiltration membranes were from Millipore stock) to a final concentration of 0.5 mg/mL and EK to a
and Gel Code Blue was from Pierce. final concentration of 10 Sigma units/mL were added to
Production of rHT-Fusion ProteinsDNA sequences  fusion protein solubilized in510 mL of 0.2 M NaCl. After
coding for mature rH®.1 and rHTS.11 were produced from  a 1—2 day incubation, the processed material was diluted
genomic DNA by exon copying and couplingg, 30). The 10-fold with buffer and applied to a 10-mL heparin-
primer sequences used to amplify the regions of the four Sepharose column. The column was developed with a 150-
exons (IFV) encoding mature HA.Il were previously mL linear gradient from 0.2at1 M NacCl. All rHTs eluted
reported £8). These primers also amplified Il exons I, as a symmetrical peak near 0.7 M NacCl. Fractions containing
Ill, and V. To produce H&.I exon IV, a new pair of primers ~ rHT were pooled, and solid NaCl was added to produce a
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final concentration of 2.0 M. The pool was concentrated by mM L-BAPNA or tosyl-GPK-NA depending on the rHT and
ultrafiltration using a PM10 membrane. The final concentra- the protease concentration being evaluated. The aliquot
tion of rHTs was between 30 and @®/. The concentrated  volume removed from the decay/reactivation for activity
solution was aliquoted, frozen by immersion in liqguid measurement was equivalent to that needed to produce an
nitrogen, and stored at70 °C until needed. activity of 0.10AA410 n{fmin by the 0 time control. The low
Estimation of Enzyme Concentratiofhe concentrations  HT concentration (235 nM) in the assay resulting from
reported are for HT subunits. Subunit concentration was the dilution precludes reactivation of HT by heparin in the
based omMzg nm assuming the same extinction coefficient assay media6). The reliability of inactivation rates deter-
for all rHTs. This extinction coefficient was calculated to mined by monitoring activity is supported by their cor-
be 64 900 M* cm™! assuming 9 Trp, 10 Tyr, and 4 cystine respondence to rates of IFE loss shown in Table 2.

residues per subuniB@). Agso nm Of rHTs in 8 M GUHCI Physical MeasurementsSEC was performed using a
and in buffer were similar, supporting the applicability of Superose-12HR 10/30 FPLC column equilibrated af@5
the calculated value. Subunit concentrations estimated fromin 2.0 or 0.2 M NaCl, 0.01 M MOPS, pH 6.8. 0.25 mL
Agso nm Measurements were related to hydrolytic rates to samples were loaded, the flow rate was 0.5 mL/min, and
obtain molar specific activities. For enzymatically active approximately 40 min was required for each analyAige
r.HTS-, Sub.unit concentration also was determined by burst nm andAZSO amWas Continuous|y monitored using an in-line
titration with MUGB (34). N PE LC-235 diode array detector. Fractions of 0.5 mL were
Enzymatic Assay$tandard assay conditions were 0.2 M collected so that enzymatic activity could be monitored.

NaCl, 0.1 '\{I, Tris-HCI, pH 8.0, 0.1 mg/mL heparin, 9% SDS-PAGE of rHTs was performed by discontinuous gel
Me,SO, 25. C plus §ubstrate. Hepgrln was mclud_ed to electrophoresis. The running gel consisted of 15% acryl-
prevent activity loss via spontaneous inactivation during the amide/0.4% bis-acrylamide3§). Samples were denatured
assay period. Inclusion of heparin in assays is a departureby heating at 90C for 10 min in sample buffer containing
from previous studiesi 11, 14) but was necessary because 194 gpg”and 15 mM dithiothreitol. Visualization was

of th_e more rapid Inactivation rates o_f_the fﬁﬁ Despite achieved by staining with Gel Code Blue as described by
the inclusion of heparin, assay conditions will not rescue the manufacturer

HT inactivated by spontaneous inactivation (see next section).
y Sp ( ) CD spectra were recorded on an AVIV Instruments, Inc.

To obtain initial rates, product formation typically was .
P ypiealy model 202SF CD spectrophotometer in a 0.1 cm path length

monitored continuously for 3 min periods at 410 nm using ded ; I q
a Beckman DU 640 spectrophotometer. Product formation cuvette at 25C. Data were recorded at 1 nm intervals an
veraged for 10 s for rHX and 3 s for all other rHTs. The

was linear and less than 10% of the substrate was consumed? . .
keadKm Values were determined under pseudo first-order concentration of rHT was determined from an absorbance
al m

conditions. For all substrates, [Sk 0.05 mM, which was spectrum in the same cuvette measured on a Cary 400 Bio
well below theK... estimated to be above 0.8 mM for all Y V/Visible spectrophotometer. The concentrations were 6.5,
my .

substrates. Progress curves were fit using a single-exponenti 2.5, and 12'5’.‘M for rHTa, rHTO.L'Dsz’ and rHp- .
function to obtaink,,s the pseudo first-order rate constant 149T, respec_nvely. After subtractlpn ofa golvent baseline,
for the processko,d[E] was used to obtaike/Kn. Because the concentration and a mean residue welght' qf 112 were
of the limited solubility of substrates, plots of initial rate vs used to convert the CD spectra to molar ellipticity.
[Slo were not adequate to determine individual kinetic ~ Sedimentation equilibrium of rHT-D216G was preformed
parameterkcatande_ Under our assay COﬂditiOﬂS, substrates in a Beckman Optima XLA analytical ultracentrifuge. Initial
were found to precipitate at the following concentrations: Protein concentrations in three independent runs were 9, 5.6,
L-BAPNA, 3 mM; CBZ-GPR-NA, 1 mM; tosyl-GPK-NA, and 2.4uM in 2 M NacCl, and 0.01 M MOPS, pH 6.8. The
2 mM; tosyl-GPR-NA, 0.8 mM. density of the solvent was 1.084882 g/mL as determined by
Spontaneous Inactation and Reactiation. Spontaneous ~ an Anton-Paar DMA 5000 density meter; the partial specific
inactivation was initiated by dilution of stock rHT or HST Vvolume of rHT-D216G was calculated as 0.736 mL/g.
(stabilized at £C in 2.0 M NaCl) to inactivation conditions ~Measurements were made af@ at speeds ranging from
of 0.2 M NaCl, 0.01 M MOPS, pH 6.8, and indicated 8 700-20 000 rpm. Equilibrium was ascertained as super-
temperature. Controls were the same magnitude of dilution imposable gradients recorded several hours apart. In some
into stabilizing solutions of either 2.0 M NaCl or 0.2 M NaCl, instances, the equilibrium gradient was monitored for about
0.5 mg/mL heparin in 0.01 M MOPS, pH 6.8, and indicated 10 h with no discernible changes, demonstrating a lack of
temperature. They were initiated at the time of the decay, dissociation or aggregation on the time scale of the equilib-
and the O-time point of the control was used to convert decay/ rium experiment. Final protein concentrations at equilibrium
reactivation data to fractional activity. Like HSTL), ranged from zero to about 3GM.
estimates of initial rHT control activity were in proportion Fluorescence experiments were performed using a Photon
to the dilution indicating that little if any rHT activity was  Technology International QM-C60 fluorescence spectropho-
lost as a result of dilution itself. For reactivation of rHTs, tometer in photon counting mode. The cell holder was
the sample was allowed to decay to less than 5% activity. thermostated by a circulating water bath. Excitation was at
At this time, it was equilibrated to 2%C for 10 min, and 295 nm, and IFE spectra were recorded from 305 to 405 nm
then heparin was added. Rates were adjusted to account foat a rate of 4 nm/s and at 1 nm intervals. Excitation and
a 10% dilution of the enzyme due to heparin addition. emission slits were set to giva 4 nmbandpass, and the
To measure activity during decays and reactivations, small cuvette had a path length of 1 cm. Background spectra of
aliquots were removed from the incubation mixtures and buffer were subtracted from all HT spectra to correct for
diluted 25-500-fold into assay media containing either 1 the Raman peak at 327 nm. Data at 330 nm reported in time-
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A EKCS

C 0 Gini92f
rHTB Fusion Protein Ub-GGADPVDDDDK*IVGGQEAPRSKWPWQVS
rHTa Fusion Protein Ub-GGADPVDDDDE-IVGGQEAPRSEWPWOVS
Chymotrypsinogen CGVPAIQPVLSGLSR-IVNGEEAVPGSWPWQVS
1

10 6 3 - }, ,f/: - \
i i " s
30 a0 s0 8 / { \
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- 0 %0 100 ¥
QLLPVSRIIVHPQFYTAQIGADIALLELEEPVKVSSHVH .

DOLLPVSRIIVHPQFYIIQTGADIALLELEEPVNISSRVH b - "

Q‘GSSSEK%&!KLKIAKVFI;ESKYNSLTINNDI'I'LLKLSTAASFSQ‘I‘VS
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TVILPPASETFPPGMPCWVTGWGDVDND ERLFFEFPLEQVEVPIME
TVMLPPASETFPFGMPCWVTGWGD D.EPLPPPFPLEQVKVPIME
AVCLPSASDDFAAGTTCVITGWGLTRYTNANTP. . DRLQQASLPLLS
120 130 140 ALS0 160

160 170 180 190 200
NHICDAKYHLGAYTGDDVRI IRDDMLCAGNTRRDSCQGDSGGPLVCK
NHICDAKYHLGAYTGDDVRIIRDDMLCAGNSQORDSCEGDSGGPLVCK
NTNCKEYWG. v o anuana TRIKDAMICAGASGVESSCMEDSGGPLVCK

170 180 1904 * 200

210 220 230 240
VNGTWLOAGVVSWGE . GCAQPNRPGIYTRVIYYLDWIHHYVPERP
VNGTWLQAGVVSWDE . GCAQPNRPGILYTRVTYYLDWIHHYVPKKP
KNGAWTLVGIVSWGSSTCS . TSTPGVYARVIALVNWVQQTLAAN .

210 A 220 230 240

Ficure 1: The amino acid sequences of redand rHTB fusion proteins (A) and structure of the S1 pocket (B). In panel A, numbering
above the sequences marks the linear amino acid sequence of HT, while the numbering below is based on alignment to chymotrypsinogen
A as described by Pereira et aB).(Insertion and deletions between HT and chymotrypsinogen A are indicated by spaces with dots.
Highlighted in green and blue are the loops forming the small and large interfaces, respectively, of the HT tetramer. Although not labeled
in the figure, the loops comprising the small interfaces have been referred to as the-8D, ad 152 loops, and those comprising the

large interfaces are referred to as the 60, 97, and 173 |&ypdighlighted in orange are the residues that form the primary specificity (S1)
pocket. Highlighted in yellow in the rHT sequence are the 16 residues that differ from those at homologous positions/bfREd@

triangles denote the positions (149 of rHBnd 192 and 216 of rHI) that were mutated to produce variants. Asterisks indicate the
residues of the catalytic triad. EKCS denotes the EK cleavage site, Ub is bovine ubiquitin. In panel B, the structure of the S1 pocket of
rHT/ is shown to highlight the location of GIn192 and Gly216 (chymotrypsinogen numbering). Both residues are colored purple and are
located at the rim of the S1 pocket. The covalently bound inhibitor APPA (colored orange) is protruding toward Asp189 at the base of the
pocket. Oxygens and nitrogens are in CPK colors. The coordinates were obtained from the Brookhaven Protein Data Bank; accession
number 1AO0L 8). The structure was visualized using WebLab ViewerLite by Molecular Simulations Inc.

course studies were obtained from IFE spectra taken atquences of rH®& and rHTp3 characterized in this study are
indicated times. An automatic shutter was employed in time- shown in Figure 1A. The sequence of rBiTvas identical
course studies to limit irradiation of the sample to data to that of HTS.11 except for an lle instead of a Val at position
collection periods. 176. lle is residue 176 in both of the natural édisoforms.

The fluorescence enhancement of pAb upon binding to The sequence of rHI was identical to rH®.I, except that
HTs was monitored as previously describé&d)( Emission residue 59 was a Val instead of a Leu. This variation was
spectra (2 nm bandpass) were recorded between 340 and 44Que to the primer sequence used to amplify exon Il. The
nm with 325 nm excitation (2 nm bandpass), and background primer was based on the genomic sequence ¢f.HWwhich
spectra were subtracted to remove the Raman peak at 36%odes for Val at position 59. Both substitutions are highly
nm. Spectra of 4&M pAb in the absence and presence of conservative replacements. As a result of the two substitu-
2.1 uM rHTo or 2.7 uM rHTB-E149T were obtained. tions, the rHTs in Figure 1A differ by 16 residues instead of
Measurements were made at 25 in a 1 cmpath length the 18 residues predicted from sequences reported in the
cuvette containig a 1 mLsolution of 0.2 M NaCl, 0.01 M literature @O, 21).

MOPS, pH 6.8, and 0.5 mg/mL heparin. In addition to the above rHTs, three variants of ©dT
Data Analysis.Linear and nonlinear least-squares curve (D216G, K192Q, and K1926D216G) and one variant of
fittings to the data were performed within the Igor Pro data rHTB (E149T) also were produced. The variants of tHT

analysis package by Wavemetrics, Inc. Error estimates conyerted the indicated residues to those found indHn
reported in the text aré: 1 SD from the mean. Sedimentation  {he pasis of the crystal structure of HLT (M), these

equilibrium analyses which included global fitting of all data  esigues would lie relatively close to each other at the rim
sets to various mode]s were performed usipg software written o the primary specificity (S1) pocket (Figure 1B). r T
by author D.R.M. within the Igor Pro environment. E149T was produced to eliminate a cleavage/inactivation site
RESULTS sensitive to EK within the enzyme portion of the fusion
protein. Cleavage of rHT into two bands of approximately
Expression and Sequence of rHTBIT fusion proteins half the mass of the intact protease was noticed while using
were expressed in baculovirus infected insect cells. The SDS-PAGE to monitor the course of activation by ERS].
fusion protein construct and the deduced amino acid se-Amino acid sequencing of these bands identified Arg150
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Ficure 2: SDS-PAGE of purified rHTs and HST. Lanes 1 through

5 contain approximately ig of the indicated rHT. Lane 6 contains g 2
3 ug of HST. 8 2
_ _ N 0.4} =101 35

Leul51 as the cleavage site; Arg150 is preceded by several < <
negatively charged residues somewhat resembling the four B
consecutive Asp residues in the EKCS (see Figure 1A). . .
Arg150 itself was not replaced because basic residues may °'°H= i i 1 1 =H 0.0
be involved in heparin binding. A Pro at position 150 0.6~ =106
obviates the need for a similar mutation in rédT

Purification and Physical PropertiesPartially purified £ 0.4 PHTOKISIQ-D26G) 04 2
fusion proteins derived from the expression rHTs were 2 2
processed by treatment with EK as previously descriggd ( :. ozl 4o &

After treatment, a decrease in mass upon SPAGE

consistent with cleavage at the EKCS was observed for all
rHTs except for rHPB, which revealed mature protease as
well as further hydrolyzed products as discussed above. 10 15 20 25 30 35 40
Liberated rHTs were purified as described in Experimental
Procedures. In the final fractionation on heparin Sepharose,
all rHTs eluted at 0.7 M NaCl. Ficure 3: SEC analysis of purified rHIs. rHTas in panels A-C

i DSP were chromatographed on a Superose 12HR 10/30 FPLC column
Purified rHTs analyzed by S AGE demonstrated under stabilizing conditions of 2.0 M NaCl, 0.01 M MOPS, pH

singlet or dOUbI?t band(s) migre}ting with an appgrent. MasS g 8. Proteases were loaded at a concentration of 1.0 mg/mL (40
of 30 kDa, consistent with the size of rHT subunits (Flgure uM). Axgo nmwas measured using a flow-cell, and hydrolytic activity
2). The doublet banding pattern likely is due to variable was determined from collected fractions. Activity measured using
glycosylation of two different sites. rHThas two glycosyl- 1 YSM t3$y|'|GP*é-NA isr:_ePOHEd aA?Lup nn{miﬂ/é}"qUOthf Sul, 'd
ation sites, and a second glycosylation site was introduced\a/‘glurﬁe)"fgg(’&oakst)%),'Sﬁ;%g%p’iiﬁgggnp&??%%, gr’:(lelvf(v)cgs
into the rHT variant when Glul49 was mutated t0 Thr (iotal volume, monitored bz m) are indicated by arrows.
(Figure 1A). Purified HST, also shown in Figure 2, appears
as a more diffuse band of similar size to rHTs. The more  The CD spectra of rHTs are compared to those of active
distinct banding pattern of the rHTs likely reflects their less and spontaneously inactivated HST in Figure 4. Spectra were
extensive glycosylation upon expression in insect cells. obtainedmn 2 M NaCl, 0.01 M MOPS, pH 6.8. rHX, rHTo.-
Sedimentation equilibrium analyses of refD216G were D216G, and rHB-E149T all demonstrated a negative peak
performed under stabilizing condition$ ® M NacCl, 0.01 at 230 nm. This peak is a feature of the active form of HST
M MOPS, pH 6.8. Plots of InAx nm Vs radial position and HLT and is not present in the spectra of either HT after
squared were linear at all concentrations and speedsspontaneous inactivatioii4, 36). Consistent with CD, IFE
demonstrating a homogeneous population of protein speciesspectra of rHB, rHTS-E149T, rHTo, and rHTo variants
with an average mass of 1@65 kDa ( = 11). This value were similar to each other and to that of active HIT)(
is equivalent to that of 113 13 kDa obtained by a similar ~ The IFE maximum of active HST and rHTs was at 330 nm
analysis of stabilized HST tetramet4). These masses are as compared to 334 nm for inactivated HIT)( The results
consistent with that expected for a tetramer composed of fourof these spectroscopic studies indicate thatatHHT/, and
subunits of 27.6 kDa. variants are folded similar to active HT isolated from tissues.
Purified rHTs were analyzed by SEC under stabilizing  Catalytic Properties of rHTsTo test for catalytic ability,
conditions of 2.0 M NaCl, pH 6.8, 25C (Figure 3). All all rHTs were titrated with the burst titrant MUGB. rHdT
rHTs eluted as a single peak slightly after IgG (150 kDa). and rHTa-K192Q showed no reaction. All other rHTs
The elution profiles of rH®& and two variants, rH&-D216G reacted rapidly with MUGB demonstrating a burst of activity
and rHTo-D216G-K192Q, are shown in Figure 3. Except consistent with the rHT concentration based/eg nm
for rHTa and rHTo-K192Q, hydrolysis of tosyl-GPK-NA The kinetic parameters of rHTs were evaluated using a
was associated with these peaks. More than 95% of theseries of model substrates commonly used to measure the
activity applied to the column was recovered in the peak hydrolytic activity of trypsin-like proteases, including HST.
fractions. These results demonstrate further the purity of the Reported in Table 1 are specific activities determined at 1
rHT preparations and show that all are likely tetrameric.  or 0.5 mM (tosyl-GPR-NA) substrate concentration, &pd

Time, min
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either linear or only slightly curved over the attainable

substrate concentration ranges. In view of these limits, we
estimate thatk,, values for all enzymes/substrates were

greater than 0.8 mM.

Specific activities andt../Kn, values for the hydrolysis of
substrates by rHT and rHT3-E149T were similar to those
for HST. The two rHTx variants that reacted with MUGB
also catalyzed the hydrolysis of model peptide substrates.
Catalytic efficiencies were lower than those of 1#{3).
rHTo-K192Q-D216G was a more efficient catalyst than
rHTa-D216G. For the three peptide substrates, it exhibited
keaf Km values that were 540-fold greater than those of
rHTo-D216G, and 2-4-fold less than those of the riA(s).
Neither rHTo-K192Q—-D216G nor rHT-D216G catalyzed
the hydrolysis of the single residue substraBAPNA.

Purified preparations of rHI and rHTa-K192Q did not
produce detectable hydrolysis under conditions and enzyme
concentrations used to assay HST and SBITA small
amount of catalytic activity was detected in both preparations
using a more sensitive assay. The assay conditions were 1 h

FiGURE 4: CD spectra of rHTs. Spectra were obtained under the duration, 1 mM tosyl-GPK-NA (0.2 M NaCl, 0.1 M Tris,

stabilizing condition 62 M NacCl, 0.01 M MOPS, pH 6.8, 25C.

pH 8.0, 0.1 mg/mL heparin, 25C), and protease concentra-

Previously reported spectra of active (230 nm peak) and spontane-tions approximately 1000-fold higher than those used to
ously inactivated HST are included for comparisd#)(

Table 1: Kinetic Parameters for the Hydrolysis of Model Substrates
by HST and rHTs

specifi¢ 1073 x kealKnd
tryptasé substrate activity M1s?t
HST L-BAPNA 0.21 2.2
CBZ-GPR-NA 4.1 86
tosyl-GPK-NA 3.2 46
tosyl-GPR-NA 3.2 86
rHTS L-BAPNA 0.14 3.0
CBZ-GPR-NA 3.3 97
tosyl-GPK-NA 2.7 53
tosyl-GPR-NA 3.4 92
rHTS-E149T L-BAPNA 0.16 29
CBZ-GPR-NA 3.3 80
tosyl-GPK-NA 2.3 37
tosyl-GPR-NA 35 75
rHTa-D216G L-BAPNA 0. 0.0
CBZ-GPR-NA 0.17 4.6
tosyl-GPK-NA 0.22 4.4
tosyl-GPR-NA 0.20 11
rHTa- L-BAPNA 0.0 0.0
K192Q-D216G CBZ-GPR-NA 1.0 25
tosyl-GPK-NA 1.0 24
tosyl-GPR-NA 14 45

measure rHB activity. The activity measured corresponded
to less than 0.05% of the activity for an equivalent
concentration of rHF and could be completely inhibited
by a concentration of the irreversible inhibitor, AEBSF,
equivalent to less than 10% of the subunit concentration.
Inhibition by a substoichiometric concentration of inhibitor
therefore indicates that the source of the catalytic activity is
likely a contaminating protease present in small quantities.
The absence of detectable catalytic activity for tH®r
rHTa-K192Q is in agreement with their lack of reaction with
the active site titrant MUGB.

The inactivity of rHTo was further investigated using the
competitive inhibitor pAb which binds to the S1 pocket of
trypsin-like proteases including HSTZ, 37). Burial within
the S1 pocket produces an increase in IFE and a blue shift
in the emission maximum as shown in a previous study with
HST (11). rHTA-E149T was found to bind pAb similar to
HST, while rHTa exhibited no detectable interaction. The
lack of interaction suggests that the S1 pocket of aHI
not accessible to substrates.

Studies on the spontaneous inactivation of HST and HLT
imply that the free monomeric form of HT is either inactive

aData for rHTo and rHTa-K192Q are not included because activity (9, 11, 14) or exhibits much less activity than a subunit of
was not detected with the above substrates in 60-min incubations with the active tetramer5j. Rapid dissociation of rH@ upon

high concentrations (4M) of enzyme and 1 mM substrateAssay
conditions in all measurements were 0.2 M NacCl, 0.1 M Tris, pH 8.0,
9% DMSO, 0.1 mg/mL heparin, 25C + substrate® For specific
activity measurements [§F 1 mM except for tosyl-GPR-NA where
[Slo = 0.5 mM; HT concentrations ranged from 2 to 35 nM. The units
for specific activity aregmol of NA min~%)/(nmol subunit).9 For Keaf

Km determinations, [$]= 0.05 mM; HT concentrations ranged from
0.01 to 0.7uM. Values are the averages of-2 determinations and
SDs were< 10% of the average$.0.0 indicates no detectable
hydrolysis in assays monitored for 60 min with re#D216G= 0.4

uM and rHTa-K192Q—-D216G= 0.3 uM.

dilution from stock conditions (2.0 M NaCl, 0.01 M MOPS,
pH 6.8, 4°C) to assay conditions (0.2 M NaCl, 0.1 M Tris-
HCI, pH 8.0, 25°C) might explain the lack of activity. As
will be shown in the next section, the tetramer form of tdT

is very stable and therefore would not be expected to
dissociate under assay conditions.

These results demonstrate a dramatic difference in the
catalytic properties of rH@ and rHT5. rHTS demonstrated
enzymatic activity similar to that of HST, while rkT
appeared enzymatically silent. As underscored by analysis

Km values determined under pseudo first-order conditions of the rHTa S1-subsite variants, the Asp/Gly difference at

with [S]o < Kn. Under our assay condition&, and ke

position 216 was more critical to catalysis than the Lys/GIn

values could not be determined from initial velocity versus difference at position 192.

substrate concentration plots due to the limited solubility of

Spontaneous Inacition/Structural Stability of rHBs. As

the substrates (see Experimental Procedures). Plots wershown in Figure 5 and Table 2, the functional stabilities of
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1.2 | | | | H Table 3: Rescue of Spontaneously Inactivated rHTs by Addition of
> I Heparin
£ 1.0 [ SRl i o]
2 _g LR % : after
2 0.8 O  rHTP+ Heparin T inactivatior? reactivatiofi
= 0.6k % :gigm‘*” + Heparin _| (= heparin) (+ heparin)
§ 0.4 ® rHTB-E149T _ [variant] % initial % initial
° variant uM °C h activity activity
g 02 -
m ’ (L
0.0 + rHTp 40 30 40 3 85
0.1 30 1.2 4 6
50 rHTB-E149T 40 30 13 1 71
. . 0.1 30 3.0 1 26
Time, min rHT0-D216G 34 37 228 2 36
FiGURE 5: Spontaneous inactivation of rifTand rHT3-E149T. rHTa- 2.3 30 1.9 4 62
Decay and control incubations were performed withM rHT in K192Q-D216G 1.2 30 18.6 4 42
0.2 M NaCl, 0.01 M MOPS, pH 6.8, 3T with (boxes) and without 04 37 07 2 2

(pircles) 0.5 mg/mL heparin..A.quuot.s were removed at the indiqated a Conditions during inactivations were 0.2 M NaCl, 10 mM MOPS,
times and assayed for activity usingBAPNA, as described in 1 6.8, at the indicated temperaturesfter equilibration to 25°C,

Experimental Procedures; remaining activity is reported as the reactivation was initiated by addition of 5 mg/mL stock heparin to the
fraction of activity present at time 0. The solid line through the ' gecay giving a final concentration of 0.5 mg/mL. Reactivations were

decay data is a single exponential to the combined decays @ rHT monitored as a function of time until activity no longer increased (
and rHTB-E149T (half-life= 2 min, residual fractional activity= 1 h).

0.04). For comparison, a similar fit is shown for the decay of 4
uM HST (dotted line) under similar conditions; data were taken

from Selwood et al. {2). an equilibrium between active and inactive forms of HT, (
14).
Table 2: Structural/Functional Stability of rHTs and HST Half-lives for activity loss of HST, rHB, and rHTB-
half-life?, min E149T at three temperatures are reported in Table 2 (columns
tryptase 25C*  30°C® 37°Cd marked A). Except for the somewhat faster activity loss of
A A = A E the rHTps, all exhibit a similar temperature dependence.
HST 24 4.3 43 1.0 . Activity was lost too rapidly to be measured precisely at 37
rHTS 8.5 17 14 05 - °C. Half-lives reported at 30C are the average of several
rHTA-E149T 75 23 15 10 o decays obtained over a rHT concentration range of-8.15
rHTo - - - - 880 -
rHT-K192Q - - - - 900 6.0 uM. As observed for HST, activity loss demonstrated
rHTa-D216G - 385 - 8 82 little dependence on rHT concentration. SDs for the’G0
rHTa-K192Q-D216G 35 14 - 18 - data were less than 25% of the average values reported in

a Incubations were performed in 0.2 M NaCl, 10 mM MOPS, pH Table 2. Spontaneous inactivation of HST is assoqiated with
6.8, at the indicated temperatures. Half-life values reported were & Structural change as measured by a decrease inlIEE (
calculated using rate constants obtained by fitting activity loss (columns A similar IFE change was found for rbffiTand rHT3-E149T
marked A) or IFE decrease (columns marked F) data to a single- (Tgble 2, column marked F). These results indicate that both

exponential function. HST data were taken from previous publications _ i ; ot
(6, 11, 14. *Values at 25°C for rHTs were single determinations at rHTA and rHTB-E149T exhibit spontaneous inactivation

tHTS = 5 uM, rHT B-E149T= 4.0uM, and rHTo-K192Q-D216G = similar to that observed for HST. The reason for the
0.5xM. ¢ The values at 36C, column A, are the averages of multiple  Somewhat faster and the more complete loss of activity by
determinations made over a range of rHT concentrations. The concen-the rHTjs relative to HST is unclear.

tration ranges (SD, number of determinations) were the following: The effects of h . th ¢ . tivati f
fHTS = 0.15-3.5 uM (0.3, n = 4), rHTB-E149T = 0.17-6.0 uM e effects of heparin on the spontaneous inactivation o

(0.3,n = 9), tHTa-D216G = 0.4-4.0 uM (72, n = 7), and rHTx- rHT/s were similar to those observed with HSTL( 14).
K192Q-D216G= 0.5-2.3uM (0.3,n=4). As indicated by the small ~ Low salt incubations containing heparin significantly reduced
SDs, half-lives were independent of the rHT concentration. Values for the rate of spontaneous inactivation (Figure 5). Addition of

rHTs in column F are from single determinations at fH¥ 0.5uM, ; ; ;
(HTB-E149T = 0.4 uM. All values at 37°C are from single heparin to spontaneously inactivated yF$Trescued up to

determinations. Values in column A were determined at rHT concentra- 89%0 Of the initial enzyme activity (Table 3) demonstrating

tions identical to those used at 28, rHTa-D216G = 1.0 uM. The the reversibility of the process. The extent of activity rescued
values in column F were obtained using redBnd rHTo-K192Q = on addition of heparin was dependent on the HT subunit
0.3uM and rHTa-D216G = 1.0uM. ° —, not determined. concentration during the decay process (Table 3). The

dramatic effects of heparin more completely establish the
orrespondence between rBITrHTS-E149T, and HST.

Spontaneous Inaetation/Structural Stability of rH#&s.
Two of the four rHTas analyzed, rH& and rHTo-K192Q,
did not catalyze the hydrolysis of model substrates. Spon-

. c
rHTS and rHTB-E149T were characterized and compared
to that of HST. Time-courses describing the inactivation of
each rHP at 4 uM concentration are shown in Figure 5.

Activity loss was somewhat faster and more complete than o645 inactivation of HSTLL) and rHTS (previous section)
observed for HST (dashed line). The inactivation of fHT 5 accompanied by a change in their IFE spectra. As will be

and rHT3-E149T appeared indistinguishable. An exponential described below, spontaneous inactivation of e-0216G

fit (solid line) to the combined data yielded a first-order rate  demonstrated a similar IFE change, indicating that IFE can
constant of 0.032 mirt and a residual activity equivalent be used to assess structural change associated with the
to 4% of the initial activity. The residual activity may reflect spontaneous inactivation of rldE with no detectable
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catalytic activity. Also used to assess structural change was I I I I I
SEC which monitored tetramer stability. 100
In Figure 6A and B, time-courses monitoring IFE change 2 g0
and activity of rHTa-D216G incubated under decay condi- £
tions of 0.2 M NaCl, 0.01 M MOPS, pH 6.8, 3T (£ 0.5 % 80 O 0.2 M NaCl + heparin
mg/mL heparin) are shown. In the absence of heparin, both 5 70 O 02MRacl _
IFE and activity decreased in an exponential manner. First- E
order rate constants calculated by fitting the data to an 60 |- -
exponential function yielded similar values of 0.0085 50 4 A ] ] ] .
0.0005 and 0.0082= 0.0008 min? for IFE and activity, 1.2H 1 g 1 H
respectively. The similar rate constants for the IFE and £ 1.0 jooBego o A o [
activity decreases of rHI-D216G suggest that the same 2
process is being monitored using both techniques as was 3 0.8 7]
observed previously for HST1(). Consistent with that T 0.6 [ 0.2 MNaCl+ heparin
c O 0.2MNaCl
observed for HSTR), HLT (5, 7), and rHTps, the presence S oal _
of heparin greatly reduced the rate of IFE and activity E
decrease. These results indicate thataHD216G undergoes & 021 B =
spontaneous inactivation similar to HST, although at a slower 00 | | I H
rate. 0 2 4 6 8
Using IFE, rHTo. was monitored under the same decay Time, hr
and stabilizing conditions described for re#D216G (Figure
6C). In contrast to rH&-D216G, rHTa showed very little I R |
change in IFE over the 8-h incubation period used foraHT 100 ¥ tuiXly -
D216G. rHTa was equally stable in incubations performed 8 V 0.2M NaCl, pH 6.8
at pH 6.8 and 8.0 demonstrating that the stability of eHT 5 80f O 20 M Nac, pH 658 =
was not due to the slightly lower than physiological pH 2 A 0.2MNaCl, pH 8.0
routinely used in these studies. We have shown previously 5 60 O 02MNaCl,pH68 |
that the functional stability of HST is unaltered through the E
same pH range6j. Continued monitoring of rH@& over a a0
3-day period demonstrated a slow, exponential-appearing, 11

decrease in IFE (Figure 6C). The slowness makes it unclear
whether the decrease was due to a specific or nonspecific

0 10 20 30 40 50 60 70

process. Parallel incubations in 0.01 M MOPS, pH 6.8, 37
°C containirg 2 M NaCl or heparin (0.5 mg/mL) showed
no decrease in IFE. These results suggest thatuiduch
more stable than rHI and that Asp216 is a factor in
determining rHT stability.

The half-lives for spontaneous activity loss or IFE decrease
for rHTa, rHTS, and Sl-subsite variants of ridTare

Time, hr

FIGURE 6: Time-courses of enzymatic activity and/or IFE change
of rHTa and rHTo-D216G upon incubation at 37C. Shown in
panel A are IFE (330 nm) changes associated withatDR16G
when incubated in 0.2 M NaCl, 0.01 M MOPS, pH 6.8ul1
enzyme in the presence and absence of 0.5 mg/mL heparin. In panel
B, are time-courses monitoring enzymatic activity of kdD216G
under the same conditions as panel A. Activity was measured using
1.0 mM tosyl-GPK-NA and converted to fractional activity, as

compared in Table 2, and the rescue of inactivated rHTs by described in Experimental Procedures. In panel C, the time-courses

heparin are compared in Table 3. redK192Q, which was

of IFE (330 nm) change of rHI when incubated at 37C in the

not enzymatica"y active’ demonstrated a slow decrease inindicated conditions. The concentration of riidih all time-courses

IFE similar to rHTo. In contrast, the double mutant, ridT
D216G-K192Q, which was a better catalyst than rdT
D216G, exhibited a rate of activity loss significantly faster
than rHTo-D216G and close to that of rifT Consistent with
the properties of spontaneous inactivation, oHVariants
exhibiting catalytic activity could be rescued by the addition
of heparin after inactivation (Table 3).

The stability of rHTa relative to the least stable rHiT
variant, D216G-K192Q, is further demonstrated by SEC
in Figure 7. Even after 17 h of incubation under decay
conditions, rHT. migrated largely as a tetramer (Figure 7A).

The symmetrical appearance of the peak suggests little

tendency to dissociate even upon dilution on the column.
The concentration of rHd loaded onto the column was 4
uM as compared to 500 nM in the eluted tetramer peak. In
contrast, a similar concentration of ridiD216G-K192Q
was completely dissociated afte 1 hincubation under the
same decay conditions (Figure 7B). Dissociated aHT
D216G-K192Q and rHTx appeared to be monomeric
eluting betweem1-antichymotrypsin, 45 kDa, and chymot-

was 280 nM. Buffers were 0.01 M MOPS at pH 6.8 and 0.1 M
Tris-HCI at pH 8.0. The concentration of heparin in the control
was 0.5 mg/mL.

rypsinogen, 23.5 kDa. The IFE spectrum of inactive oHT
D216G-K192Q demonstrated a maximum at 334 nm similar
to inactivated HST 11).

These results demonstrate that ki€ a more stable form
of HT than rHTB, and that residues associated with the
formation of the S1 pocket are largely responsible for this
difference in stability. Similar to that observed for catalytic
properties, the stability of rHI was more dependent upon
Asp216 than Lys192.

DISCUSSION

In the present study, rHTs with amino acid sequences
corresponding to the HI.I and HTB.Il isoforms were
produced recombinantly and characterized. While exhibiting
similar gross structural and spectral features, they differed
markedly in enzymatic activity and stability with respect to
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DNA IgG ACT Cgen MOPS to GIn became a factor only after Asp216 was replaced by

0.05 T |'* | Gly.

0.04 ' ’ ' * - Residue 216 is located at the entrance to the S1 pocket
£ (40, 41) and is a Gly in most serine proteases closely related
£ 0.03F yra - to HT. The absence of a side chain allows efficient access
& o2k _ of the side chain of the P1-residue of a substrate to the
< interior of the S1 pocket. The major exceptions are the

0.01 -A — elastases where residue 216 is a Val. The isopropyl side chain

0.00 . of Val216 partially fills the S1 pocket, thereby limiting the

) 1 I I specificity of elastases to substrates with small aliphatic
0.05[= - residues at P14@, 43). Thus, dramatic effects on enzymatic

0.04} - activity due to the accessibility of the S1 subsite could occur
§ 0.03 | rHTeK1920-D2166 i byLrepIacing Gly Wi_th anoth(_er re_sidue.

o arge decreases in catalytic efficiency have been observed
:- 0.02|- — upon mutation of Gly216 of trypsin-like proteases. The
0.01- _ natural mutation of Gly216Ser in protein @4) and the
' B engineered mutation of Gly216Ala in trypsidQ) reduced

0.00 p~ i i ] 1 the catalytic efficiency of these proteases markedly. The

10 15 20 25 30 35 effect of Ala216 on trypsin catalysis suggests that even a
Time, min small side chain will have a dramatic effect. Given the

similarity of the S1 subsite fold between trypsin and HLT
(8), and the similarity of the physical properties between
rHTo. and rHTB described here, it is likely that the low

activity of rHTa is due, at least in part, to the side chain of
Asp216 filling S1 pocket and sterically blocking or altering

FiGURe 7: Change in quaternary structure of rtdTand rHTo-
D216G-K192Q during spontaneous inactivation. rHT au
concentration was incubated at 37 in 0.2 M NacCl, pH 6.8, 0.01
M MOPS. At various times, 25@L samples were analyzed by
SEC at 25°C in a column equilibrated with 0.2 M NacCl, and 0.01
M MOPS, pH 6.8. The three profiles obtained for réd{panel A)

were obtained after 0, 1, and 17 h of incubation. A small progressive the binding of the P1 residue of substrates.
decrease in the tetramer peak is complementéd by a small increase Obstruction of the S1 pocket is consistent with the inability

in the monomer peak. The profile for rld¥K192Q-D216G (panel of rHTa to react with the active site titrant, MUGB, and the
B) was obtained aftel h incubation. Column and standards used competitive inhibitor, pAb. We have shown that the S1
for calibration are those described in Figure 3 exceptdet- pocket of spontaneously inactivated HST does not react with
antichymotrypin (ACT, 45 kDa); arrows mark elution times. MUGB and does not bind pAbl(). Because the spectral
properties of rH®. corresponded to active and not inactivated
HST, the inaccessibility of the S1 pocket is not related to

stability properties similar to those reported for HST. In g1 adopting a conformation corresponding to the spon-
contrast, rHE did not catalyze the hydrolysis of model taneously inactivated state(s).

substrates and did not exhibit the rapid structural changes cgnsistent with the importance of the 216 position to
associated with spontaneous inactivation including dissocia- g \pstrate accessibility, rHFD216G exhibited readily de-
tion to monomers. The correspondence between the propereciaple catalytic activity, while rHI-K192Q was inactive
ties of rHTf and those of HST and HLT suggests that this |jke rHTo. However, rHB-D216G catalytic efficiency was
isoform is the major HT isolated from human tissues. requced as compared to that of HST/fHTSignificant
Consistent with this premise, the HLT crystallized was jmprovement in catalytic efficiency to a level near that of
confirmed to be HE.Il by analysis of enzymatic digestion  {S7/rHT3 was observed for rHI-K192Q-D216G. Nev-
products §). Additionally, the close agreement between the gytheless, the double mutant still did not completely repro-
specific activities of rHP and HST reported in Table 1 _ qyce the catalytic efficiency of rH¥ or HST with peptide
strongly indicates that substantial amounts of inactive HT g pstrates and neither active rédariant catalyzed the
isoforms are not present in tissue preparations. The impliedpyqrolysis of the single-residue substratBAPNA.
absence of rH®& from HST preparations is consistent with A previous study by Huang et al2§) recognized a
evidence that Ha&s are not stored in mast cell secretory  generally similar activity relationship between'¥H, rHTA,
granules 10). and rHTo-D216G. They found that rHT was unable to
Catalytic Properties of rH& and rHTj3. The difference efficiently hydrolyze substrates of rifT and that mutation
in catalytic properties between rtdTand rHT5 was related of Asp216 to Gly significantly improved catalytic efficiency,
to residues forming the S1 subsite, the primary substratebut not to the level of rHB. On the basis of the loop
specificity pocket. In trypsin-like serine proteases, including structures contributing to the formation of the substrate
HTg, the S1 subsite is a deep cleft capable of binding the binding site of H, it was suggested that further differences
side chains of Arg and Lys residues. The subsite is primarily at residues 37, 59, 192 and in the 97 loop might play a role

spontaneous inactivation. rifTdisplayed catalytic and

formed by residues 189195, 213-220, and 225228 (g,

38, 39). rHTa and rHTB differ at residues 192 and 216.
Systematic substitution of the residues in H{Lys192,
Asp216) by those in rHF (GIn192, Gly216) showed that
the dramatic differences in catalytic as well as stability

in modulating the catalytic properties of idTand HT5. Our
studies could not demonstrate a role for residue 192 unless
its mutation was coupled to mutation of residue 216.
Eliminated by our study is a role for residue 59, as ouraHT
construct contained the rtfTresidue Val at this position

properties (see below) between the isoforms was primarily (see Figure 1). We speculate that the inability of our double

the result of Asp or Gly at residue 216. Mutation of Lys192

mutant rHTo-K192Q—D216G to completely reproduce the
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activity of HTS could be due to the three residue difference 1
in the 97 loop (Figure 1). In rHA, this loop appears to have —’. %
a complex role. The 97 loop helps to form one of the

its more usual role of contributing to the structure of the S2
and S4 subsites3).
Huang et al. 25) showed that rH& could be labeled with
radioactive DFP, indicating that the catalytic machinery of [([] *=—= O
the protease (Serl9%1is57—Aspl02 catalytic triad) was 3
functional. Surveying a large number of substrates including g ze 8: Minimal pathways for HT spontaneous inactivation and

fibrinogen, they reported hydrolysis of only two substrates, associated tetramer dissociation. Rectangles denote active HT
tosyl-GPK-NA and H-D-HHT-AR-NA. Activity was very  subunits, and circles indicate inactive HT subunits. In pathway one,

low, described as positive activity after a 4-h incubation at inactivation is produced by a conformational change in each subunit

: ; of the tetramer (step 1). The result is an inactive-destabilized
15 nM rHTa. in 0.075 mM substrate, pH 7.4. Given these tetramer in equilibrium with monomer (step 2). In the second

findings and noting the presence of Asp189 at the bottom pathway, dissociation of the active tetramer (step 4) occurs prior

interfaces producing the rifTtetramer, thereby complicating JI I l
4 2

of the S1 pocket, Huang et ak%) suggested that rHT is to an inactivating conformational change (step 3).
a trypsin-like protease with a highly limited substrate
specificity. Unlike Huang et al.25), we found that rH®& stabilizes the site against spontaneous inactivation. We have

did not hydrolyze model substrates with Arg or Lys at the shown that spontaneously inactivated HST no longer binds
P1 position or react with the active site titrant MUGB. pAb, indicating that the structure of the S1 pocket is disrupted
Included among the substrates tested in our study was tosyl-during spontaneous inactivatiohlj. Correspondingly, com-
GPK-NA. In a 60-min assay containingiM rHTa and 1 petitive inhibitors, such as leupeptin and pAb, that bind to
mM substrate, pH 8.0, virtually no product formation was the S1 subsite markedly stabilize the protease as monitored
observed over that produced by a low level of a contaminat- by physical methodsl(, 14). The normal structure of the
ing protease inhibited by a substoichiometric (Q:M) S1 pocket in the HLT crystal structure was likely due to the
concentration of inhibitor. The reasons for the different presence of the inhibitor, APPA)

results are unclear; nevertheless, taken together both studies How an Asp at position 216 could produce a more stable
strongly suggest that rHTis not a highly efficient trypsin-  S1 pocket is not yet clear. The bottom of the S1 pocket in

like protease. The inability of rHI to recognize “efficiently” HT is negatively charged, such that the anionic side chain
substrates with Lys or Arg at the P1 position is consistent of Asp216 might have been expected to destabilize the
with an inaccessible S1 subsite. region. A potential ionic bond with Lys192 was considered;

Another difference between the two studies is related to however, the stability of rH&-K192Q seems to argue against
the hydrolysis ofL.-BAPNA by rHTA. Huang et al. 25) such a bond. Perhaps hydrogen bonding between the carboxyl
reported that rHB was unable to turnover this substrate. group of Asp216 and other residues mediated by buried
We find that rHT3 catalyzed the hydrolysis af-BAPNA solvent molecules is the stabilizing factor.
with similar efficiency to HST. This is important because Mechanism of Spontaneous Inaetiion. A minimal
rHTo-D216G and rHB-K192Q—-D216G did not catalyze  scheme for HT spontaneous inactivation involving a con-
the hydrolysis of -BAPNA. Thus, the absence ofBAPNA formational change and tetramer dissociation is shown in
hydrolysis is likely a property reflective of the unusual active Figure 8. We have proposed that spontaneous inactivation
site structure of rH® in addition to Lys192 and Asp216. is the relaxation of the active enzyme to a zymogen-like

Stability Properties of rH®& and . Mutations to the S1 ~ conformation {1, 14), i.e., a conformation with the S1
subsite that increased the catalytic efficien&y./K.) of subsite, oxyanion hole, and the lle18sp194 salt bridge
rHTo also decreased its stability as measured by the rate ofdisrupted 15). On the basis of sedimentation equilibrium
spontaneous inactivation and/or IFE decrease. Under condi-analyses of active and inactivated HST we suggested that
tions where rHB lost activity with a half-life of roughly 1 step 1 is the primary pathway for salt-bridge disruption and
min (Table 2, 37°C), rHTa exhibited only a slow decrease that dissociation (step 2) is a consequence of tetramer
in IFE (t12 = 900 min). In contrast, rH@-D216G inactivated destabilization related to this structural changé)( Alter-
much more rapidlyt{, = 68 min) and by a process with  natively, it has been suggested that spontaneous inactivation
the characteristics of spontaneous inactivation. However, theis due to the instability of monomers (step 3), and that
rate of activity loss was still approximately 100-fold slower dissociation of the active tetramer (step 4) initiates the
than that observed for rHBl The double mutant, rHJ- process 12, 13, 16). Underlying the latter model is the
K192Q-D216G, which demonstrated catalytic efficiency assumption of a weak tetramer structure that readily dis-
close to that of rHB, exhibited a rate of activity loss only  sociates in the absence of heparin.
2—5-fold slower than rHB. As was the case for catalysis, The stability of the rHT tetramer described in this study
the residue at 216 underpins the stability of Kd3ince the further supports our position that dissociation of the active
single mutant rH®-K192Q displayed stability and catalytic tetramer does not initiate spontaneous inactivation.aHT
properties similar to rH@. demonstrated little tendency to dissociate when incubated

The relationship between activity and functional stability under physiological conditions for up to 17 h (Figure 7),
suggests that as rhiiilbecomes more competent for catalysis suggesting that intersubunit contacts forming the tetramer
its stability decreases. The central role of Asp216 may be are not inherently weak. These contacts should not have been
reconciled if the Asp216 side chain not only blocks the S1 altered in the variant, rHI-K192Q—-D216G, a S1-subsite
pocket decreasing catalytic efficiency, but at the same time variant of rHTo. that demonstrated functional instability
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similar to rHT3 and subunit dissociation aftel h of
incubation under physiological conditions. The similar stabil-
ity properties of rHT-K192Q—-D216G and rHB eliminates

the possibility that residue differences within interface
regions of HTw and HT3 have a role in spontaneous
inactivation. The corresponding small and large interfaces
of rHTa and rHTB each differ by four residues. Included
among the interface differences is an Arg for a Pro at position
150. Arg150 is located at the small interface of thedT
tetramer 8); the close proximity of the guanidyl groups of
Arg150 in opposing subunits seen in the crystal structure
was proposed as a factor underlying tetramer instability/
spontaneous inactivatiof, 16). Also eliminated as a factor

is the 37 loop which differs by three residues in ©dT
K192Q-D216G and rHP.

Biochemistry, Vol. 41, No. 10, 2003339

into the S1 pocket blocking the entry of substrates while
stabilizing the tetrameric structure perhaps through interac-
tions with surrounding structure. The conversion of tHT
to a rHTB-like HT by mutation of residues in the S1 subsite,
most importantly Asp216, suggests that upon spontaneous
inactivation tetramer dissociation occurs subordinate to or
coordinate with a conformational change at the S1 pocket.
A link between conformational change at the S1 pocket and
the small subunit interface may be the disruption of the
llel6—Aspl94 salt-bridge. The stabilizing role of heparin
on HT function may be to strengthen this salt-bridge.
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