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ABSTRACT. The mechanism by which the protein cofactor, tissue factor, enhances the activity of its cognate
serine protease, coagulation factor Vlla (FVIla), has been studied using the fluorogenic ester substrate
4-methylumbelliferylp’-guanidinobenzoate (MUGB). Kinetic data were collected at pH 8.4 and pH 7.6

in the presence and absence of soluble tissue factor (STF; recombinant human tissue factor containing
only the extracellular domain). Pre-steady-state techniques allowed the determination of the individual
rate constants for acylatioky and deacylationkg) of the sTFFVIla complex as well as the dissociation
constant for the noncovalent Michaelis complex with MUGB. Alternative methods were required for
determination of these parameters for free FVlla due to extremely slow hydrolysis of MUGB in the absence
of sTF. Under all experimental conditions, deacylation was found to be rate-limiting. The major effect
of STF was to raise the affinity of FVIla for MUGB (31-fold at pH 8.4 and 36-fold at pH 7.6); only minor
changes irk; andks were observed. Thus, we conclude that for the ester substrate MUGB, sTF exerts
greater allosteric effects on substrate binding than on the later steps involved in the catalytic pathway.

Factor Vlla (FVIla)! a trypsin-like serine protease, is the neutral and acidic phospholipids. The magnitude of the rate
initiating enzyme in the blood coagulation cascade and is enhancement for FVlla binding to phospholipid-embedded
responsible for triggering blood clotting in both normal TF is over 16-fold (Bom & Bertina, 1990). Binding of
hemostasis and thrombotic disease [reviewed by Carson and-V|la to TF also causes a substantial increase in the rate of
Brozna (1993)]. FVlla has very little enzymatic activity in - hydrolysis of small, tripeptidyl-amide and -ester substrates
the absence of TF, its obligatory protein cofactor. TF is a (Zur & Nemerson, 1978; Higashi et al., 1992; Lawson et
relatively small integral membrane protein with a single aj. 1992: Butenas et al., 1993). The magnitude of this latter
membrane-spanning domain. The X-ray crystal structure of effect is about 46-120-fold, and does not require TF to be
the isolated extracellular domain (the portion which binds ombedded in phospholipid vesicles (Krishnaswamy, 1992).
FVlla) has recently been solved, confirming that TF is @ 11,5 proteir-protein interactions between TF and FVila
member of the cytokine/growth factor receptor family (Harlos 50 themselves sufficient for TF to act as an allosteric

et Ba'l.,d'1994;f I\léI\L;IIIIertet -?,lz 1994). . . regulator of the active center of FVlla, enabling this aspect
inding o ato causes an enormous INCrease N ¢ "rr -3 ctor function to be studied using either TF in

the catalytic activity of FVlla toward its natural macromo- hospholinid icl TF solubilized in det i
lecular substrates (FVII, FIX, and FX). Full enhancement phospholipid vesicies or solubrlized in detergent.
of FVIla proteolytic activity requires that TF be incorporated ~ Recently, a soluble mutant form of TF (sTF; the extra-
into phospholipid vesicles (Bom & Bertina, 1990; Bom et cellular domain of TF) has been produced by recombinant
al., 1990) which are composed, ideally, of a mixture of means (Ruf etal., 1991a; Rezaie et al., 1992; Shigematsu et
al., 1992; Waxman et al., 1992). This form of TF is
G ! ThiSFSétgdgLVégso Silpr'\)/fl)rpt\eg in p%rté)glNStLigggllTSSitﬂte'\;ls oftljerﬂth especially advantageous for studying the allosteric regulation
Rgirt]etrst A. Welch Found(atioﬁ (X.ETJ.), and byaGrang-ih-Aid)f'ro%/wtthg of FVlla by TF because .STF is highly wqtt_er-soluble
American Heart Association (P.F.N.). (Waxman et al., 1992), retains full cofactor activity toward
*To whom correspondence should be addressed at the Cardio-FVIla amidolytic activity (Ruf et al., 1991b), and can be

vascular Biology Research Program, Oklahoma Medical Research in i ; ; ; i ;
Foundation, 825 NE 13th St., Oklahomia City, OK 73104. Telephone: Produced in high yield in bacteria (Rezaie et al., 1992). While

(405) 271-7892. Facsimile: (405) 271-3137. E-mail: morrisseyj@ It Was originally thought that sTF was defective in supporting

omrf.uokhsc.edu. the activation of FX by FVlla (Waxman et al., 1992), it was
zgﬂi‘;ﬁg‘% C,’\;ecfj'i"ca;l‘%rggéamh Eoundation subsequently shown that this apparent defect of STF was
I Texas A&M University Health Science Center. directly attributable to the weak affinity of the sTHVIla
® Abstract published iidvance ACS Abstractdday 15, 1996. complex for phospholipid surfaces (Fiore et al., 1994). Since

1Abb_reviations: BSA, bovine s_erum albumin; TF, tissue faptor; sTF, activation of FX (or FIX) is a highly surface-dependent
recombinant soluble tissue factor; FVII, zymogen form of clotting factor . h -, hich .
VII; EVlla, active form of clotting factor VII; GB-FVlla, covalent r_eaCt'_on!_ when conditions are used whic promote quantita-
p-guanidinobenzoyl-factor Vlla acyl-enzyme complex; FXa, active form - tive binding of sTFFVIla to phospholipids, this soluble form
of clotting factor X; MUGB, 4-methylumbelliferyp’-guanidinoben- — of the enzyme-cofactor complex supports rates of macro-
zoate;pNPGB, p-nitrophenylp’-guanidinobenzoate; Chromozym t-PA, | I b L ival h fth ild
MeSQ-b-phenylalanylglycylarginyf-nitroanilide acetate; pps, pulses molecular substrate activation equivalent to those of the wild-

per second. type TFEFVIla complex (Fiore et al., 1994). This finding
S0006-2960(95)02977-1 CCC: $12.00 © 1996 American Chemical Society
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adds confidence that studies using sTF to promote allosteric Fluorimetric Assays Assays of FVlla enzymatic activity

activation of FVlla faithfully reflect the proteinprotein
component of the interactions between wild-type TF and
FVlla. Furthermore, it allows proteinprotein interactions
between FVlla and TF to be studied without the potentially
complicating effects of phospholipid or detergent.

using the fluorogenic substrate MUGB were carried out using
an SLM 8000C fluorimeter (SLM Instruments; Rochester,
NY) equipped with a 450-W xenon light source and a cooled
photomultiplier tube housing. The excitation and emission
wavelengths were set at 365 nm and 445 nm, respectively,

Numerous studies have focused on the mechanism ofwith a band-pass of 4 nm. Sample emission intensities were

action of TF in enhancing the catalytic activity of FVlla
[reviewed in Rapaport (1991) and Carson and Brozna
(1993)]. With respect to activity toward synthetic amide and

measured in the photon-counting mode and are expressed
as pulses per second (pps). The background intensity of each
sample before addition of MUGB has been subtracted in all

ester substrates, kinetic data have been collected by severgtases.

groups showing that TF causes an increadg.imanging in
magnitude from roughly 6- to 150-fold (Shigematsu et al.,

1992; Higashi et al., 1992; Neuenschwander et al., 1993;

Assays were done in 3-mL quartz cuvettes in buffer
containing 100 mM NaCl and 5 mM CaQlith either 50
mM barbital, pH 8.4 (buffer B), or 50 mM Hepe&NaOH,

Butenas et al., 1993). For some peptidyl-amide substratespH 7.6 (buffer H). Typically, sSTF (490 nM final concentra-

TF also causes up to a 5-fold decreas&in(Neuenschwan-

tion) was added to 2 mL of buffer in a cuvette with

der et al., 1993). Thus, depending on the substrate, TFcontinuous stirring. MUGB (dissolved in DMSOs1%

increases th&.,/Kn ratio roughly 46-150-fold. In spite of

final) was then added, and the blank rate of MUGB

these studies, the mechanism of allosteric activation of FVIla hydrolysis (in the absence of FVlla) was followed for

by TF remains unclear. This is also true for the other blood

approximately 150 s before addition of FVlla to a final

coagulation enzymes whose cognate protein cofactors areconcentration of 97 nM. In each instance, the dead time for

all known to be essential for expression of full clotting
activity. With respect to FVlla and TF, the effects of TF
on the kinetics of hydrolysis of synthetic substrates by FVlla
have yet to be fully described in the context of the probable
chemical mechanism for FVlla.

Esters ofp-guanidinobenzoate were originally developed
as active site titrants for trypsin-like proteases (Chase &

addition of the FVlla was about 10 s. The fluorescence
intensity was then monitored for an additional 150800

s, and the contribution of the blank to the fluorescence
intensity was subtracted from each time point by extrapola-
tion of the initial measured blank rate. The amount of

MUGB spontaneously hydrolyzed during an assay was found
to be less than 1%, while the maximum amount of MUGB

Shaw, 1967; Bock et al., 1989), and have proven useful as’hydrquzed enzymatically was roughly 10%. Under all assay
mechanistic probes of various serine proteases (Jameson gionditions, the absorbance of MUGB was too low to cause

al., 1973; Smith, 1973; Livingston et al., 1981; Melhado et
al., 1982). In most cases, this is primarily due to the
relatively slow rates of acylation and deacylation of ester
substrates, allowing convenient estimation of the individual

measurable inner filter effects.

Chromogenic Assaysinhibition assays of the chromoge-
nic activity of FVlla and the sTH#Vlla complex in the
presence of various concentrations of MUGB were performed

rate constants along the reaction pathway. In this paper, weuSing Chromozym t-PA substrate (Neuoenschwander et al.,
address the effects of STF on the kinetic mechanism of FVila 1993) and buffer B containing either 0.1% (w/v) PEG-8000

for the fluorogenic ester substrate MUGB (Jameson et al.,
1973). The formation of thp-guanidinobenzoyl-FVlla (GB-
FVlla) acyl-enzyme intermediate occurs on a time scale of
several minutes, with very slow hydrolysis of the intermedi-
ate. Thus, MUGB hydrolysis by FVlla can be conveniently

or 0.1% (w/v) BSA. The concentration of FVlla was either
200 nM in the absence of sTF or 10 nM in the presence of
500 nM sTF. The MUGB and Chromozym t-PA were
premixed before the addition of FVIl& sTF to yield the
indicated final concentrations. Reaction volumes were 100

observed in both the pre-steady-state and steady-statetl: @nd initial rates of substrate hydrolysis were determined
allowing the processes of substrate binding, enzyme acyla-at @mbient temperature using a Vmax kinetic microplate

tion, and enzyme deacylation to be studied independently.

reader (Molecular Devices; Menlo Park, CA) in untreated

We present data on the hydrolysis of this substrate for both Polystyrene 96-well microplates (Corning, NY).

free FVIla and the sT#VIla complex, and discuss the effect
of sTF on the individual rate constants along the FVila
catalytic pathway.

EXPERIMENTAL PROCEDURES

Reagents MUGB was obtained from Sigma Chemical
Co. (St. Louis, MO), and Chromozym t-PA was from
Boehringer Mannheim (Indianapolis, IN). All other reagents
were of the highest quality available from various suppliers.

Protein Purification Human FVII was purified from
plasma and activated to FVlla using FXagarose as
previously described (Neuenschwander & Morrissey, 1992).
The FVlla was dialyzed exhaustively into 50 mM Hepes
NaOH, pH 7.5, containing 100 mM NaCl before use in
fluorescence assays. Human sTF was expressedadheri-
chia coliand purified as previously described (Rezaie et al.,
1992).

For independent determination of the rate of deacylation
of acyl-enzyme intermediates, the following two-stage assay
was used. In the first stage, the acyl-enzyme was prepared
in buffer B or H by mixing FVlla (1.8M final) with MUGB
(100 uM final) either in the absence or in the presence of
STF (10uM final) and allowing the mixture to incubate for
1 h at ambient temperature. The second stage of the reaction
consisted of a 100-fold dilution of the acyl-enzyme mixture
in the appropriate buffer containing 0.1% (w/v) BSA
followed by measurement of the recovery of enzyme activity
in a chromogenic assay using 5 mM Chromozym t-PA. For
assays in the presence of sTF, the final assay mixture was
supplemented with sTF to yield a final concentration of 400
nM. Control reactions performed under identical conditions
in the absence of MUGB showed no change in enzyme
activity over the time course of an assay.

Data Analysis, General Unless indicated otherwise,
numerical analyses of kinetic data were performed by
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nonlinear least-squares methods using Powell’s algorithm Individual fluorescence time courses were fit with eq 5 to
with Gauss-Newton and Steepest Descent corrections, as obtain the bulk constan&sandB. Graphical methods were
implemented by SCIENTIST (MicroMath Scientific Soft- then used to obtain initial estimates of the kinetic parameters
ware; Salt Lake City, UT) for fitting directly to differential  k;, ks, andKs as described by Bender et al. (1967). These
equations. Fitted values are reportedhe standard error  initial estimates were then used for the final global fitting
of the fitted function to the data. Data sets obtained at more procedure of the entire data set using eq 1 to obtain refined
than one reactant concentration were fit globally using the kinetic parameters for the model.
entire data set. The general kinetic methods used in this Analysis of Deacylation Data The kinetic model for
study have been used successfully in studies of other serinemeasurement of deacylation of an acyl-enzyme by regaining
proteases (Kezdy & Bender, 1962; Bender et al., 1967; the active enzyme can be written as Scheme 2
Jameson et al., 1973; Wohl et al., 1978; Bock et al., 1989).
An explanation of how these theories and kinetic methods Scheme 2
were applied to FVIla and the sTiVIla complex, and the
equations used for fitting, is described below.

Analysis of Fluorescent Substrate Assayi$e working
kinetic model used to analyze time-dependent fluorescencewhere E* is the inactive acyl-enzyme, E is active free
and activity data using MUGB as the substrate is given by enzyme, ESis the binary complex between E angd (e
Scheme 1. rapidly-hydrolyzed second substrate, Chromozym t-PA in this
case), P represents the combined products of the hydrolysis
of S,, ks is the first-order rate constant for deacylatit®,
is the dissociation constant for the E@®mplex, andks is
the pseudo-first-order rate constant reflecting all the catalytic
steps associated with Bydrolysis and product release. The
In this model, S represents substrate, E represents enzymerate of this reaction can be described by a series of differential
P: represents the first product released (assumed to be theequations which integrate to the form of eq 6 where
fluorophore or chromophore, in this case 4-methylumbellif- parameter€ andD are defined by eqs 7 and 8 (Wohl et al.,
erone orp-nitrophenol), R represents the second product 1978).
released g-guanidinobenzoate), ESepresents the acyl-
enzyme (guanidinobenzoyl-enzyme) intermediligis the
dissociation constant for the noncovalenSEcomplex,k;
is the first-order rate constant for acylation, akdis the

k K Ks
E*—>E+S,~—ES,—~E+P

Scheme 1

Ks kz k3
E+S=ES—ES+P,—~E+P,

[P]=[P], + Ct+ (C — D)(e ' — 1) (6)

o _ KISJEL

first-order rate constant for deacylation. K (7)
Assuming [S} > [E]o and that S binds in rapid equilib- s
rium, the following differential equation can be derived to kSI[E]
describe the formation of;Ras a function of time (Bender D=_—>—-0 (8)
et al., 1967): Ks
dP]  KJE], — k(a/b)(1 — e—bt) Equation 6 was fit directly to time-course data for the
= (1) recovery of enzymatic activity in a chromogenic assefy (
dt 1+ K{[S], Figure 5).

RESULTS

Kinetic Parameters of MUGB Hydrolysis by the sFVlla
Complex The fluorescence-detected hydrolysis of MUGB
by sTFFVlla for a typical experiment is shown in Figure 1

where [E} is the initial concentration of enzyme, [S$ the
initial concentration of substrate, aadaindb are defined as
follows:

K;[Elo

AT T KJIs], @)

_ K,
b= k3+W5/[S]O 3)

One can integrate eq 1 to obtain:

_ K[E]p — ky(arb) k2
= KdSl

1-e™
b? s],)
(1 + KJ[S]o) @

which is of the general form

[P]=At+B@1—e™) (5)

where parameterd and B are bulk constants from eq 4,

andb is as defined in eq 3.

at a single MUGB concentration along with a plot of the
best-fit curve using eq 5. ParameRein eq 5 is mathemati-
cally equivalent to [E] under conditions of infinite [$] and
wherek; ~ 0. Under the above conditions, the enzyme goes
through a single catalytic turnover and becomes effectively
locked in the acyl-enzyme intermediate. Thus, if the net
fluorescence intensity developed in the assay is calibrated
to an external concentration standard, the determined value
of parameteB will allow active-site titration of the enzyme.

In the case of sT#VIla, the y-intercept of a regression-
line of the linear portion of a time course yields a value for
parameteB which approximates the fluorescence intensity
developed by stoichiometric reaction of MUGB with enzyme
(sTFFVIIa). In this case, extrapolation of the linear portion
of the assay to the ordinate yields a value for param@ter
which is a complex function of [EB]but which can nonethe-
less be used to extract [H]sing appropriate transformations
of the data (Bender et al., 1967; Chase & Shaw, 1969). Since



Soluble Tissue Factor Effects on Factor Vlla Biochemistry, Vol. 35, No. 22, 199103

T 3 T T T T T T T T T T T T ~
- <>
Ok - o 7
E g
7z _— ~— -
N . g
§ 5 2 —
Z E
- L i
3 = u
g £
2 Z
£ = £
E g ! 7]
=
2 7 = .
= &
£ ) TR T N TN WO (NN O T NN TN N N W 0

0 300 600 900 1200 1500 0 500 1000 1500

Time (s) Time (s)

FiGURE 1: Typical time course for the hydrolysis of MUGB by  FIGURE 2: Effect of varying [MUGB] on the hydrolysis of MUGB
sTFFVIla. The net fluorescence intensities shown here were by STFFVIla. The fluorescence data were obtained as for Figure
obtained by subtracting both the initial background fluorescence 1 at pH 8.4. The concentrations of MUGB used were (from bottom
and the time-dependent fluorescence due to the spontaneoug0 top) 0.72uM, 1.4 uM, 3.6 uM, and 7.2uM. The curves are
hydrolysis of MUGB from the observed intensities. The conditions from a fit of eq 1 to the entire data set as described under
of the assay were as described under Experimental Procedures aEXperimental Procedures. [FSlas 97 nM. When fully acylated,
pH 7.6 using 7.2«M MUGB. The curve was obtained by fitting this concentration of enzyme yielded a flut_)rescence. intensity of
eq 5 to the entire time course. The paramefer8, andb were 2.03x 10" pps based on the fit of eq 1. Reciprocal weighting was
extracted from the fit of eq 5 to the data and used for subsequentused for fitting to better define the pre-steady-state parameters.
analysis. The dashed line was obtained by linear regression of theValues for the kinetic parameters are given in Table 1. The
time course from 600 s to 1390 s and is shown for illustrative intermittent spikes observed in the fluorescence trace fopB16
purposes only (see text). MUGB are due to dust particles in the cuvette for that experiment
and had no detectable effect on the data analysis.

the values of the kinetic parameters obtained in this study : — ,

are independent of the units used fof][Rhe fluorescence Table 1: Summary of_the Kinetic Constants Obtained for the
. o . sTFFVIla Complex Using Fluorescence Methéds

intensities were used directly as pulses per second (pps). FoF

A kolKs

lr)ef%rsr;lcl\(/la'el::zthrlr?eStiuedIé/etQ i\r? rg\(/):rr: gffmé)rgsi:rz/gerogzzegS PH K (M) e (s o () [09)]
y ymey erag O76 27(01)x 105 35(01)x 102 2.7 (0.05x 104 13x 10°

x 10* pps when the data were fit using eq 1 (extrapolated g, ;g (0.06) 105 3.1(0.1)x 102 4.1(0.08)x 10 1.7 x 10°

to infinite substrate concentration). ;
. . 2Values ofko/Ks were calculated from the corresponding parameters.
Time-dependent fluorescence data were collected at vari-nymbers in parentheses denote standard errors obtained for each

ous MUGB concentrations (0.7Z.2 uM) at both pH 7.6 parameter from the fitting procedure.
and pH 8.4, and initial estimates for the kinetic parameters
were obtained as described under Experimental Procedures
(cf. Figure 1). Using this method, it was possible to obtain
convergence with well-defined parameters when fitting eq

=

S

(S

1 globally to a complete set of assays. The best-fit curves
resulting from these refinements are shown in Figure 2 for
a series of assays obtained using various MUGB concentra-

Relative Intensity
(pps x 107)

=l

LI R S

Ll M

=

500

1000

1500

tions at pH 8.4. The refined final values of the kinetic Time (s)

parameters are summarized in Table 1, along with valuesFicure 3: Typical time course for the hydrolysis of MUGB by

obtained at pH 7.6. Kinetic parameter values reported for FVllain the absence of STF. The concentration of MUGB was 15

FVlla in the absence of sTF were determined independently#M, and the concentration of FVila was 98 nM.

as described below. alone. One is that the rate constant for acylation may be
Kinetic Parameters of MUGB Hydrolysis by FVlla Alone  much smaller for FVila alone than for the sHVlla

The formation of the acyl-enzyme intermediate using FVlla complex, and the other is thKt may be much higher in the

in the absence of sSTF occurred on a much longer time scaleabsence of sTF.

(~2100 s) than that observed with the sFFlla complex Since obtaining values foKs k;, and ks for MUGB

(~400 s) even at a comparatively high MUGB concentration hydrolysis by FVlla alone was not possible by the same

(Figure 3). After approximately 35 min, addition of a methods as described above for the TAla complex,

saturating level of sTF caused only a slight, although rapid, alternative methods were required to determine these kinetic

increase in fluorescence (not shown). Under identical parameters. To estimate the affinity of MUGB for FVlla in

conditions, the sTHVIla complex showed a burst several- the absence of sTF, MUGB was treated as an inhibitor in

fold greater in magnitude. This suggested that for FVIla in initial velocity studies using the amide substrate Chromozym

the absence of sTF, the acyl-enzyme intermediate formedt-PA. This substrate is hydrolyzed approximately (k5

slowly over the course of the experiment and was essentially 10°)-fold faster than the acylation rate for MUGB under the

fully formed by 35 min. Thus, no burst was observed upon conditions used, as estimated from a comparisok,cdt

the addition of sTF. This conclusion was supported by the pH 8.4 for MUGB (Table 1) tok.s for Chromozym t-PA

absence of amidolytic activity of MUGB-treated FVIla, under similar conditions (Neuenschwander et al., 1993) for

presumably due to the formation of a relatively stable acyl- the sTFFVIla complex.

FVlla intermediate (see below). Two possibiliies may  MUGB inhibition data were fit using competitive, non-

account for the slow rate of acylation observed with FVlla competitive, and uncompetitive modeling. In all cases, the
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0.15 T —T— T

Table 2:  Summary of the Kinetic Constants Obtained for FVlla
Alone and the sTfFVIla Complex Using Alternative Methoés

01 ko/Ki
enzyme pH  Ki(M) ka (s7h) ks (s} [(M-s)Y]

FVila 7.6 2.9 (0.5)x 1074 2.7x 102 4.9 (0.1)x 10°* 9.3x 10
8.4 2.5(0.2)x 104 ND 5.4 (0.1)x 104

sTFFVlla 7.6 8 (1)x 1076 3.4 (2.7)2 8.4 (0.07)x 104 4.3x 1C®
x 10~

0.05 -

: : 8.4 8(2)x 10  ND 6.9 (0.1)x 104

aValues of K; data were obtained experimentally from MUGB
inhibition studies (see Figure 4). The values fgrwere obtained
directly by recovery of enzymatic activity of the acyl-enzyme inter-
mediate. The value df, for FVlla alone was calculated as described
in the text usingK, ks, the steady-state rate of MUGB hydrolysis from
Figure 3, and eq 10. For comparison, the valuk,dér the sTFFVIla
complex was calculated as for FVlla alone using the steady-state rates
| of MUGB hydrolysis from four independent determinations (Figure
0 4 T 2). The value shown is the mean and standard deviation obtained from
1 0 1 2 3 the four determinations. Values &§/K; were calculated from the

1/|Chromozyme t-PA] (mM") corresponding parameters. ND denotes “not determined”. With the

exception of the values &%, numbers in parentheses denote standard
errors obtained for each parameter from fitting procedures.

0.08

1/v (mOD/min)"!
<o

0.06

0.04

0.02 -

FiIGure 4: MUGB inhibition studies in double-reciprocal form. A
series of chromogenic assays were performed at pH 8.4 as describe
under Experimental Procedures for FVlla alone or the-EVHa
complex with varied concentrations of MUGB as follows. FVila 2 T T T T T T
alone (panel A): &M (&), 50uM (v), 100uM (O), and 20uM

(©). The sTFFVIla complex (panel B): «M (&), 10 uM (v),

and 20uM (O). The lines are the best-fit lines from a global fit of
eq 9 to each data set using nonlinear methods (GRAFIT; Leath-
erbarrow, 1992). The plots are presented in double-reciprocal form
for clarity. The values oK; determined from these data were 250
+ 20uM for FVlla alone and 8t 2 uM for the sTFFVIla complex.

competitive model was found to yield the best fits and was
thus chosen for the remaining analyses. This model is
described by the following standard initial velocity equation:

0 | 1 | ! |
0 1000 2000 3000

Time (s)

V. [S] Ficure 5: Time course for deacylation of the acyl-enzyme covalent
m 9) complex (MUGBsTFFVIla) measured at pH 7.6. The s'HVIla
complex was preincubated with MUGB for 60 min to form an acyl-
enzyme intermediate, or not preincubated with MUGB. Hydrolysis
. . . . .. of the chromogenic substrate, Chromozym t-PA, was then moni-
where v is the velocity of the reaction expressed in unit igred by measuring the absorbance at 405 nm. In the absence of
concentration per unit timeyn, is the maximum velocity MUGB, the control assay shows a relatively linear rate of hydrolysis

obtained at infinite substrate concentration, [S] is the which represents full enzyme activity (line trace). The assay

experimental concentration of substrate, [I] is the experi- preincubated with MUGB shows the lag characteristic of slow
tal concentration of inhibitorK,, is the Michaelis recovery of active enzyme). The value of the rate constant for

men . moe deacylation ks) determined for this experiment was 84(Q.07)

constant for substrate, ad is the inhibition constant for 107451, which is in reasonable agreement with the valuégof

inhibitor. derived from the fluorescence assay data Table 1).
MUGB acted as a competitive inhibitor of FVIla alone,
yielding aK; of 250+ 20 uM (Figure 4A). In the presence increase in the rate of hydrolysis of the second substrate,
of sTF, MUGB also acted as a competitive inhibitor with which is a function of both the first-order generation of free
an estimated; of 8 = 2 uM at pH 8.4 (Figure 4B). Values enzyme via hydrolysis of the acyl-enzyme intermediate and
of K; for MUGB at pH 7.6 are given in Table 2. TH& for the hydrolysis of the second substrate by the enzyme
MUGB with FVlla alone was 31-fold higher than that for generated. The model used in this study (Scheme 2 under
the sTFFVIla complex at pH 8.4, and 36-fold higher at pH Experimental Procedures) is similar to that used for factor
7.6. Xa (Bock et al., 1989), but with a derivation of the integrated
The rate of deacylation of the acyl-FVlla intermediate was rate equation similar in form to Wohl et al. (1978).
determined directly as follows: For a substrate which yields  Results of a typicaks determination are shown in Figure
a relatively stable (long-lived) acyl-enzyme intermediate, it 5 for the sTFFVIla complex at pH 7.6, with the best-fit
is possible to reversibly inactivate the enzyme by a long curve using eq 6. Values & determined by this method
incubation with the substrate. The acyl-enzyme can then at both pH values for the sTFVIla complex and FVlla
be isolated by gel filtration, or it can be directly diluted into alone are given in Table 2.
an assay mix containing a second substrate whose rate of Experimental determination of the rate constant for acy-
hydrolysis is much faster than the first. The latter method lation (k) of FVlla alone was not possible due to the very
is more convenient provided the residual first substrate doesslow rate of hydrolysis of MUGB, and absence of a pre-
not effectively compete with the second substrate for enzyme steady-state phase. However, by using the steady-state rate
active sites under the experimental conditions used. The timeof hydrolysis of MUGB by FVlla alone from Figure 3, it
course of such an assay will show an initial exponential was possible to approximate for FVlla at pH 7.6 based

T K@ T VK + [S]
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on the above-determined values Kfand ks using eq 10 leaving group. Thus, thrombin and FVila may share
which describes the steady-state rate of hydrolysis of common structural elements distinct from the same elements
substrate «) as derived by Bender et al. (1967; eq 21) and in plasmin, trypsin, or FXa which contribute to the above
solved fork,. phenomena. A detailed analysis of this awaits further
structural information about FVIla and the complexes formed
with natural and synthetic substrates.

Effects of STF on the Kinetic Mechanism of FVIIH is
assumed tha; andKs both represent the same equilibria,
and the observed effects of sTF on tkefor MUGB are
also reflected in th& for MUGB. Thus, the predominant
effect of sSTF on the hydrolysis of MUGB is to increase the
affinity of the enzyme for MUGB by 3136-fold (Tables 1

k2=uk3( S+ K, ) (10)

[Slo(ks[El — v)

Values ofk» calculated in this manner are shown in Table
2 for reference. The value & calculated for FVlla alone
was found to be very similar to that calculated for the

sTEFVlla complex as well as the value & obtained 54 2)  There are minor differences in the rate constants
experimentally for the complext Table 1), and cannotbe  ¢q the catalytic and product release steps. Similar observa-
considered _ significantly dlfferent._ Thus, from the data ions have been made with FVila usipPGB as a substrate
presented in Tables 1 and 2, it can be seen that thenyplished observations). This indicates that STF assists
predominant effect of STF is to promote the formation of j, the productive binding of these substrates. Apparently,
the MUGB—FVlla complex by increasing the affinity of  5ce the proper orientation of these substrates is achieved
FVila for MUGB by 31-36-fold with little effect on the ity respect to the catalytic triad, catalysis proceeds with
catalytic rate constants. The affinity of MUGB also Shows inima influence from sTF. These results are interesting
a pH dependence, with the dissociation constant for the hen compared to the observed effects of STF on the kinetics
MUGB-enzyme complex being slightly higher at pH 7.6 than ¢ by qrolysis of synthetic amide substrates where sTF elicits
at pH 8.4. substantiak.,; effects (Neuenschwander et al., 1993; Butenas
et al., 1993; Shigematsu et al., 1992). In contrast, there is
only a minor change iRca: [wherekeqa = koks/(k2 + ks)] when
Relationship between the Kinetic and Chemical Mecha- MUGB is used as the substrate. However, sTF binding to
nisms of FVlla Although the kinetic mechanism for FVlla  FVlla decreases thK, for MUGB hydrolysis, paralleling
has not been formally determined, all data accumulated onthe effects previously observed with some tripeptidyl sub-
FVlla kinetics are consistent with the general mechanism strates (Neuenschwander et al., 1993).
for trypsin-like serine proteases presented here as Scheme Energetics of sTF Binding An allosteric effector may
1. In addition, this study presents good evidence for the have very large effects on the catalytic rate constants of a
formation of an acyl-FVlla intermediate (see Figure 5 particular reaction at the expense of very little binding
and description). The kinetic parameters determined for energy, while an effector’s ability to alter substrate binding
sTFFVlla at both pH 7.6 and pH 8.4 follow a pattern very affinity is limited by the number of binding interactions
similar to those obtained with other coagulation proteases between effector and enzyme and the substrate and enzyme
using ester substrates, both chromogenic (Chase & Shaw(Reinhart, 1983). For the interaction of a small ligand and
1969; Smith, 1973) and fluorogenic (Livingston et al., 1981; a small substrate, the practical limit amounts to about a 30-
Melhado et al., 1982). With sTFVIla, the deacylation step  fold effect onKs. The results from this laboratory with both
for MUGB (represented bs) is rate-limiting sinceks is synthetic amide substrates (Neuenschwander et al., 1993) and
about 2 orders of magnitude smaller than the acylation stepan ester substrate (MUGB; Tables 1 and 2) show the
(represented b¥). Inherent in the model represented by maximum effect of sSTF oilKs andk../Kn, of approximately
Scheme 1 is the assumption that the release of iBfinitely 30—-40-fold. For MUGB, a small substrate in l&-type
rapid and the ESP; complex does not exist. If the above system (Reinhart, 1983), this effect of sTF &a/Kn is
assumption does not hold, the determined value @fould consistent with linkage theory since the limited number of
actually be a bulk constant, reflecting the rate of release of binding contacts between MUGB and FVlla will limit the
P. and the deacylation step. In this study, we were able to magnitude of the sTF effect ois to about that observed
verify the validity of the above assumption by independently experimentally.

DISCUSSION

determiningks.
The ko/ks ratio for sTFFVIla is 75 at pH 8.4 and 129 at
pH 7.6. This is similar to théy/ks ratio of 34 determined

A comparison of the appareRt./Kn, for FX activation
by FVlla in the absence and presence of sTF (without
phospholipid) shows a (4« 10%)-fold to (5 x 10°)-fold

for thrombin with a similar guanidinobenzoate fluorogenic increase when sTF is present (Neuenschwander & Morrissey,
substrate, but differs substantially from the ratios determined 1994), compared to about a-380-fold increase for MUGB

for trypsin (1.2x 104 and plasmin (1.5< 10P) also using and tripeptidyl-amide substrates. However, activation of
guanidinobenzoate fluorogenic substrates (Melhado et al.,macromolecular substrates by “FVlla likely involves
1982). Kinetic rate constants for the chromogenic substratesubstrate interactions remote from the active center of the
pPNPGB obtained with thrombin, trypsin, plasmin, and FXa enzyme. This possibility is supported by the recent identi-
(Chase & Shaw, 1969; Smith, 1973) show the same trendfication of a putative substrate binding site on°T{Roy et

as the corresponding constants for fluorescent substratesal., 1991; Ruf et al., 1992). Although catalysis effects should
Based on the generally accepted mechanism for the serinenot be discounted, it is possible that the effect of STF on
proteases (Blow, 1976; Scheme kj,andks; represent the  proteolysis of FX by FVlla may be more to assist in the
formation and decay of tetrahedral intermediates which are
identical except that the intermediate associated with deacy- 2q. Huang, P. F. Neuenschwander, A. R. Rezaie, and J. H.
lation has water at the position formerly occupied by the Morrissey, manuscript submitted for publication.
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binding interactions of the macromolecular substrate to FVlla Leatherbarrow, R. J. (1992) GRAFIT Version 3.0, Erithacus
and affect the orientation of the substrate relative to the active _ Software Ltd., Staines, UK.

site, as seen with MUGB, rather than to affect the catalytic

steps directly.
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