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ABSTRACT. In a previous report, the cDNA for human proteinase inhibitor 8 (P18) was first identified,
isolated, and subcloned into a mammalian expression vector and expressed in baby hamster kidney cells.
Initial studies indicated that PI8 was able to inhibit the amidolytic activity of trypsin and form an SDS-
stable~67-kDa complex with human thrombin [Sprecher, C. A., et al. (1998)iol Chem. 27029854

29861]. In the present study, we have expressed recombinant P18 in the methylotropRigldagiastoris
purified the inhibitor to homogeneity, and investigated its ability to inhibit a variety of proteinases. PI8
inhibited the amidolytic activities of porcine trypsin, human thrombin, human coagulation factor Xa, and
theBacillus subtilisdibasic endoproteinase subtilisin A through different mechanisms but failed to inhibit
the Staphylococcus aurewndoproteinase Glu-C. PI8 inhibited trypsin in a purely competitive manner,
with an equilibrium inhibition constankf) of less than 3.8 nM. The interaction between PI8 and thrombin
occurred with a second-order association rate conskang) of 1.0 x 10° M~1 s71 and aK; of 350 pM.

A slow-binding kinetics approach was used to determine the kinetic constants for the interactions of P18
with factor Xa and subtilisin A. PI8 inhibited factor Xa via a two-step mechanism wikfasa.0f 7.5 x

10* M~ s71 and an overalK; of 272 pM. PI8 was a potent inhibitor of subtilisin A via a single-step
mechanism with &assoc0f 1.16 x 10 M~1 st and an overalK; of 8.4 pM. The interaction between P18

and subtilisin A may be of physiological significance, since subtilisin A is an evolutionary precursor to
the intracellular mammalian dibasic processing endoproteinases.

The mammalian serine proteinase inhibitors, or serpins, proteinase 4, 7—9). Most serpins can interact with more
are a superfamily of proteins that range from 40 to 60 kDa than one proteinasén vitro, but the affinity of such
in molecular mass, resemhig-proteinase inhibitor in overall  interactions must be determined in order to suggest physi-
structure, and include a number of homologous proteins suchological relevance.
asoy-antichymotrypsinge-antiplasmin, antithrombin 1ll, and Separate from the serpins that regulate proteinase activity
plasminogen activator inhibitors 1 andD.( Serpins regulate  are several members that lack proteinase inhibitory ability
a wide variety of physiological processes that involve and have other physiological roles. These serpins were
proteinase activity including, but not limited to, blood originally identified through database searches and include
coagulation, complement activation, cell migration and thyroxine-binding globulin 10), angiotensinogeni(), and
differentiation, intracellular proteolysis, and fibrinolys®.( ~ ovalbumin (2). Ovalbumin represents the parent prototype
Serpins inhibit their target proteinases by forming a 1:1 of a unique family of serpins that lack a typical cleavable
stoichiometric complex with the active site of the proteinase, @mino-terminal signal sequence but have been found to reside
which is, in most cases, resistant to denaturad)ts gerpins  intracellularly 3, 14), extracellularly, or both 5-18).
are composed of threg-sheets surrounded by eighithe- Therefore, it can be mferred that Fhe functions of members
lices, and their proteinase-inhibitory specificity is determined ©f the ovalbumin family of serpins may not be strictly
by the R—P;’ residues located within the reactive site loop confined to the cytoplasm. The serpins previously classified

(1, 4,5). The reactive site loop is highly divergent among as members of the ovalbumin family of serpins are plasmi-

serpin family members and exists as a stressed loop with ahogen activator inhibitor-2 (PAI-2)18), an elastase inhibitor

canonical conformation that confers the optimal conformation (EIII) |soI§1ted fromt_monoSCétCe—llke cellslg), 22)’ squta.mous
for high-affinity association with the substrate binding cleft cell carcinoma antigen ( A}, maspin £1), proteinase

. : ) . : inhibitor 6 (P16) @2—24), two serpins first identified by this
Zfs tge :gf;g;ﬁbzz?;flen% S;et’h\g'gr tr;?_ﬂ:ét;iefmggzilﬁglgg laboratory, proteinase inhibitor 8 (PI&%) and proteinase
ap . get protel . inhibitor 9 (PI9) @4, 25, squamous cell carcinoma antigen
typical substrate, the serpin has the ability to form a tight 2 (SCCA2) 6), and bomapinZ7). P16, PI8, and PI9 are
complex that may be essential for inactivation of the ' ' ' '
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unique among the mammalian ovalbumin-type serpins in that

they contain a cysteine residue in thg position within the
reactive site loop, which is also present in the viral serpin
CrmA (25). It has been demonstrated that individual
mammalian ovalbumin-type serpins can inhibit a variety of
prototypic serine proteinase®? 23, 26), and in some cases,
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cDNA Cloning. The 1.2 kilobase cDNA for PI8 was
liberated from the Zem219b vector (previously described as
Zem229R 25)) by restriction endonuclease digestion with
BanHl and Xba. The PI8 cDNA was isolated and direc-
tionally cloned into theP. pastorisexpression vector pPIC3
that had been previously digested wBarmHI and Aurll.

they have been shown to exhibit cross-class specificity and The presence of the PI8 cDNA in the correct orientation in

inhibit intracellular cysteine proteinase2dj. Thus, serpins
may function not only by distinctly different mechanisms

pPIC3 was verified by restriction endonuclease digestion with
EcaRl and Notl. The resulting PI8/pPIC3 plasmid was

using a variety of kinetic parameters to regulate physiological digested withBglll and purified using a Qiagen-tip column

proteolysis 29) but also by interacting with distinctly

different types of proteinases. Although most members of

the ovalbumin family of serpins exhibit defined proteinase
inhibitory activity, the true physiological targets of these
serpins have not yet been identified. PI8 is a serpin
composed of 374 amino acids with a molecular mass45s

according to the manufacturer’s instructions.
Transformation of Yeast and Analysis of Transformants.
Spheroplasts of the histidine-requirir®, pastoris strain
GS115 his4) were prepared and transformed with purified
Bglll-digested PI8/pPIC3 DNA according to the manufac-
turer’s instructions. His transformants were selected by

kDa whose transcript can be found in a variety of tissues plating on regeneration medium lacking histidine. All liquid

and was first identified by screening a human placetygtll
cDNA library using a probe corresponding to an internal

cultures were grown on a shaking incubator (2300 rpm)
at 30 °C. Plates were also grown at 3@. The Mut

sequence of PI6. PI8 has also been demonstrated to hav@henotype of the His transformants was determined by

inhibitory activity toward trypsin and the ability to form an
SDS-stable 67-kDa complex with human thromi@%)( In

comparing growth rates of colonies streaked on media
containing dextrose as the sole carbon source (MD) to media

this study, we have expressed functionally active PI8 in the containing methanol as the sole carbon source (MM). Slower

methylotropic yeadPichia pastorisand purified the inhibitor

growth of transformants on MM media as compared to

to homogeneity. In addition, we have performed a detailed growth on MD media indicates a loss of the alcohol oxidase

kinetic analysis of the inhibitory properties of PI8 using

locusAOX1and gene replacement with the P18 cDNA under

porcine trypsin, human thrombin, human coagulation factor control of theAOX1promoter Paoxy), resulting in a methanol

Xa, and the evolutionarily divergent subtilisin A froB.
subtilis as model serine proteinases.

MATERIALS AND METHODS

Materials. The Pichia expression kit, including the
expression vector pPIC®,. pastorisstrain GS115, and all

utilization slow (Muf) phenotype. Identical growth rates
were characterized as Mut

Expression and Purification of Recombinant Human.PI8
Single colonies of various Higransformants with different
Mut phenotypes were grown to an @@~ 3 in minimal
medium containing glycerol (MGY). The cultures were
centrifuged and resuspended to angB< 1 in minimal

yeast growth media components were purchased frommedium containing 2.5% yeast nitrogen base and 0.5%
Invitrogen (San Diego, CA). The restriction endonucleases methanol as the sole carbon source to induce expression of

Aurll, BanHl, Bglll, Ecarl, Notl, andXba were purchased
from New England Biolabs (Beverly, MA). Qiagen-tip

columns were purchased from Qiagen, Inc. (Chatsworth,

PI8. Cultures were grown for 2 days (Miior 5 days (Mu)
with methanol added to 0.5% every 24 h to maintain
induction. The cells were harvested by centrifugation

CA). A Bead Beater apparatus and zirconia/silica beads were(200Qy; 5 min; 25°C) in a Beckman J-6M/E centrifuge and

purchased from BioSpec, Inc. (Bartlesville, OK). Hepes
buffer, dithiothreitol (DTT), leupeptin, pepstatin, phenylm-
ethylsulfonyl fluoride (PMSF), bovine serum albumin (BSA),
benzamidine, heparin, dimethlyl sulfoxide (DMSO), dimethyl
formamide (DMF) ando-nitrophenyl p-guanidinobenzoate
(p-NPGB) were purchased from Sigma Chemical Co. (St.
Louis, MO). Porcine trypsin was obtained from Novo
Nordisk (Bagsvaerd, Denmark).o.-Macroglobulin and
carbobenzoxy-Phe-Leu-Gpunitroanilide (Z-FLEpNA) were
purchased from Boehringer Mannheim (Indianapolis, IN).
S. aureusndoproteinase Glu-C was purchased from Wor-
thington Biochemical Corp. (Freehold, NJ). Subtilisin A was
generously provided by Lene Adamczewski from Novo
Nordisk A/S (Bagsvaerd, Denmark). Succinyl-Ala-Ala-Pro-
Phep-nitroanilide (Suc-AAPFNA) was obtained from
Calbiochem-Novabiochem International (San Diego, CA).
H-p-lle-Pro-Arg{-nitroanilide (S-2288) and N-CboD-Arg-
Gly-Arg-p-nitroanilide (S-2765) were products of Kabi

resuspended in breaking buffer (50 mM Hepes (pH 7)/1 mM
DTT/1 mM EDTA/1 mM PMSF/2ug/mL of leupeptin/2ug/

mL of pepstatin) at 1/25 of the original culture volume. Cells
were disrupted by vortexing with an equal volume of
zirconia/silica beads for 30 s followed by 30 s incubation
on ice for a total of eight cycles. The lysates were
microcentrifuged, and the level of PI8 expression in the
various transformants was determined by SDS-PAGE using
11% polyacrylamide slab gel84). Gels were stained with
0.2% Coomassie Blue G-250 in 50% methanol/10% glacial
acetic acid. A single His Muts clone with a high level of
P18 expression was selected for the eventual purification of
PI18. A single colony of this clone was used to inoculate 20
mL of MGY and was cultured to an Qg ~ 5. This 20

mL culture was then used to inocwda? L of MGY and was
cultured to an Ol 3. Cells were harvested by
centrifugation and resuspended in 1.5 L of MM containing
0.6% methanol. Cultures were grown for 5 days at’G0

~
~

Pharmacia Hepar, Inc. (Franklin, OH). Heparin-agarose was with methanol added to 0.5% every 24 h. After 5 days, cells

prepared essentially as describ&D)( Human thrombin
(31), human factor Xa32), and antithrombin 111 83) were

were harvested by centrifugation and stored-80 °C.
The yeast cell pellet was thawed, and cells were resus-

prepared according to published procedures. UltraFit 3.0 pended to an OR,~ 75 in breaking buffer (50 mM Hepes

software was purchased from Biosoft (Ferguson, MO).

(pH 7)/1 mM DTT/2 mM EDTA/50 mM benzamidine/2 mM
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PMSF/2ug/mL of leupeptin/2ug/mL of pepstatin). Cells  wherev is the inhibited ratey, is the uninhibited rate, [I] is
were disrupted with an equal volume of zirconia/silica beads the amount of PI8 preseri, s is the amount of P18 required
for 10 min in a Bead Beater apparatus. The lysate wasto producey = v/2, andh is the slope of the line produced
centrifuged twice (100Q§) 20 min; 4°C) in a Beckman J2- by a plot of logp/(vo — v)] against log [l]. Kos was

21 centrifuge, and the supernatant was applied to ax2.6 determined by regression analysis using UltraFit 3.0 software
35 cm heparin-agarose column previously equilibrated at 4 to measure the amount of P18 required to produee vy/2.

°C with 50 mM Hepes (pH 7) containing 1 mM DTT and 3 The amount of P18 used for an equimolar concentration with
mM benzamidine at a flow rate of 1 mL/min. The column trypsin (5 nM) in further studies was equal t&g The
was washed with equilibrating buffer containing 1 mM reactive concentration of PI8 was measured by titration with
PMSF, and PI8 was subsequently eluted at approximatelysubtilisin A by incubating increasing amounts of PI8 with
0.3 M NacCl in a linear NaCl gradient {€0.6 M) dissolved enzyme (5 nM) in a total volume of 180 of 20 mM Hepes

in equilibrating buffer containing 1 mM PMSF. Fractions (pH 7.5)/0.15 M NaCl/0.01% BSA in individual wells of a
were tested for inhibitory activity toward trypsin at a dilution microtitration plate previously blocked with buffer containing
such that the inhibitory activity of PMSF was eliminated, 0.1% BSA. The reactants were incubated for 30 min at 37
and those fractions demonstrating inhibitory activity were °C, and residual amidolytic activity was measured by adding
pooled and dialyzed at 4C against 25 mM Tris-HCIl (pH 20 4L of 2 mM Suc-AAPFpNA in 0.1 M Hepes/0.5 M

8) containing 1 mM DTT. The dialyzed sample was NaCl/20% DMSO for a final concentration of 0.2 mM and
concentrated by ultrafiltration, and 20% of the sample was monitoringAA4es/min using the microplate reader. The data
applied to a Mono Q HR5/5 column (Pharmacia Biotech; were used to plot the enzymatic rate of substrate hydrolysis
Piscataway, NJ) previously equilibrated at room temperatureas a function of the amount of P18 added to the reaction
with 25 mM Tris-HCI (pH 8)/1 mM DTT at a flow rate of  well. Linear regression to theaxis was used to calculate
0.5 mL/min. PI8 was eluted from the column at ap- the precise amount of PI8 required to form a 1:1 stoichio-
proximately 0.25 M NacCl in a linear NaCl gradient<Q metric complex. This approach was also used to determine
M) dissolved in equilibrating buffer. P18-containing fractions the amount of PI8 required to form a 1:1 stoichiometric
were diluted 3-fold in 25 mM Tris-HCI (pH 7) containing 1  complex with factor Xa and thrombin using S-2765 (0.2 mM
mM DTT and applied to a Mono S HR5/5 column (Phar- final concentration) and S-2288 (0.25 mM) as substrates,
macia Biotech; Piscataway, NJ) previously equilibrated at respectively.

room temperature with 25 mM Tris-HCI (pH 7) containing  Enzyme-substrate catalytic constants were measured at
1 mM DTT at a flow rate of 1 mL/min. PI8 was eluted at 25°C in 20 mM Hepes (pH 7.5)/0.15 M NaCl/0.01% BSA
approximately 0.2 M NaCl, pH-7.2 in a linear gradient  containing 2% DMSO and 1% DMF to ensure solubility of
(0—1 M NaCl, pH 7=pH 8) in 25 mM Tris-HCI/1 mM DTT.  sypstrate during the reactions. Data were fitted to the
Fractions were analyzed by SDS-PAGE, and pure fractions pmichaelis-Menton equation using UltraFit software to
were stored in aliquots at80 °C. determine values foK,, andk.;: The catalytic constants
General Kinetic MethodsThe concentrations of catalyti-  for subtilisin A and Suc-AAPBNA were Ky, = 0.195 mM
cally active porcine trypsin and human thrombin were andk.:= 379 s. The catalytic constants for trypsin and
determined by titration witlp-NPGB as previously described  S-2288 wereK,, = 0.015 mM andk. = 140 s1. The
(35, 36). Active site-titrated trypsin was used to titrate- catalytic constants for thrombin and S-2288 wi€fe= 0.009
macroglobulin, which was then used to determine the mM andk.; = 101 s. The catalytic constants for factor
catalytically active concentration of subtilisin A. Active site- Xa and S-2765 wer&,, = 0.145 mM andk.y = 297 sL.
titrated human thrombin was used to titrate antithrombin Il petermination of Inhibition Constants for P18 with Trypsin

in the presence of 6.7 units/mL of heparin, which was then ang Thrombin. Trypsin (24uL; 5 nM final concentration)
used to determine the catalytically active concentration of \y55 added to 17GL of buffer (20 mM Hepes (pH 7.5)/
factor Xa, also in the presence of 6.7 units/mL of heparin as 9 15 M NaCl/0.01% BSA) containing increasing concentra-
described22). The active site-titrated enzymes were used tjons of substrate mixed with 0, 5, and 7.5 nM PI8. Trypsin
to determine the amount of PI8 necessary for a 1:1 molar amidolytic activity was measured by the microplate reader
binding stoichiometry for the determination of kinetic  from AA,fmin. The data obtained were used to determine
constants. Trypsin (5 nM) was mixed with increasing the upper limit of the inhibition constark() from a double-
amounts of P18 in a total volume of 19Q. of 20 mM Hepes reciprocal plot of 1/rate against 1/[S-2288].
0 T
(pH 7.5)/0.15 M NaCl/0.01% BSA in individual wells of a The overall equilibrium inhibition constanK{) and the

microtitration plate previously blocked with buffer containing - L
. ) second-order association rate constépt{) for the inhibi-
0,
0.1% BSA. The reactants were incubated for 15 min at 37 tion of thrombin by PI8 were determined as follows.

"C, and residual amidolytic activity was measured by adding Equimolar concentrations of thrombin and PI8 were incu-

10 uL of 5 mM S-2288 dissolved in buffer for a final 0 3¢ 53¢ in 190uL of 20 mM Hepes (pH 7.5)/0.15 M
C?nggtﬁﬁ'%? (-)r:it?(.)zaiilr::]'\eﬁl f?)r:d5 Tﬁr?'t;tnzggr:ﬁneﬂsz% ma;c NaCl/0.01% BSA for selected time intervals between 30 s
P on ofp-hitroantin 9 and 4 min. Residual amidolytic activity was determined by
UVnmax kinetic microtitration plate autoreader (Molecular adding 10uL of 5 mM S-2288 and monitoringsAwy/min
t?]i\/"_'ciﬁ‘: Il?a?t.ii)r':/lf%rr]Iicr)1hl:i’l;'[g'r-cc:ﬁ)c.:er;l—t?aetigr??ewéar:gefrlg‘eed( 0 using the microplate reader. The second-order association
q P rate constantlsso) Was calculated essentially as described

” (38) using the equation

— (1)
[\ 1 1



Inhibitory Properties of Human Proteinase Inhibitor 8 Biochemistry, Vol. 36, No. 48, 199714877

where [E] and [E] represent the free and total enzyme AOXlandAOX2 The AOXlgene is responsible for most
concentrations, respectively. [E] was calculated by multiply- of the alcohol oxidase activity in the cell, and its expression
ing the percent residual activity by JE The apparent s tightly regulated by the promotdPaox.. The use of
equilibrium inhibition constantl{;) was estimated from the = methanol as the sole carbon source in growth medium can
data obtained during titration of PI8 with thrombin as induce the expression of alcohol oxidase to levels 80%
described above by nonlinear regression using UltraFit 3.0 of the total intracellular soluble protein. Therefore, it is
according to the equation for a tight-binding inhibitor, under possible to express recombinant proteins at very high levels
experimental conditions in which the enzyme in complex by replacing theAOX1gene with the gene of interest under
with the inhibitor does not contribute to the observed reaction control of the promotePaox1 (45, 46).

velocity due to the slow dissociation of the compl&@)( The PI8 cDNA was subcloned into thE. pastoris
expression vector pPIC3 to place the cDNA under the control
V= of the promoterPaox;, digested withBglll to linearize the

Vo[\/(Ki +11] + [Eo])2 — A[I[E ] — (K, + 11 — [EJ] plasmid DNA and separate the expression cassette from the
rest of the vector, and used to transform spheroplasts of the
2[E,] P. pastorisstrain GS115. More than 50 Higransformants
3) were obtained and screened for growth characteristics on
) medium containing methanol as the sole carbon source.
wherev, represents the rate of substrate hydrolysis by the | ysates of 32 different His transformants were screened
uninhibited enzyme. o o for methanol-induced P18 expression by SDS-PAGE, where
Slow-Binding Inhibition Kinetics. Inhibition progress PI8 migrated with a molecular mass o#5 kDa (data not
curves were obtained under pseudo-first-order conditions bYShown). A single Mut transformant was identified that
incubating the reactants in 0.5 mL of the buffer used to produced high levels of intracellular PI8, approximately 15%
determine the catalytic constants at 25. Polystyrene  of total intracellular soluble protein, as compared with cells
cuvettes were previously blocked with 20 mM Hepes (pPH that were transformed with the parent pPIC3 vector. The
7.5)/0.15 M NaCl/0.1% BSA, and reactions were started by presence of PI8 was confirmed by immunoblotting using
adding the enzyme (0.1 mL) to a solution (0.4 mL) yappit anti-human PI6 IgG as described previously (data not
containing the chromogenic substrate and appropriate inhibi-shown) @5). A single colony of this transformant was used
tor concgnt_ration. Reactions for each exp_eriment Were tg inoculate a culture that was scaled of2tL to generate
started within 30 s, the cuvettes were placed in a Beckmanpiomass before methanol induction. Cells were induced to
DU-65 spectrophotometer equipped with a six-cell cuvette express PI8 in methanol-containing medium for 5 days at
holder, and multiple reactions were monitored simultaneously 30 °c. Cells were then harvested, resuspended in a buffer
at 405 nm. For experiments with factor Xa, the final containing high concentrations of protease inhibitors, and
concentration of the reactants were 0.1 nM factor Xa, 0.8 proken by using a Bead Beater with zirconia/silica beads.
mM S-2765, and 8, 16, 24, 32, and 40 nM PI8. For  pjgas purified to homogeneity from the lysate in a three-
experiments with subtilisin A, the final concentration of the step procedure using heparin-agarose column chromatogra-
reactants were 0.175 nM subtilisin A, 0.8 mM Suc-AAPF- phy, Mono Q FPLC, and Mono S FPLC. PI8 was identified
PNA, and 1.75, 3.50, 5.25, 7.00, and 8.75 nM PI8. Spon- i column effluents by a combination of SDS-PAGE, trypsin
taneous substrate hydrolysis was measured in separatgnnibitory activity, and immunoblotting using rabbit anti-
experiments and determined to be negligible. The reactionsp,man PI6 lgG as described previously (data not shown)
were allowed to proceed until steady-state velocity was (25). PI8 obtained after Mono S FPLC migrated as a single
attained, and the data were fitted to the integrated rate pgnd in SDS-PAGE with an apparent molecular mass of 45

equation for slow-binding inhibition40) kDa (Figure 1). The purified, putative PI8 was tested for
kit its ability to inhibit the amidolytic activities of trypsin,
A=vi+ (v, — Vs)l -€ +A, (4) thrombin, factor Xa, _supti!isin A, an$: aurgusen(_jqpro-

K teinase Glu-C. PI8 inhibited the amidolytic activities of

i : ) ) . trypsin, thrombin, factor Xa, and subtilisin A but failed to
by nonlinear regression using UltraFit software to obtain iphipit the amidolytic activity ofS. aureusendoproteinase
values for the initial velocity o), the steady-state velocity  G,.c at a 100:1 inhibitor:enzyme molar ratio using Z-FLE-
(v9), the initial absorbancent), and the apparent first order ;N as a substrate. Amino-terminal amino acid sequence
rate_constantK) for the establishment of steady-state analysis of the purified PI8 indicated that it, like PIB2Y
equilibrium of the proteinase-inhibitor complex. The data 444 ‘pig p5), was derivitized at the N-terminus. Further
obtained from nonlinear regression analysis were then useGyreatment of the protein with methanolic HCI revealed that
in various graphical transformation8g-44) to obtain the the protein was acetylated at the N-terminus. Inasmuch as
inhibition and rate constants for the interactions of PI8 with p|g gig not demonstrate any inhibitory activity toward the
factor Xa and subtilisin A. S. aureusendoproteinase Glu-C, the purified protein was

RESULTS digested with endoproteinase Glu-C as descrildg, @nd
the digest fractionated on a @verse phase HPLC column.
Expression and Purification of Recombinant PI&he One HPLC-purified peptide was covalently attached to a

methylotropic yeasP. pastorishas been used by several Sequelon-AA membrane (Millipore; Bedford, MA) through
investigators to obtain high expression levels of recombinant carboxyl groups and yielded an amino-terminal sequence of
proteins. P. pastorisis able to metabolize methanol as its AGTV—PLTKL, which is identical to the sequence of
sole carbon source through the activity of the enzyme alcoholresidues 156159 of PI8 as previously deduced®y,
oxidase. There are two genes that code for alcohol oxidase confirming the identity of the isolated protein as PI8. The
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Ficure 1: Analysis of the purity of P18. P18 was subjected to 11%
SDS-PAGE and stained with 0.2% Coomassie Blue G-250 in 50% Time (s)

methanol/10% glacial acetic acid after Mono S FPLC: lane 1, PI8
(10 ug) without the addition of 2-mercaptoethanol; lane 2, P18 (10

1Q) in the presence of 10% 2-mercaptoethanol; lane 3, mixture of
reduced standard proteins including phosphorylase b (94 kDa),
bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic

anhydrase (30 kDa), and soybean trypsin inhibitor (20 kDa).

Ficure 2: Inhibition of human thrombin by PI8 under second-
order conditions. Equimolar concentrations (5 nM) of PI8 and
human thrombin were incubated for various times at’€5and
residual thrombin amidolytic activity determined by adding S-2288
and measuring the rate of hydrolysis as a percentage of the rate of
an uninhibited control. The association rate constkft,. was

] o . ) . determined directly from the slope of the line, which was calculated
amino acid in cycle 5 could not be positively identified to be 1.0x 106 M~1sL.

because of the covalent attachment of the peptide to the
membrane through a putative Asp residue at this location. 8). The overall dissociation constakds, for the inhibition
Inhibition of Trypsin by PI8 The presence of heparinhad ©f thrombin by PI8 was determined according t°2 the
no effect on the inhibitory activity of PI8 with any of the r?iat|onsh|pKi = kaigkassoct0 b€ approximately 3.% 10°
proteinases used in this study. The data obtained describing® * . ,
the rate of product formation were used in various graphical . !nhibition of Factor Xa by PI8 Preliminary studies
transformations48). On the basis of the results of these Ndicated that the interaction between PI8 and factor Xa
transformations, it was determined that PI8 inhibited the ©Peyed slow-binding inhibition kinetics, as indicated by the
amidolytic activity of trypsin by functioning solely as a attainment of stead_y-sfca_te equilibrium of the _a_m|dolyt|c
competitive inhibitor that does not form a tight complex with  8ctivity of factor Xa inhibited by PI8 and the ability to fit
trypsin. This determination was supported by the observa- e data to eq 4. There are three mechanisms that can
tions that the inhibition of trypsin by PI8 did not follow slow-  describe the slow onset of inhibitioB9):
binding kinetics and that incubation of P18 with trypsin failed

to produce a detectable complex by SDS-PAGE. In addition, P% PI (A)
P18 appeared to be cleaved by trypsin, as revealed by SDS- -

PAGE (data not shown). On average, four PI8 molecules 0 ky(slow)

were required to form a stable inhibitory complex with one Pk-——‘ Pl . PI (B)
molecule of trypsin, as determined by titration. The data - -

obtained were then used to produce double-reciprocal plots ky(slow)  o[l]

(36), where the slope of an individual double-reciprocal plot P= P P! ©)

is equal to Kn/v)(1 + [I)/Kj). TheK; for the competitive
inhibition of trypsin by P18 was determined to be less than In mechanism A, the proteinase (P) binds to the inhibitor
3.8(£0.2) nM (0 = 4). (I) in a single slow step to form an Pl complex. In
Inhibition of Thrombin by PI8 On average, 5000 PI8 mechanism B, a loose Pl complex is rapidly formed, followed
molecules were required to form a stable inhibitory complex by the slow isomerization to the tight 'Ptomplex. In
with one molecule of thrombin, as determined by titration. mechanism C, the proteinase is assumed to exist in two
Data obtained from the analysis of the rate of product forms, and active form P and an inactive forfmwhich the
formation after various incubation times of thrombin and PI8 inhibitor is accessible to. The isomerization of P toid
were used to create a graphical representation of eq 2 (Figurdollowed by the rapid formation of a tight Rlomplex. These
2), from whichksssocwas calculated directly from the slope different mechanisms can be distinguished by graphical
of the line. The second-order association rate constant fortransformations of the values obtained from the slow-binding
the complex of PI8 and thrombin was calculated to be 1.0 kinetic approach43, 40.
(£0.1) x 10° M1 s1 (n = 8). The equilibrium inhibition On average, 4.5 PI8 molecules were required to form a
constanK; was determined by fitting the data collected from stable inhibitory complex with one molecule of factor Xa,
the titration of reactive PI8 with thrombin to eq 3 by as determined by titration. The kinetic characterization of
nonlinear regression analysis. THefor the inhibition of P18 with factor Xa was performed with P18 concentrations
thrombin by P18 was determined to be 350Q0) pM (= ranging from 80 to 400 times the molar concentration of
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FiGure 4: 1/K' — k_p) versus 1/[PI8] for the interaction of PI8
with factor Xa. Values folk' were generated as described in the
legend to Figure 3. The value kf, was determined by fitting the
data obtained from nonlinear regression to eq 4. The line crosses
S'the positivey-axis at a point approximately equal tdd /indicative

of a two-step binding mechanism according to mechanis#4R (

Ficure 3: Progress curves from slow-binding kinetics for the
inhibition of factor Xa by PI8. Factor Xa (0.1 nM) was reacted
with 0, 8, 16, 24, 32, and 40 nM PI8 at 2& in the presence of
0.8 mM S-2765. The reactions were monitored continuously for 5
h, and the data were fitted to eq 4 to generate values for the variable
Vo, Vs Ao, andk'. To negate any effects of substrate depletion, the
upper limit of product formation used to determine the steady-state

rates was within the linear range of the uninhibited factor Xa control. Vs .
(data not shown) k_, was calculated directly from the slope

factor Xa. A family of inhibition progress curves representa- of the line to be 1.4£0.1) x 105 s (n = 5). Using the
tive of the reaction between factor Xa and PI8 at the ChosenrelationshipTl,z =.0.6é3k72 a half-life of 13.75 h was
P18 concentrations is shown in Figure 3. As the concentra- oqtimated for the reverse isomerization of the tight complex
tion of PI8 increased, the initial burst phase of the progress y, yhe |gose complex. The value of the rate constant for the
curve shortened and steady-state equilibrium was acmeved&ormation of the tight complek, was determined by fitting

more readily. Data obtained from the progress curves were , ot ofl¢ versus PI8 concentration (data not shown) to the
fitted to eq 4 by nonlinear regression analysis using UltraFit equation 40)

3.0 software to obtain values for the variablgsys, A,, and

against P18 concentration was produced, which was linear

k'. The results indicated that the initial velocity,, was [

inversely proportional to the concentration of P18 for each 2

set of progress curves, suggesting that the inhibition of factor K =K_,+ky ! (5)
Xa by PI8 follows a two-step mechanism described by 1+@+m

mechanism B 40). This observation was confirmed by Kn K

plotting vmadvo against the PI8 concentration, which exhibited
a positive slope (data not shown). TKgfor this interaction by nonlinear regression analysis. By using this metted,
can be calculated from the slope of this line using the was estimated to be 11:20.6) x 103s™*(n=15). In order
relationshipvmadve = Kn[lJ/[S]Ki + 1 + K/[S], and was to verify that the interaction of P18 and factor Xa occurs by
estimated to be 172(64) nM (n = 5). The apparent first-  mechanism B and to justify the use of a hyperbola to describe
order rate constart was found to increase as PI8 concen- the relationship betweekl and [P18], a double-reciprocal
tration increases, which is consistent with only mechanisms plot of 1/k — k_,) versus 1/[PI8] was generated, using the
A and B. On the basis of these observations, the kinetic values obtained from egs 4 and 5, which is linear for both
constants for the inhibition of factor Xa by PI8 were mechanism A and mechanism B (Figure 4% Mecha-
determined by treating the data according to mechanism B.nisms A and B can be differentiated by this approach since
The overall second-order association rate constagdc in mechanism A the line passes through the origin, whereas
was determined by plotting log([R]— [P];) versus time, in mechanism B the line crosses the positnaxis at a point
where [P} = v/k and [P] is the absorbance measured at approximately equal to k4. They-intercept of the plot in
various times between 0 and 20 min for individual progress Figure 4 was used to determine a valuekpbf 2.9(x0.9)
curves (data not shownd®). The slope of the lines obtained x 1073 s (n = 5), which is reasonably close to the value
is equal t0—0.43[IK Kassod(1 + [S}/Km )}, from whichKkassoc of k; determined by eq 5. More importantly, the plot in

was calculated to be 74£0.7) x 10* M1 s (n = 5). Figure 4 justifies the manipulation of data and determination
The overall inhibition constarK;" was determined from  of kinetic constants according to mechanism B.
plots of bothvmave and o — vo)/vs versus PI8 concentration Inhibition of Subtilisin A by PI8 On average, 50 PI8

(data not shown). The slopes of these plots are equal tomolecules were required to form a stable inhibitory complex

K/[SIK'. Ki" was calculated to be 272(3) pM (n = 5). with one molecule of subtilisin A, as determined by titration.
To determine the rate constant for the reverse isomerizationThe kinetic characterization of PI8 with subtilisin A was

step k-,) of the factor Xa-PI8 tight complex, a plot of,a/ performed with PI8 concentrations ranging from 10 to 50
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Ficure 5: Progress curves from slow-binding kinetics for the
inhibition of subtilisin A by PI8. Subtilisin A (0.175 nM) was
reacted with 0, 1.75, 3.5, 5.25, 7.0, and 8.75 nM PI8 atQ5n

the presence of 0.8 mM Suc-AARMNA. The reactions were
monitored continuously for 5 h, and the data were fitted to eq 4 to
generate values for the variables vs, Ao, andk'. To negate any

Dahlen et al.

25
20
"o 15+
Ll
o
x
v 10F
05
00 1 1 1 1
0.0 2.0 4.0 6.0 8.0 10.0
[PI8] (nM)

Ficure 6: Dependence & on PI8 concentration for the interaction
of P18 with subtilisin A. The data obtained from nonlinear regression
were fitted to eq 6, as described for an interaction according to
mechanism A. The second-order association rate constarfigr

the complex of PI8 and subtilisin A was calculated from the slope
of the line.

effects of substrate depletion, the upper limit of product formation translates to a half-life of 18.16 h for the Pi8ubtilisin A
used to determine the steady-state rates was within the linear range;omplex.

of the uninhibited subtilisin A control.

times the molar concentration of subtilisin A. A family of

The equilibrium inhibition constark; was determined by
plotting values ofvmax and vs obtained from nonlinear

inhibition progress curves representative of the reaction regression analysis against PI8 concentration according to
between subtilisin A and PI8 at the selected PI8 concentra-the relationshipsmadvs = 1 + [I]/ Kiapp andKi = Kiapg/(1 +

tions is shown in Figure 5, and data obtained from the

[S//Km). From the slope of the line generated (data not

progress curves were fitted to eq 4 by nonlinear regressionshown),Ki was calculated to be 8:£0.4) pM (0 = 5). In

analysis. The results indicated that the initial velocity,

order to verify that the interaction of PI8 and subtilisin A

was not related to the concentration of P18 for each set of 0ccurs by mechanism A and to justify the use of a line to

progress curves, suggesting that the inhibition of subtilisin
A by PI8 follows a single-step mechanism described by
mechanism A 40). This observation was confirmed by
plotting vma{v, against the PI8 concentration, which had a
slope of zero, eliminating mechanism B (data not shown).
Furthermore, a plot ok’ versus PI8 concentration demon-
strated thak' is proportional to P18 concentration, eliminating
mechanism C (Figure 6). Therefore, the data were treated
in various ways to determine the kinetic constants for the
inhibition of subtilisin A by P18 according to mechanism A.
The apparent second-order association rate conlgtémt
the complex of PI8 and subtilisin A was calculated by fitting
the data obtained from nonlinear regression analysis to the
equation 40)

ki[l]

[S]
K,

k =k

1T (6)

1

m

which predicts a linear relationship betweknand [PI18].
From the slope of the line (Figure @) was calculated to
be 1.164:0.03) x 1 M~ s! (n = 5). Due to the degree
of error present and its apparent small vallkie, was not
determined from thg-intercept of the line, but rather directly
from the slope of the line generated using the relationship
k' = k_1(volvs) (data not shown)40). The value ok_; was
calculated to be 1.068{0.23) x 105 s (n = 5). This

describe the relationship betwe&hand [PI8], a double-
reciprocal plot of 1K — k-1) versus 1/[PI8] was created
(Figure 7). The line did not cross the positiyeaxis and
passed through the origin, as expected for inhibition accord-
ing to mechanism A.

DISCUSSION

In the present study, we have successfully expressed,
purified, and determined the inhibitory properties of the novel
human intracellular proteinase inhibitor designated as PI8.
P18 inhibited the amidolytic activity of porcine trypsin with
a K; of less than 3.8 nM but was unable to form a tight
complex with this proteinase. The depletion of inhibitor seen
during titration of P18 with trypsin supports this observation,
since PI8 is most likely cleaved at various sites, including
those within the reactive site loop, and efficiently released
during its interaction with trypsin. Interestingly, the mech-
anism of PI8 inhibition of trypsin differs greatly from that
of the inactivation of trypsin by PI&@), a serpin that shares
63% sequence identity with PI8, including an identical
arginine residue in the Position in the reactive site loop
(25). This suggests that sequence divergence in the reactive
site loop between PI8 and PI6 is responsible for the unique
mechanisms for the inactivation of trypsin. There are also
inherent difficulties in the determination of th§ for the
interaction of PI8 and trypsin, since PI8 is not a tight-binding
inhibitor of trypsin. It is also possible that there are some
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This phenomenon has been observed for the interactions of
oy-antichymotrypsin and;-proteinase inhibitor with human
mast cell chymaseb(l), C1 inhibitor with plasma kallikrein

3.0

2.5 (52), anda-antiplasmin with trypsin and chymotrypsig3)

and is a recognized characteristic of some of the interactions
@ 20 that occur between proteinases and serpins. This suggests
"’3 that several serpin molecules are required to inhibit a single
X proteinase molecule in order to overcome the inactivation
~ 1.5 of many of the serpin molecules during the reaction. As
z long as the inhibitor is in excess of the enzyme, efficient
< 10 inhibition can occur. This phenomenon may be relevant as

to why high levels of cytoplasmic PI9 antigen are observed
in placental tissue by immunohistochemical methtdsn-
sistent with the high levels of PI9 mRNA observed by
Northern blot analysis25).

P18 shares a high degree of sequence identity and structural

0.5

00 1 1 1 | 1
00 01 02 03 04 05 06 features unique to members of the ovalbumin family of
serpins, most notably the absence of a cleavable N-terminal
1/PI8] (nM") signal sequence&b). However, several structures within the

primary structure of ovalbumin have been demonstrated to
function as an internal signal sequen&d<{56). Previous
studies have also demonstrated that PAI-2 can be glycosy-
lated and exported by monocytes upon activation by phorbol
esters {5) and that SCCA is secreted in a glycosylated form
by carcinoma squamous epithelial cells, while SCCA in
normal squamous epithelial cells remains cytoplash@}. (
species of PI8 cleaved and released by trypsin that are stillThis information coupled with the findings that PI8 has
able to function as competitive inhibitors of trypsin, if consensus sites for the potential attachment of an N-linked
cleavage is occurring at sites other than those within the carbohydrate cannot eliminate the possibility that the func-
reactive site loop. For these reasons, the equilibrium tions of PI8, as well as those of the other ovalbumin-type
inhibition constant for the unique inhibition of trypsin by serpins, are not strictly confined to the cytoplasm.
PI8 is expressed only as an upper limit. Conversely, PI8  The strong interaction between PI8 and subtilisin A was
was able to form a tight inhibitory complex with I& of most intriguing, since subtilisin A is evolutionarily divergent
350 pM with human thrombin and an overKll of 272 and  from the trypsin-like serine proteinas&) and the prototype
8.6 pM with human factor Xa and subtilisin A, respectively. for several mammalian dibasic endoproteinases. The first
In addition, the respective second-order association rateand most highly characterized of these mammalian subtilisin-
constants for the formation of the complexes with thrombin, |ike endoproteinase is furin, a ubiquitous, membrane-bound
factor Xa, and subtilisin A were 1.9 10°, 0.75x 1(°, and calcium-dependent serine proteinase involved in the process-
1.16 x 10° M~! s7%, demonstrating that PI8 is a potent ing of precursor proteins within the exocytic and endocytic
inhibitor of these proteinases, especially subtilisin A. pathways $8—60). Furin is also a prominent processor and
P18 was tested for its ability to form SDS-stable complexes activator of viral glycoproteins, which has been demonstrated
with the proteinases listed in this study. PI8 was able to to be a critical factor in determining organ and host tropism,
form an SDS-stable complex with human thrombin and the spread of viral infection, and pathogenicil( 62).
human factor Xa, but was unable to form an SDS-stable previous studies have demonstrated that furin is inhibited
complex with subtilisin A, a proteinase that P18 rapidly and by o,-antitrypsin, an engineered variant of B3}, and by
efficiently inactivates. In addition, PI8 appeared to be antithrombin Ill in the presence of heparif4j. In this
cleaved following incubation with trypsin. The enzyme- regard, the results of preliminary studies indicate that PI8
inhibitor complex, as seen by SDS-PAGE, reflects a complex readily inhibits soluble recombinant furin in a slow-binding
stabilized by an acytester linkage between the active-sitt  manner and also forms an SDS-stable complex with this

FiIGurRe 7: 1/(K — k-;) versus 1/[PI8] for the interaction of PI8
with subtilisin A. Values foik' were generated as described in the
legend to Figure 5. Values fdr; were calculated from the slope
of the line generated according to the relationgtiips k-1(vo/vs)
(40). The line does not cross the positix@axis and passes through
the origin, indicative of a single-step binding mechanism according
to mechanism A44).

serine of the proteinase and the carbonyl of theeBidue
of the cleaved serpin. However, evidence exists that-acyl

proteinasé. In addition, preliminary immunoblotting and
inhibition studies indicate that a measurable amount of PI8

ester linkage seen after treatment with SDS is most likely s being secreted into the conditioned medium of BHK cells

an artifact 2, 49, 50). The inhibitory structure of serpins is

stably-transfected with PI8 cDNA2E).2 The characteriza-

conformationally unstable, and the reactive site loop is highly tion of PI8 as a potent inhibitor of the prototypical proteinase
susceptible to cleavage by proteinases that they do or dosubtilisin A, as well as its potential secretion and inhibition
not inhibit. During the titration of PI8 with the selected of the prototypical mammalian endoproteinase furin, suggests
enzymes used in this study, it was observed that the Pl8that PI8 may be a physiological regulator of one or more

preparations were not completely active on a mass basis.subtilisin-type dibasic pro-protein processing endoprotein-
This phenomenon was not due to proteolytic inactivation of gges.

P18, but most likely the disproportionate pathway that dictates

the binding of serpins to some proteinases, since the exposed , Dahlen, J. R., & Kisiel, W, unpublished observations.

nature of the reactive site loop enables the serpin to act as spaplen J. R., Jean, F., Thomas, G., Foster, D. C., & Kisiel, W,
either a substrate or an inhibitor for a proteinase, or both. manuscript in preparation.
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