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Studies on the effect of serine protease inhibitors on activated contact factors
Application in amidolytic assays for factor XII,, plasma kallikrein and factor XI,
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Amidolytic assays have been developed to determine factor XII,, factor XI, and plasma kallikrein in mixtures
containing variable amounts of each enzyme. The commercially available chromogenic p-nitroanilide substrates
Pro-Phe-Arg-NH-Np (52302 or chromozym PK), Glp-Pro-Arg-NH-Np (52366), Ile-Glu-(piperidyl)-Gly-Arg-
NH-Np (S2337), and Ile-Glu-Gly-Arg-NH-Np (S2222) were tested for their suitability as substrates in these
assays. The kinetic parameters for the conversion of $2302, $S2222, $2337 and $2366 by f factor XII,, factor XI,
and plasma kallikrein indicate that each active enzyme exhibits considerable activity towards a number of these
substrates. This precludes direct quantification of the individual enzymes when large amounts of other activated
contact factors are present. Several serine protease inhibitors have been tested for their ability to inhibit those
contact factors selectively that may interfere with the factor tested for. Soybean trypsin inhibitor very efficiently
inhibited kallikrein, inhibited factor XI, at moderate concentrations, but did not affect the amidolytic activity of
factor XII,. Therefore, this inhibitor can be used to abolish a kallikrein and factor XI, contribution in a factor
XI1, assay. We also report the rate constants of inhibition of contact activation factors by three different
chloromethyl ketones. D-Phe-Pro-Arg-CH,Cl was moderately active against contact factors (k = 2.2x 10> M ™!
st at pH 8.3) but showed no differences in specifity. D-Phe-Phe-Arg-CH,Cl was a very efficient inhibitor of
plasma kallikrein (k = 1.2x 10> M~ ! s~ ! at pH 8.3) whereas it slowly inhibited factor XII, (k = 1.4x10° M~*
s~ Yand factor XI, (k = 0.11 x 10° M~ * s ). Also Dns-Glu-Gly-Arg-CH,Cl was more reactive towards kallikrein
(k = 1.6x10* M~ ! s™!) than towards factor XII, (k = 4.6 x 10> M~ ! s7!) and factor XI, (k = 0.6 x 10> M~}
s™1). Since Phe-Phe-Arg-CH,Cl is highly specific for plasma kallikrein it can be used in a factor XI, assay
selectively to inhibit kallikrein. Based on the catalytic efficiencies of chromogenic substrate conversion and the
inhibition characteristics of serine protease inhibitors and chloromethyl ketones we were able to develop
quantitative assays for factor XII,, factor XI, and kallikrein in mixtures of contact activation factors.

Contact activation of human plasma results in the
conversion of the zymogens factor XII, plasma prekallikrein
and factor XI into the active serine proteases factor XII,,
kallikrein and factor XI, (for reviews see [1, 2]. During the
initial stages of contact activation the zymogens factor XII
and prekallikrein participate in a so-called reciprocal activa-
tion mechanism in which factor XII, activates prekallikrein
to kallikrein, which in its turn converts factor XII into factor
XII, [3]. Activation of factor XII is further enhanced by
autoactivation of the zymogen factor XII by its own active
form a-factor XII, [4, 5]. Factor XII, is also the enzyme
responsible for the activation of factor XI [6, 7]. Efficient
contact activation requires the presence of negatively charged

Correspondence to G. Tans, Capaciteitsgroep Biochemie, Bio-
medisch Centrum, Rijksuniversiteit Limburg, Postbus 616, NL-6200-
MD Maastricht, The Netherlands

Abbreviations. Glp, pyroglutamic acid; -NH-Np, -p-nitroanilide;
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Enzymes. Plasma kallikrein (EC 3.4.21.34); coagulation factor XI,
(EC 3.4.21.27); coagulation factor XII, (EC 3.4.21.38).

surfaces, such as sulfatides or dextran sulfate, and the non-
enzymatic protein cofactor high-molecular-mass kininogen [8,
9]. Insight into the mode of action of these cofactors has been
gained mostly by studying the separate zymogen activations.
In such cases catalytic amounts of enzyme are added to follow
the activation of excess of zymogen. Since in these reactions
a number of positive and negative feedback mechanisms occur
additional information about contact activation is obtained
by studying the activation of combinations of zymogens. In
these cases large amounts of more than one activated contact
factor are formed and specific assays are required to quan-
tify each factor without interferences by the other enzymes
present.

In recent years a number of so-called chromogenic sub-
strates have been introduced that can be used to set up such
assays. Chromogenic substrates are, however, not fully
specific for a single coagulation factor but can in many cases
be converted by more than one coagulation factor. This pre-
vents a direct and accurate quantification of factor XII,,
plasma kallikrein and factor XI, in reaction mixtures that
contain large amounts of each enzyme. In this paper we show
chromogenic substrates can be used in combination which
inhibitors to develop assays for the quantification of each
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individual protein in the presence of other activated contact
factors.

MATERIALS AND METHODS
Materials

All reagents used were of the highest grade commercially
available. Chemicals used in the purification of factor XII,
factor XI and kallikrein were obtained from sources described
previously [10—14]. Ovalbumin, soybean trypsin inhibitor,
lima bean trypsin inhibitor and benzamidine/HCl were from
Sigma Chemicals (St Louis, MO). The chloromethyl ketones
D-Phe-Pro-Arg-CH,Cl, p-Phe-Phe-Arg-CH,Cl and Dns-Giu-
Gly-Arg-CH,Cl were obtained from Calbiochem-Behring
Corp. The chromogenic substrates lle-Glu-Gly-Arg-NH-Np
(S2222), p-Pro-Phe-Arg-NH-Np (52302), Ile-Glu-(piperidyl)-
Gly-Arg-NH-Np (52337) and Glp-Pro-Arg-NH-Np (52366)
were purchased from AB Kabi Diagnostica (Stockholm,
Sweden). Chromogenic substrate concentrations were deter-
mined from their absorbance at 316 nm using a molar absorp-
tion coefficient of 13000 M ™! cm ™! as indicated by the manu-
facturer. Concentrations of chloromethy] ketones were deter-
mined by nitrogen analysis according to Ward et al. [15] using
an Antek digital nitrogen detector model 720 coupled to an
Antek pyroreactor 771. 1.6 ml polyethylene snap-cap cen-
trifuge tubes from Sarstedt were cleared of protein adsorption
by incubation for at least 6 h with reaction buffer containing
5 mg/ml ovalbumin. After this incubation the tubes were
washed twice with distilled water and dried before use. This
treatment was necessary to entirely recover protein reactants
from the reaction tubes.

Proteins

Human factor XII was purified using a modification of
the original procedure of Griffin and Cochrane [10] described
by van der Graaf et al. [11]. Factor XI was purtfied according
to Bouma et al. [12] and plasma prekallikrein was purified as
described by van der Graaf et al. [11]. f-Factor XII, was
prepared by incubation of factor XII with trypsin followed by
DEAE-Sephadex chromatography [13]. Kallikrein and factor
X1, were prepared from prekallikrein and factor XI with -
factor XII, as described by van der Graaf et al. [11, 14]. The
protein preparations were homogeneous and pure as judged
by gel electrophoresis in the presence of sodium dodecyl
sulfate. p-Factor XII, appeared as a closely spaced doublet
{30 kDa) on non-reduced gels, which upon reduction resulted
in a single band [16). Kallikrein showed the characteristic
closely spaced doublet (85 kDa) on non-reduced gels, which
separated on reduced gels in one heavy (50 kDa) and two light
chains (35 kDa and 33 kDa). Factor XI, appeared as a single
protein band at 160 kDa, which upon reduction resulted in
heavy and light chains of 50 kDa and 30 kDa respectively.

Electrophoresis was performed on 10% (5% stack) poly-
acrylamide gels in the presence of sodium dodecyl sulfate as
described by Laemmli [17].

Protein preparations were stored at —80°C in storage
buffer consisting of 4 mM sodium acetate, 2 mM acetic acid,
150 mM NacCl, 1 mM EDTA and 0.02% sodium azide at
pH 5.3.

Protein concentrations were determined according to
Lowry et al. [18] using bovine serum albumin as a standard.
The molar concentrations of coagulation factors were
calculated assuming the following molecular masses: 160 kDa

for factor XI, [6]; 85 kDa for kallikrein [13, 19] and 30 kDa
for p-factor XII, {16, 20, 21}.

Chromogenic substrate hydrolysis

The rate of substrate hydrolysis by activated contact
factors was routinely determined at 37°C in 1-ml semimicro
polystyrene Sarstedt cuvettes (1 cm light path) in a total
volume of 500 ul buffer containing 100 mM Tris/HCI (pH 8.3
at 37°C), 150 mM NaCl, 0.5mg/ml ovalbumin and
appropriate amounts of enzyme and substrate. From the rate
of change in absorbance at 405 — 500 nm, determined using an
Amino-DW2C spectrophotometer set in the dual-wavelength
mode, the rate of p-nitroaniline formation was calculated
using a molar absorption coefficient of 9900 M ™! cm ™! [22].
Further experimental details are given in the legends to the
tables and figures.

RESULTS

Kinetic parameters of chromogenic substrate conversion
by contact factors

A number of commercially available chromogenic sub-
strates can be used to quantify activated coagulation factors.
For contact activation proteins D-Pro-Phe-Arg-NH-Np
(S2302) has been developed for kallikrein and Glp-Pro-Arg-
NH-Np (S2366) appears to be a good substrate for factor XI,.
Although there are as yet no specific chromogenic substrates
for factor XII, it has been reported that this enzyme readily
cleaves 52302 and the factor X, substrates S2337 and S2222
(5, 23].

No complete data are available on the activities of each
of the activated contact factors on each of these substrates.
Therefore, we have determined the kinetic parameters of the
hydrolysis of the above-mentioned chromogenic substrates by
p-factor XII,, factor XI, and kallikrein at pH 7.2 and at
pH 8.3 at 37°C.

The kinetic parameters were obtained from Lineweaver-
Burk plots of the rates of p-nitroaniline formation measured
at substrate concentrations ranging from 50 uM to 1 mM. In
those cases where the K, was well above 1 mM only k. /Kq
values are given. Table 1 summarizes the data obtained. In
aggreement with the literature, S2302 was the best substrate
for kallikrein and S2366 was most suitable for factor XI,. The
best substrate for factor X11,, as judged by the k.,/K,, value,
was S2302. However, S2337, although less readily converted
by factor XII,, is to be preferred for factor X1I, determination
since with this substrate the interference of kallikrein will be
much less. Kallikrein has also a high activity towards S2366
and, therefore, poses a problem in the quantification of factor
XI,. As can be seen all three enzymes exhibited a higher
catalytic efficiency (k.. /Kn) at pH 7.2 than at pH 8.3. No
differences in specificity were observed, however, between
pH 7.2 and pH 8.3. Since the decrease in activity at pH 8.3
was the most pronounced for kallikrein chromogenic assays
of factor XII and factor XI should preferably be carried out
at pH 8.3. It can be seen from the data in Table 1 that although
reasonable specificity can be obtained specific inhibitors are
necessary in order to quantify the amounts of factor XII,,
factor XI, and Kkallikrein present in reaction mixtures that
contain substantial amounts of all three enzymes.

Inhibition by the reversible inhibitor benzamidine

The inhibitor constant (K;) of inhibition of factor XII,,
factor XI, and kallikrein by the reversible inhibitor
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Table 1. Kinetic constanis of substrate conversion by factor X1,, B-factor XII, and plasma kallikrein

The kinetic parameters (K., and k., for conversion of the chromogenic substrates $S2302, $2222, S2337 and S2366 by g-factor XII,, factor
X1, or plasma kallikrein were determined as follows. 20 pl enzyme in storage buffer containing 0.5 mg/ml ovalbumin was added to 430 pl
reaction buffer in a 1-ml semimicro polystyrene Sarstedt cuvette (1 cm light path) at 37°C. Reaction was started with the addition of
50 ul water containing varying amounts of chromogenic substrate. The hydrolysis of substrate was monitored using an Amino-DW2C
spectrophotometer set in the dual-wavelenght mode at 405 — 500 nm. The final concentrations reached in the cuvette were: 100 mM Hepes
(pH 7.2 at 37°C) or 100 mM Tris/HCI (pH 8.3 at 37°C), 150 mM NaCl, 0.5 mg/ml ovalbumin, 5 nM f-factor XII,, 0.5 nM factor XI, or
0.5 nM plasma kallikrein and varying amounts of chromogenic substrate. The rate of p-nitroaniline formation was calculated from the
absorbance change at 405—500 nm using a molar absorption coefficient of 9900 M~ ! cm ™! [22]. From the rates determined at varying
substrate concentrations Lineweaver-Burk plots were constructed from which K,, and V,,, were determined by statistical analysis according
to Eisenthal and Cornish-Bowden [24]. k.., was subsequently calculated by division of V,,,, with the concentration of enzyme present in the
cuvette. In the case of factor XI, k., was calculated per dimer of 160 kDa

pH Chromogenic substrate Factor XI, p-factor XI1, Kallikrein
Km kcal 10_3 Km kcal 10_3 Km kcal 10‘3
X kcat/Km X kcal/Km X kcal/Km
mM s ! M7ls! mM s7! M7l mM s7! M7lsT?
7.2 D-Pro-Phe-Arg-NH-Np (S2302) - - 52 0.065 20.1 309 015 320 2133
Glp-Pro-Arg-NH-Np (S2366) 043 333 774 - - 21.6 043 173 402
Ile-Glu-Gly-Arg-NH-Np (S2222) - - 56.6 044 224 514 - - 16.3
Ile-Glu-(piperidyl)-Gly-Arg-NH-Np (S2337) — - 59.6 019 214 113 0.43 13.3 3141
8.3 D-Pro-Phe-Arg-NH-Np (52302) - - 4.2 017 34 200 043 438 1019
Glp-Pro-Arg-NH-Np (S2366) 1.0 595 595 - - 19.2 - - 208
lle-Glu-Gly-Arg-NH-Np (S2222) - - 38.0 0.53 24 45.2 - - 8.8
He-Glu-(piperidyl)-Gly-Arg-NH-Np (S2337) - - 35.8 025 26 104.0 0.85 12 14.1

Table 2. Inhibitor constant (K;) for the inhibition of B-factor XII,,
Jactor X1, and plasma kallikrein by the reversible inhibitor benzamidine
The inhibitor constant (K;) of benzamidine was obtained by measur-
ing the rate of substrate hydrolysis by f-factor XII,, factor XI, or
plasma kallikrein at varying concentrations of chromogenic substrate
in the absence and presence of varying amounts of benzamidine.
Rates of p-nitroaniline formation were dertermined in a total volume
of 500 pl in 1-ml semimicro cuvettes at pH 7.2 or at pH 8.3 as de-
scribed in the legend to Table 1. $2302 was used as a substrate for
f-factor XII, or kallikrein and S2366 was used for factor XI,. From
the rates of substrate hydrolysis thus determined at different substrate
concentrations in the presence of varying benzamidine concentra-
tions, Dixon plots [25] were constructed to calculate the K; for inhibi-
tion by benzamidine

Enzyme K;
pH 7.2 pH 8.3
mM
Factor XI, 0.22 0.43
p-Factor XI1, 112 0.85
Kallikrein 0.24 0.44

benzamidine was determined at 37°C at pH 7.2 and pH 8.3.
In all cases straight Dixon plots [25] were obtained from which
K; was determined (data not shown). Table 2 summarizes the
K; values obtained. At pH 7.2 kallikrein and factor XI, had
the same K; for benzamidine (0.22—0.24 mM), which was
about five times lower than the K for factor XII,. At pH 8.3
the K; values for factor X1, and kallikrein increased twofold
and there was a slight decrease in the K; for -factor XII,. The
differences in K; between kallikrein, factor XI, and f-factor
XI1I, were not large enough for selective inhibition of in-
terfering enzymes in a chromogenic assay. However, the dif-
ferent sensitivities towards benzamidine may be of use to

test whether factor XII, or one of the other two enzymes is
responsible for a certain observed enzymatic activity (cf. [5]).

Inhibition of contact activation factors
by soybean and lima bean trypsin inhibitor

Soybean trypsin inhibitor is a well-known inhibitor of a
number of serine proteases of the blood coagulation system.
With respect to contact activation soybean trypsin inhibitor
has been reported to inhibit kallikrein as well as factor X1,
[26, 27]. Fig. 1 shows the decrease of the amidolytic activity
of activated contact factors upon incubation with varying
amounts of inhibitor for 1 min at pH 8.3. Inhibition of
kallikrein was complete at concentrations higher than 20 pg/
ml. Inhibition of factor XI, was significantly less than that
observed for kallikrein. The amidolytic activity of factor XII,
was not affected by concentrations of inhibitor that
completely blocked kallikrein and that inhibited Factor XI,
for more than 70%. At very high soybean inhibitor concentra-
tions, however, some inhibition of factor XII, was observed.
Thus soybean trypsin inhibitor can be effectively used to
inhibit the amidolytic activities of kallikrein and factor XI,
(partly) in a factor XII, assay.

Lima bean trypsin inhibitor did not inhibit kallikrein, had
a poor reactivity towards factor XII, and readily inhibited the
amidolytic activity of factor X1, (Fig. 1B). The latter finding
contrasts with earlier reports in literature that the clotting
activity of factor XI, is not affected by lima bean trypsin
inhibitor [26, 27]. As yet we have no explanation for this
discrepancy. The inhibition characteristics of our lima bean
trypsin inhibitor preparation were such that it can be used to
prevent factor X1, from contributing in a kallikrein assay. For
inhibition of factor XII, such high concentrations of lima
bean trypsin inhibitor are required that it is not of practical
use.
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Fig 1. Inhibition of activated contact factors by soybean and by lima
bean trypsin inhibitor. 430 pl buffer, containing 100 mM Tris/HCI
(pH 8.3 at 37°C), 150 mM NacCl, 0.5 mg/ml ovalbumin and varying
amounts of (A) soybean trypsin inhibitor (SBT1) or (B) lima bean
trypsin inhibitor (LBTI), were preincubated at 37°C in a 1-mi
semimicro cuvette (1 cm pathlength). After 4 min reaction was started
with the addition of 20 pl storage buffer containing 2.25 pmol §-
factor XII,, 0.225 pmol factor XI, or 0.225 pmol plasma kallikrein.
The final reaction conditions were 95 mM Tris/HCI (pH 8.3 at 37°C),
150 mM NaCl, 0.5 mg/ml ovalbumin, 5 nM g-factor XII,, 0.5 nM
factor XI, or 0.5 nM kallikrein and amounts of trypsin inhibitor as
indicated in the figure. After 1 min 50 pl chromogenic substrate (5 mM
in water) was added to determine the remaining amidolytic activity.
From the initial rate of change in absorbance, determined at 405—
500 nm using an Amino DW2C spectrophotometer set in the dual-
wavelength mode, the residual amount of free enzyme was calculated
and expressed as the percentage of the activity determined in a mixture
without inhibitor. The chromogenic substrates used were $2302 for
S-factor XII, (@-—@®) or kallikrein (O——C) and $2366 for factor
XL, (A—A)

Inhibition by chloromethyl ketones

Recently a number of chloromethyl ketone inhibitors have
become commercially available some of which have also been
reported to be potent inhibitors of plasma kallikrein and
factor XII, [28 —30]. We have studied the inhibition of the
active contact factors by D-Phe-Pro-Arg-CH,Cl, Dns-Glu-
Gly-Arg-CH,Cl and D-Phe-Phe-Arg-CH,Cl under pseudo-
first-order conditions (excess inhibitor). Fig. 2 shows the
pseudo-first-order plots obtained. The rate constants of in-
hibition, determined from the slopes of these lines, were pro-
portional to the amount of inhibitor present (data not shown)
indicating that second-order kinetics were obeyed throughout.
Table 3 summarizes the second-order rate constants calcu-
lated from these plots. D-Phe-Phe-Arg-CH,Cl was the in-
hibitor with the highest specificity. It is an excellent inhibitor
of kallikrein and has a rather low reactivity towards factor
XII, and factor XI,. Therefore, this inhibitor can be used to
prevent kallikrein from contributing to chromogenic substrate
hydrolysis in factor XII, and factor XI, assays. The differences
in magnitude and the actual values of the rate constants of
inhibition of the three activated contact factors by Dns-Glu-
Gly-Arg-CH,Cl were not large enough to be of practical use
as a specific inhibitor in a chromogenic assay. The thrombin
inhibitor D-Phe-Pro-Arg-CH,Cl had a low activity towards
contact factors and showed no differences in specificity.

Silmutaneous determination of contact factor activation
in a mixture of factor X1I, factor XI and plasma prekallikrein

The activation of all three contact factor zymogens at
pH 7.3 at 37°C was monitored in a reaction mixture contain-
ing 250 nM factor XII, 250 nM prekallikrein and 23 nM
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Fig. 2. Inhibition of activated contact factors by chloromethyl ketones.
p-factor XII, (50 pmol), factor XI, (5 pmol) or plasma kallikrein
(5 pmol) was incubated for 3 min at 37°C in a total volume of 190 pt
in 1.6 ml Sarstedt snap-cap centrifuge tubes. Reaction was started
with the addition of 10 pl chloromethyl ketone in 10 mM HCI. The
final reaction conditions were 80 mM Tris/HCl (pH 8.3 at 37°C),
120 mM NadCl, 0.5 mM EDTA, 0.5 mg/ml ovalbumin, 0.02% sodium
azide and 250 nM B-factor XII, (@—@®), 25nM factor XI,
(A——A), 25 nM kallikrein (O——0CO) and (A) 2.5 uM Dns-Glu-Gly-
Arg-CH,Cl, (B) 5 uM D-Phe-Pro-Arg-CH,Cl, (C) 200 nM bD-Phe-
Phe-Arg-CH,CL At the time intervals indicated in the figure 10-ul
samples were withdrawn and assayed for residual amidolytic activity
in 1-ml semimicro cuvettes (1 cm pathlength) in a total volume of
500 ul buffer containing 100 mM Tris/HCl (pH 8.3 at 37°C), 150 mM
NacCl, 0.5 mg/ml ovalbumin and 380 uM S2302 in the case of S-factor
X1I, or kallikrein and 500 pM S2366 in the case of factor XI,. From
the rate of change in absorbance, determined at 405— 500 nm using
an Amino-DW2C spectrophotometer set in the dual-wavelength
mode, the percentage of residual free enzyme present in the reaction
mixture was calculated. 100% was the activity determined in a similar
incubation mixture in the absence of chloromethyl ketone

Table 3. Second-order rate constants of inhibition of factor X1,, B-factor
XII, and plasma kallikrein by chioromethyl ketones

The second-order rate constants of inhibition by chloromethyl
ketones at pH 8.3 at 37°C were calculated from the slopes of the
pseudo-first-order plots shown in Fig. 2. Experimental details are
given in the legend to Fig. 2

Chloromethyl ketone Factor XI, f-Factor XII, Kallikrein
inhibitor

M 1s™1
Dns-Glu-Gly-Arg-CH,Cl 63 462 15662
D-Phe-Pro-Arg-CH,Cl 2271 1160 2299
D-Phe-Phe-Arg-CH,Cl 110 1389 118129

factor XI. As assay buffer 100 mM Tris (pH 8.3 at 37°C),
150 mM NacCl, 0.5 mg/ml ovalbumin was chosen. Coagula-
tion factor activation was followed by a combination of
chromogenic assays. Kallikrein was determined by its
amidolytic activity towards S2302 in the absence and presence
of 25ug/ml soybean trypsin inhibitor. The activity sensitive
for soybean trypsin inhibitor was used to calculate the amount
of kallikrein present in the sample. Thus a possible back-
ground due to excess amounts of factor XII, can be corrected
for if necessary. No correction is necessary for factor XI,
since this enzyme hardly contributes to S2302 hydrolysis (cf.
Table 1). Factor XII, was determined by measurements of
amidolytic activity towards S2337 in the presence of 25 pug/ml



soybean trypsin inhibitor. This inhibitor effectively blocks the
background activity of kallikrein and the major part of 52337
hydrolysis by factor XI,. Finally the amidolytic activity
towards S2366 was determined after preincubation of the
sample for 2.5 min with 250 nM D-Phe-Phe-Arg-CH,Cl. This
chloromethyl ketone quantitatively blocked $2366 hydrolysis
by kallikrein. The low background activity from large
amounts of factor XII, was, however, not influenced by this
treatment. Factor XI, amidolytic activity was, therefore,
calculated after substracting the amidolytic activity of factor
X1I, towards S52366. The latter activity was calculated from
the amounts of factor XII, determined with S2377 and the
catalytic efficiency of S2366 hydrolysis by factor XII,
(Table 1).

Fig. 3 shows the time course of activation in the reaction
mixture as it was determined using these assays. Kallikrein
formation was very fast and a plateau was reached within
20 min. Factor XII, amidolytic activity reached a plateau after
3 h whereas factor XI activation was not complete until after
7 h. Investigation of the earlier time points showed that all
curves were simoidal with a lag time of 1 — 2 min for kallikrein,
of about 5 min for factor XII, and about 1 h for factor XI,.
This is consistent with the positive feedback mechanism that
occurs between factor XII and prekallikrein. Moreover, the
fact that factor XI, formation only started after substantial
amounts of factor XII, had been formed illustrates the inef-
ficient factor XI, formation by factor XII, in the absence of
surface. The standard deviation in the values for factor XII,
and kallikrein (determined in the plateau) was 7 nM whereas
it was 0.6 nM for factor XI,.

DISCUSSION

The experimental data presented in this paper show that
by careful choice of experimental conditions and reagents it
is possible to develop methods for the quantification of factor
X11,, factor XI, and kallikrein in mixtures that contain sub-
stantial amounts of each of these enzymes. In order to be of
general use we have restricted ourselves to reagents that are
commercially available. The chromogenic substrates that we
have employed have been shown to be good substrates for
activated contact factors. In agreement with the literature
52302 was a good substrate for both kallikrein and factor
X1I,, while S2366 was readily hydrolyzed by factor X1I,. S2337
and 82222, chromogenic substrates for factor X,, can also
be used to quantify factor XII,. However, Table 1 illustrates
that the active enzymes show considerable activities towards
more than one chromogenic substrate, Therefore, a direct
chromogenic assay of a particular contact factor is not pos-
sible when substantial amounts of other contact factors are
present in the same sample. Kallikrein presents the major
source of error in the determination of the other contact
factors since it has a relatively high activity towards the
chromogenic substrates that have to be used in factor XII,
and factor XI, assays. Factor XII, only interferes with
kallikrein and factor XI, assays when present in excess of
these contact activation factors, while factor XI, will hardly
interfere with the assays of factor XII, and kallikrein.

Soybean trypsin inhibitor can be used specifically to in-
hibit kallikrein in factor XII, assays. Concentrations of 25 pg/
ml completely block kallikrein without affecting factor XII,.
At these soybean trypsin inhibitor concentrations also sub-
stantial amounts of factor XI, are already inhibited. Thus,
soybean trypsin inhibitor is an excellent tool in a factor XII,
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Fig. 3. Time course of contact factor activation. 800 pl buffer, contain-
ing 225 pmol factor XII, was preincubated at 37°C in a 1.6-ml Sarstedt
snap-cap centrifuge tube. After 5 min reaction was started with the
addition of 50 pl storage buffer containing 20.7 pmol factor XI
immediately followed by 50 ul storage buffer containing 225 pmol
plasma kallikrein. The final reaction conditions were: 100 mM Hepes
(pH 7.3 at 37°C), 150 mM NaCl, 3 mM sodium acetate, 0.5 mM
EDTA, 0.5 mg/ml ovalbumin, 250 nM factor XII, 250 nM plasma
prekallikrein and 23 nM factor XI. At the time intervals indicated,
samples were withdrawn and assayed for contact factor activation by
a combination of the following assays: (O——O) Plasma kallikrein
was determined after diluting the sample 25-fold in cuvette buffer:
100 mM Tris/HCl (pH 8.3 at 37°C), 150 mM NaCl, 0.5 mg/ml
ovalbumin. 20 ul of this dilution were added to 1-ml semimicro
cuvettes with 430 pl cuvette buffer with or without 25 pg/ml soybean
trypsin inhibitor present. After an additional 1 min incubation 50 pl
$2302 was added to result in a final concentration of 500 uM. The
amidolyic activity, sensitive to inhibition by soybean trypsin inhibitor,
was used to calculate the amount of plasma kallikrein present in the
sample using a calibration curve made under the same conditions with
known amounts of plasma kallikrein. (@——@) Factor XII, was
determined by adding 20 pl reaction mixture to a cuvette with 430 pl
cuvette buffer containing 25 ng/ml soybean trypsin inhibitor. After
an additional 1 min incubation at 37°C 50 pl S2337 was added to
result in a final concentration of 500 uM. The amount of factor XII,
present in the sample was calculated using a calibration curve made
under the same conditions with known amounts of f-factor XII,.
(A—A) Factor XI, was determined in a 20-pl sample, which was
added to a cuvette with 430 pl cuvette buffer containing 250 nM p-
Phe-Phe-Arg-CH,;ClL After an additional 2.5-min incubation 50 pl
S2366 was added to result in a final concentration of 500 uM. The
amidolytic activity due to factor XI, was calculated by subtracting
the factor-X11,-dependent part from the total amidolytic activity mea-
sured (the contribution by factor XII, was calculated from the amount
determined as described above and its activity on $2366). The factor
XI, present in the sample was calculated from the residual activity
using a calibration curve made under the same conditions with known
amounts of factor XI,

assay to prevent interference by kallikrein and factor XI,. It
can, however, not be used selectively to block kallikrein in a
factor X1, assay. For this purpose the chloromethyl ketone D-
Phe-Phe-Arg-CH,Cl can be employed. This inhibitor is 1000
times more active towards kallikrein than towards factor XI,.
This means that concentrations of Phe-Phe-Arg-CH,Cl can
be chosen that block the amidolytic activity of kallikrein for
more than 99% while the inhibition of factor XI, will be less
than 1%. Thus Phe-Phe-Arg-CH,Cl can be used to completely
block the contribution of kallikrein in a quantitative assay of
factor XI, with S2366.



642

At present there are no commercially available specific
inhibitors of factor XII, that can be used to inhibit the factor
XII, in samples for a kallikrein or factor XI, assay. The
popcorn trypsin inhibitor [31] may serve this purpose but this
inhibitor is not yet commercially available. It is possible,
however, to correct for factor XII, contributions to kallikrein
and factor XI, assays. The amount of factor XII, present in
mixtures of contact activation factors can be calculated by
determination of the amidolytic activity towards S2337 or
$2302 in the presence of 25 pg/ml soybean trypsin inhibitor.
This activity can subsequently be used to calculate and correct
for the factor XII, contributions in kallikrein and factor XI,
assays.

The chromogenic assays were performed at pH 8.3at37°C
at a concentration of 150 mM NacCl for the following reasons.
At this pH the selectivity for the substrates by factor XII, and
factor XI, is somewhat favoured since kallikrein amidolytic
activity decreases most with increasing pH (see Table 1). More
importantly, however, a number of contact activation interac-
tions have been reported to be effectively blocked at pH values
higher than pH 8.0 and at high salt concentrations. Thus
surface-dependent factor XII activation (both by autoactiva-
tion and by kallikrein) is greatly diminished under these
conditions [5, 32]. Prekallikrein activation by factor XII,
decreases with increasing salt concentration [33]. Therefore,
performing the assays at pH 8.3 and at high salt ensures that
these reactions are effectively blocked in the cuvette. A final
consideration is that high salt concentrations in the cuvette
will prevent large fluctuations in ionic strength when sample
size is varied or when the effect of ionic strength in contact
activation reactions is studied. It is important to keep this
parameter stable since the amidolytic activity of contact
factors may be influenced by ionic strenght [23].
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