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A B S T R A C T Humanplasma kallikrein is inactivated
by plasma protease inhibitors. This study was designed
to determine the nature of these protease inhibitors
and to assess their relative importance in the inacti-
vation of kallikrein. Therefore, the kinetics of kalli-
krein inactivation and the formation of kallikrein in-
hibitor complexes were studied in normal plasma and
in plasma depleted of either a2-macroglobulin (a2M),
CI inhibitor, or antithrombin (AT 1II). Prekallikrein
was activated by incubation of plasma with dextran
sulfate at 40C. After maximal activation, kallikrein
was inactivated at 370C. Inhibition of kallikrein ami-
dolytic activity in AT III-deficient plasma closely par-
alleled the inactivation rate of kallikrein in normal
plasma. The inactivation rate of kallikrein in a2M-de-
ficient plasma was slightly decreased compared with
normal plasma, but in contrast to normal, CI inhibitor-
deficient, and AT III-deficient plasma, no kallikrein
amidolytic activity remained after inactivation that
was resistant to inhibition by soybean trypsin inhibitor.
Suppression of kallikrein activity in CI inhibitor-de-
ficient plasma was markedly decreased, and this was
even more pronounced in plasma deficient in both
CI inhibitor and a2M. The pseudo first-order rate con-
stants for kallikrein inactivation in normal, AT Ill-de-
ficient, a2M-deficient, CI inhibitor-deficient plasma,
and plasma deficient in both a2M and CI inhibitor,
were 0.68, 0.60, 0.43, 0.07, and 0.016 min-', respec-
tively. Sodium dodecyl sulfate gradient polyacryl-
amide slab gel electrophoresis showed that during in-
activation of kallikrein in plasma, high-Mr complexes
were formed with Mr at 400,000-1,000,000, 185,000,
and 125,000-135,000, which were identified as com-
plexes of '251-kallikrein with a2M, CI inhibitor, and
AT III, respectively. In addition, the presence of an
unidentified kallikrein-inhibitor complex was observed
in AT III-deficient plasma. 52% of the '251-kallikrein
was associated with Cl-inhibitor, 35% with a2M, and
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13% with AT III and another protease inhibitor. A
similar distribution of '25I-kallikrein was observed
when the '25I-kallikrein inhibitor complexes were re-
moved from plasma by immunoadsorption with in-
solubilized anti-CI inhibitor, anti-a2M, or anti-AT III
antibodies. These results suggest that only covalent
complexes are formed between kallikrein and its in-
hibitors in plasma. As a function of time, '251-kallikrein
formed complexes with C1 inhibitor at a higher rate
than with a2M. No difference was observed between
the inactivation rate of kallikrein in high-Mr kinino-
gen-deficient plasma and that in high-Mr kininogen-
deficient plasma reconstituted with high-Mr kinino-
gen; this suggests that high-Mr kininogen does not pro-
tect kallikrein from inactivation in the plasma milieu.
These results have quantitatively demonstrated the
major roles of CI inhibitor and a2M in the inactivation
of kallikrein in plasma.

INTRODUCTION

Plasma contains several protease inhibitors that are
able to inactivate proteolytic enzymes. These plasma
proteins regulate and modulate the involvement of
several interrelated enzyme systems in various he-
mostatic and inflammatory reactions.

Plasma kallikrein, a serine protease, participates in
these reactions. It releases bradykinin from kininogen
(1), which increases the permeability of blood vessels,
and mimics some features of the inflammatory re-
sponse (2, 3). Kallikrein is also important in the
contact phase mechanisms of the intrinsic blood clot-
ting cascade and in the generation of fibrinolytic ac-
tivity (4-8).

Five plasma proteinase inhibitors with varying po-
tencies have thus far been identified as kallikrein in-
activators: C1 inhibitor, a2-macroglobulin (a2M)', an-
tithrombin III (AT III), a1-antitrypsin, and a2-anti-

' Abbreviations used in this paper: a2M,a2-macroglobulin;
AT III, antithrombin III; HAE, hereditary angioedema;
PAA, polyacrylamide; SBTI, soybean trypsin inhibitor.
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plasmin (9-17). CI inhibitor and a2M are suggested
to be important inactivators of plasma kallikrein (9-
15). The suggestion that CI inhibitor is a major inhib-
itor of kallikrein in plasma was based on the obser-
vation that plasma from individuals with hereditary
angioneurotic edema showed a markedly decreased
inhibition toward kallikrein esterolytic and amidolytic
activity compared with normal plasma (11, 14, 15).
Another study (10) indicated that a2 Malso contributes
a substantial part of the inactivation of kallikrein in
human plasma. All these studies, however, did not
show the formation of complexes between kallikrein
and its inhibitors in plasma, nor was the quantitative
contribution of the various inhibitors to the inactiva-
tion of kallikrein in plasma determined. The present
study was designed to identify the kallikrein inhibitors,
to characterize the complexes formed between kalli-
krein and its inhibitors in plasma, and to establish the
relative importance of each inhibitor for the inacti-
vation of kallikrein in plasma.

METHODS

Prekallikrein, Factor XII, high-M, kininogen, CI inhibitor,2
a2M,2 and AT III' were isolated from human plasma as de-
scribed elsewhere (18-20). Kallikrein was prepared from
prekallikrein by incubation with #3-Factor XII. (Hageman
factor fragment, HFf, the 28,000-Mr form of activated Fac-
tor XII). After activation of prekallikrein, j3-Factor XII. was
removed by affinity chromatography on CNBr-activated Se-
pharose 4B to which immunopurified anti-Factor XII anti-
bodies were covalently coupled as previously described (21).
In the absence of reducing agents, the kallikrein preparation
gave two protein bands on sodium dodecyl sulfate (SDS)
polyacrylamide (PAA) gels with M, = 80,000 and three frag-
ments with M, = 43,000, 36,000, and 33,000 on reduced SDS
PAA gels. The specific amidolytic activity of kallikrein was
19.3 Mmol min-' mg-' using benzoyl-Pro-Phe-Arg-p-nitroan-
ilide (Chromozym PK, Boehringer, Mannheim, West Ger-
many) as a substrate in a concentration of 0.166 mMin 0.1
M Tris, 0.05 M NaCl, pH 8.0 at 37°C. Radiolabeling of
prekallikrein and kallikrein was performed with 1251 by using
the Bolton-Hunter reagent (22). The prekallikrein prepa-
ration retained its procoagulant activity after the radiola-
beling procedure, and the specific radioactivity was 0.9 ,Ci/
,ug. Kallikrein was radiolabeled in the presence of 1 mM
benzamidine. After the radiolabeling procedure, benzami-
dine was removed by extensive dialysis. The radiolabeled
kallikrein retained at least 60% of its specific amidolytic ac-
tivity and contained 0.6 ,Ci/Ag. Radioactivity was measured
in a Packard 5110 gammacounter (Packard Instrument Co.,
Inc., Downers Grove, IL). All purified proteins were stored
at -70°C in storage buffer (5 mMsodium acetate, 0.15 M
NaCl, 0.02% NaN3, pH 5.3).

2 F. van der Graaf, A. Rietveld, and B. N. Bouma. Manu-
script in preparation.

3 C. de Swart, A. Nijmeyer, J. J. Sixma, and B. N. Bouma.
Manuscript in preparation.

Antibodies directed against a2M or AT III were prepared
by four successive weekly injections of 25 Ag of a2M or AT
III in complete Freund's adjuvant (Difco Laboratories, De-
troit, MI) into a goat at multiple subcutaneous sites. Anti-
C1 inhibitor antiserum was obtained from Behring-Werke
AG, Marburg/Lahn, West Germany.

Immunopurified antibodies were prepared by affinity
chromatography of the different antisera on a column of
CNBr-activated Sepharose 4B (1 g) to which either purified
a2M (5 mg), CI inhibitor (2.8 mg), or AT III (4.6 mg) was
covalently coupled. The antibodies were eluted with 3 M
KSCNin 0.01 Msodium phosphate, 0.5 MNaCl, pH 7.4 and
after dialysis against 0.1 MNaHCO3, pH 8.0, they were cou-
pled to CNBr-activated Sepharose 4B. The immunopurified
antibodies against a2M, CI inhibitor, or AT III gave one
precipitation line against normal human plasma; this showed
a reaction of identity with the single line obtained against
purified human a2M, CI inhibitor, or AT III, respectively.
a2M- or CI inhibitor-deficient plasma was prepared by im-
munoadsorption of a2M or CI inhibitor from Factor XII-
deficient plasma by using a column of CNBr-activated Se-
pharose 4B (2 g) to which immunopurified anti-Cl inhibitor
(9.4 mg) or anti-a2M (17.5 mg) antibodies were covalently
coupled. 5 ml of C1 inhibitor-deficient and 4.5 ml of a2M-
deficient plasma were obtained. Plasma deficient in both
C1 inhibitor and a2M was prepared by immunoadsorption
of a2M and C1 inhibitor, respectively, from the same Factor
XII-deficient plasma. AT III-deficient plasma was prepared
by immunoadsorption of AT III from normal human plasma
with a column of immunopurified anti-AT III antibodies
(14.6 mg) covalently coupled to 2 g of CNBr-activated Se-
pharose 4B. 10 ml of AT III-deficient plasma was obtained.
The a2M-deficient, C1 inhibitor-deficient, and AT III-defi-
cient plasmas, and plasma deficient in both a2M and C1
inhibitor, were completely depleted of the respective ap-
propriate inhibitor (< 1%) as measured by Laurell rocket
immunoelectrophoresis (23). The other inhibitors that were
not removed by immunoadsorption remained at normal
plasma levels. Also prekallikrein and high-Mr kininogen lev-
els were at normal plasma concentrations as was Factor XII
in AT III-deficient plasma. Prekallikrein, high-Mr kininogen,
and Factor XII were determined by using partial throm-
boplastin time assays (8). High-Mr kininogen-deficient plasma
was obtained from George King, Bio-Medical Inc. (Overland
Park, KS) and from a congenitally deficient patient.4 Factor
XII-deficient plasma was from a congenitally deficient pa-
tient. A normal plasma pool of citrated plasma was obtained
from 40 healthy donors. The plasmas were stored frozen at
-700C.

PAAgel electrophoresis in the presence of SDSwas carried
out on 3-25% gradient slab gels (280 X 140 X 0.75 mm) after
the method of Laemmli (24). The gels were run at 150 V,
25 mA, for 18 h, using running tap water for cooling. The
gels were stained for protein with Coomassie blue R-250 and
subsequently dried on Whatman 3-MM paper (Whatman
Inc., Paper Div., Clifton, NJ). Autoradiography of the dried
slab gels was performed using Sakura x-ray film A (Koni-
shiraku Photo Inc., Co., Ltd, Tokyo). The dried gel was cut
longitudinally, sliced into sections (13 X 3 mm), and then
counted for radioactivity. The following standard proteins
were included as references on each slab gel: myosin
(Mr = 200,000), fl-galactosidase (Mr = 116,500), phosphor-

4 0. Ch. Leeksma, J. A. van Mourik, and B. N. Bouma.
Manuscript in preparation.
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ylase b (M, = 94,000), bovine serum albumin (M, = 67,000),
ovalbumin (M, = 43,000), and carbonic anhydrase (M,
= 30,000) (Bio-Rad Laboratories, Richmond, CA).

Inhibition of kallikrein in normal and various inhibitor-
deficient plasmas. Because most protease inhibitor-defi-
cient plasmas were prepared from Factor XII-deficient
plasma, purified Factor XII was added to these plasmas to
obtain a final concentration of 1 U/ml in order to obtain a
normal generation of kallikrein activity induced by dextran
sulfate. 382.5 Ml of Factor XII-deficient, a2M-deficient, CI
inhibitor-deficient plasma, and plasma deficient in both
CI inhibitor and a2M were mixed at 4VC with 67.5 Al of
purified Factor XII (13.5 Ag). Because AT III-deficient
plasma was prepared from normal plasma, 67.5 Al of storage
buffer was added to 382.5 Ml of AT III deficient-plasma. 450
Ml of dextran sulfate (25 Ag/ml, M, = 500,000, Pharmacia
Fine Chemicals AB, Uppsala, Sweden) was then added and
incubated at 40C for 12 min. Before the mixture was in-
cubated at 370C, two samples of 30 MI were withdrawn. One
sample was immediately added to a cuvette containing 1 ml
of 0.166 mMChromozym PK and measured for total kal-
likrein amidolytic activity, and the other sample was im-
mediately mixed with 10 Ml of a soybean trypsin inhibitor
solution (SBTI, 10 mg/ml, Sigma Chemical Co., St. Louis,
MO) at 370C, and after 15 s tested for remaining kallikrein
amidolytic activity. 30-MAl aliquots were removed from the
incubation mixture at various times and measured for total
and remaining kallikrein amidolytic activity. Free kallikrein
amidolytic activity was calculated by subtraction of the ac-
tivity that was resistant to SBTI (the remaining kallikrein
activity) from the total kallikrein activity measured in the
absence of SBTI. Kallikrein amidolytic activity was mea-
sured spectrophotometrically as the initial rate of hydrolysis
of benzoyl-Pro-Phe-Arg-p-nitroanilide (Chromozym PK) by
using a Beckman model 3600 double-beam spectrophotom-
eter (Beckman Instruments, Inc., Fullerton, CA). The change
in absorbance at 405 nmwas followed and the initial velocity
was measured to give AA/min, where A is absorbance. The
observed AA/min was converted to percent by comparison
with the maximum AA/min obtained in the various plasmas.

3-25 %gradient SDS-PAA gel electrophoresis analysis of
1251-kallikrein inactivated in normal and various inhibitor-
deficient plasmas. 6 Ml of '251-kallikrein (0.9 MCi) was added
to 24 Ml of Factor XII-deficient, CI inhibitor-deficient, a2M-
deficient, AT III-deficient plasma, and plasma deficient in
both a2M and CI inhibitor and incubated at 370C. After
inactivation of kallikrein, 7.5 Al of the incubation mixture
was diluted 10 times with 0.05 MTris, pH 7.4; immediately
mixed with an equal volume of 0.125 M Tris, pH 6.8, 4%
SDS, and 10% glycerol; and incubated for 60 min at 370C.
50 Ml of this mixture was then applied to an SDS 3-25%
gradient PAAslab gel. For the inactivation of kallikrein with
purified proteins, 1.3 Mg of '251-kallikrein was incubated with
either 3.6 Mg of CI inhibitor, 50.1 Mg of a2M, or 4.0 Mg of
AT III in 0.05 MTris, 0.15 MNaCl, pH 7.4 in a final volume
of 25 Al at 370C. 7.5 Ml of the mixture was then diluted 10
times with 0.05 MTris, pH 7.4; immediately mixed with an
equal volume of 0.125 M Tris, pH 6.8, 4% SDS, and 10%
glycerol; and incubated for 60 min at 370C. 50 Al of this
mixture was subsequently applied to the same SDS 3-25%
gradient PAAslab gel as the plasma samples. Electrophoresis
was performed for 18 h. After autoradiography, the dried
gel was sliced into sections and counted for radioactivity.
The contribution of the different inhibitors to complex for-
mation with kallikrein in plasma was determined by analysis
of the gel patterns.

Analysis of the contribution of different inhibitors to
kallikrein inactivation using insolubilized anti- C! inhibitor,
anti-a2M, and anti-AT III antibodies. 1 ml of normal
plasma was incubated with 70 Ml of dextran sulfate (1 mg/
ml) at 40C. After 7 min, 20 Ml of '25I-kallikrein (3 MCi) was
added to the plasma followed by incubation at 370C for 20
min. 200 Ml of this mixture was applied to a column con-
taining CNBr-activated Sepharose 4B (0.5 g) to which anti-
C1 inhibitor (1.8 mg), anti-a2M (4.4 mg), or anti-AT III (2.9
mg) antibodies had been coupled. After washing the column
with eight bed-volumes of 0.05 Msodium phosphate and 0.5
M NaCl, pH 7.0, the total content of each column was
counted for bound radioactivity. The radioactivity bound
was corrected for the radioactivity bound to CNBr-activated
Sepharose 4B to which no antibodies were coupled. The
material that did not adhere to each column was tested for
the presence of kallikrein amidolytic activity and of CI in-
hibitor, a2M, and AT III by immunodiffusion with anti-Cl
inhibitor, anti-a2M, or anti-AT III antiserum.

Kinetics of '25I-kallikrein inhibitor complex formation in
normal human plasma. 15 Ml of 1251-prekallikrein (4.0 MCi)
was added to 100 Ml of normal human plasma followed by
activation with 7 Ml of dextran sulfate (1 mg/ml) for 20 min
at 4°C. Under these conditions, all 125I-prekallikrein was
converted to '251-kallikrein. This mixture was incubated at
37°C and at various times a 10-Ml aliquot was removed and
added to 390 Ml of 0.07 M Tris, pH 6.8, 2% SDS, and 5%
glycerol. 50 Ml of this mixture was used for analysis by SDS
3-25% gradient PAA slab gel electrophoresis. The contri-
bution of the different inhibitors to complex formation with
kallikrein was determined as described above.

Inactivation of kallikrein in high-Mr kininogen-defi-
cient plasma. 12 M1 of kallikrein (5.1 Mg) was mixed at 4°C
with different volumes (0, 10.3, and 20.6 Ml) of storage buffer
and different volumes (20.6, 10.3, and 0 Ml) of high-M, kin-
inogen (675 Mg/ml). The total volume of storage buffer and
high-M, kininogen was always 20.6 Ml. After 5 min, 100 Ml
of high-Mr kininogen-deficient plasma was added and
mixed. 15 Ml of this mixture was removed and added to a
cuvette containing 1 ml of Chromozym PK to test for kal-
likrein amidolytic activity. The mixture was subsequently
placed at 37°C and at various times 15-Ml aliquots were
tested for kallikrein amidolytic activity. The AA/min was
converted to percent by comparison with the AA/min of the
zero time sample removed before placing the mixture
at 370C.

RESULTS

Kinetics of kallikrein inactivation in normal and
inhibitor-deficient plasmas. To investigate the in-
activation of kallikrein in various inhibitor-deficient
plasmas, the plasmas which were prepared from Fac-
tor XII-deficient plasma were first reconstituted with
purified Factor XII to normal values and then incu-
bated with dextran sulfate at 4°C. After generation
of maximum kallikrein activity, the plasmas were in-
cubated at 37°C and the inactivation of kallikrein was
followed by measurement of the kallikrein amidolytic
activity at several times. A rapid decrease of total and
free kallikrein amidolytic activity in normal plasma
was observed (Fig. 1A). The difference between total
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FIGURE 1 Inhibition of total (0) and free (C) kallikrein amidolytic activity in various inhibitor-
deficient plasmas. Activation of prekallikrein in plasma was initiated by addition of dextran
sulfate at 40C. Inactivation of kallikrein (0.31 ttM) was then followed at 370C. At various times,
30-Ml aliquots were tested for kallikrein amidolytic activity (total kallikrein activity) and for
SBTI-inhibitable amidolytic activity (free kallikrein activity), as described in Methods. A, nor-
mal human plasma; B, a2M-deficient plasma; C, AT III-deficient plasma; D, CI inhibitor-
deficient plasma; E, plasma deficient in both CI inhibitor and a2M; F, plasma deficient in
CI inhibitor and a2M to which heparin (100 U/ml) was added after generation of maximum
kallikrein amidolytic activity.

and free kallikrein amidolytic activity is the SBTI-re-
sistant kallikrein amidolytic activity (see Methods).
After -5 min, a plateau of total kallikrein activity was
reached at 11% of the original activity. Inactivation
of kallikrein activity (total and free) in AT III-defi-
cient plasma (Fig. IC) closely paralleled the inacti-
vation patterns observed in normal plasma. The rate
of kallikrein inactivation in a2M-deficient plasma (Fig.
1B) was slightly decreased compared with normal
plasma, but in contrast to normal, CI inhibitor, and
AT III-deficient plasma there was no difference be-
tween total and free kallikrein amidolytic activity.
Furthermore, kallikrein amidolytic activity was almost
completely (<2%) inactivated in this plasma. This sug-
gests that the difference between total and free kal-
likrein amidolytic activity as observed in normal

plasma is caused by a2M-bound kallikrein that still
expresses some amidolytic activity, and which is not
inhibitable by SBTI. Using purified proteins we have
shown that this a2M-bound kallikrein amidolytic ac-
tivity represents one-fourth of the amidolytic activity
of the free kallikrein when measured at a concentra-
tion of 0.166 mMChromozym PK.2 Suppression of
kallikrein activity in CI inhibitor-deficient plasma
(Fig. ID) and in plasma deficient in both CI inhibitor
and a2M (Fig. IE) was markedly decreased. After a
1-h incubation at 370C, 32% of total kallikrein ami-
dolytic activity was still present in CI inhibitor-defi-
cient plasma. The difference between total and free
kallikrein amidolytic activity in this plasma was even
more pronounced than in normal plasma, indicating
that more kallikrein was inactivated by a2M than in
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normal plasma. Addition of heparin (100 U/ml) to
plasma deficient in both a2M and CI inhibitor led to
a marked increase in the rate and extent of inactivation
of kallikrein, which suggests that AT III was the major
inhibitor in the presence of heparin (Fig. IF).

When In ([Kal]o/[Kal],) for the different inactivation
curves was plotted against the incubation time at 370C,
a straight line was obtained, indicating that the in-
activation of free kallikrein amidolytic activity in the
various plasmas followed pseudo first-order kinetics
(Fig. 2). The slope of each line is the pseudo first-order
rate constant, which for the inactivation of kallikrein
in normal, AT III-deficient, a2M-deficient, CI inhib-
itor-deficient plasma, and plasma deficient in both
a2M and CI inhibitor, was 0.68, 0.60, 0.43, 0.07, and
0.016 minm-, respectively. Addition of heparin to
plasma deficient in both a2M and CI inhibitor in-
creased the pseudo first-order rate constant eightfold
to 0.13 min'.

Kallikrein-inhibitor complex formation: analysis by
SDS 3-25 % gradient PAA slab gel electrophoresis.
To study complex formation between kallikrein and
its inhibitors, 1251-kallikrein was added to normal and
various inhibitor-deficient plasmas followed by inac-
tivation at 370C. Plasma samples were then subjected
to SDS 3-25% gradient PAA slab gel electrophoresis.
To identify the complexes formed in plasma, l251-kal-

likrein was incubated simultaneously with either pu-
rified CI inhibitor, a2M, or AT III and analyzed on
the same gel. After autoradiography of the gel, the
contribution of the different inhibitors to the inacti-
vation of kallikrein in the various plasmas was cal-
culated by counting the radioactivity incorporated in
the SDS-resistant '251-kallikrein-inhibitor complexes.
Fig. 3 shows the autoradiogram. Approximately 45%
of the radioactivity in all samples remained at Mr
= 80,000, suggesting that this portion of the radio-
labeled kallikrein was inactive or was released from
noncovalent complexes. 55% of the radioactivity in
normal plasma was associated with a number of bands:
one band with apparent Mr of 185,000; several
bands in Mr range of - 400,000-1,000,000; and three
faint bands with an Mr of 125,000, 130,000, and
135,000 (Fig. 3A). The complexes with Mr = 400,000-
1,000,000 probably resulted from complex formation
between a2M and 1251-kallikrein, because purified a2M
and '251-kallikrein formed apparently identical com-
plexes (Fig. 3C), whereas these bands were not present
in a2M-deficient plasma (Fig. 3B). The band with
Mr= 185,000 in normal plasma corresponded to the
complex formed between 1251-kallikrein and purified
CI inhibitor (Fig. 3E), suggesting that in normal
plasma this band is derived from complex formation
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FIQUJRE 2 Kinetics of inactivation of free kallikrein ami-
dolytic activity in normal plasma (@), AT III-deficient
plasma (A), a2M-deficient plasma (0), plasma deficient in
both CI inhibitor and a2M with heparin (0), CI inhibitor-
deficient plasma (A), and plasma deficient in both CI in-
hibitor and a2M (A) plotted as In ([Ka1]o/[Kal],) against in-
cubation time at 370C. [Kalo, kallikrein concentration at 0-
min incubation at 370C; [KallI, kallikrein concentration at
t min incubation at 370C.
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FIGURE 3 Autoradiogram of a SDS 3-25% gradient PAA
slab gel containing mixtures of 125I-kallikrein incubated for
different times at 370C with A, normal human plasma (20
min); B, a2M-deficient plasma (20 min); C, purified a2M
(60 min); D, CI inhibitor-deficient plasma (180 min); E,
purified CI inhibitor (30 min); F, plasma deficient in both
a2M and CI inhibitor (240 min); G, AT III-deficient plasma
(20 min); and H, purified AT III (60 min).
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between kallikrein and CI inhibitor. Further evidence
for this is obtained from the fact that this band was
absent in CI inhibitor-deficient plasma (Fig. 3D). The
three faint bands with Mr = 125,000, 130,000, and
135,000 seen in normal plasma were apparently iden-
tical to those seen when '251-kallikrein formed com-
plexes with purified At III (Fig. 3H). These bands
were the only kallikrein-inhibitor complexes seen in
plasma deficient in both a2M and CI inhibitor (Fig.
SF). However, when '25I-kallikrein was inactivated in
AT III-deficient plasma, the same three bands were
apparently formed. As no AT III antigen was detect-
able in this plasma (<1%), this suggests that during
inactivation of kallikrein in plasma, complexes with
Mr = 125,000-135,000 are formed between kallikrein
and an inhibitor other than AT III. Table I lists the
contribution of CI inhibitor, a2M, and AT III to kal-
likrein complex formation in normal and various in-
hibitor-deficient plasmas. 52% of the active 12SI-kalli-
krein in normal plasma was associated with CI inhib-
itor, 35% with a2M, and 13% with AT III and another
inhibitor. The data also indicate that in the absence
of CI inhibitor, 67% of kallikrein in plasma was com-
plexed to a2M, whereas in a2M-deficient plasma 84%
of kallikrein was associated with CI inhibitor.

Contribution of a2M, CI inhibitor, and AT III to
kallikrein inactivation in plasma: analysis by insol-
ubilized immunopurified anti-inhibitor antibodies.
To investigate the possibility that during its inactiva-
tion in plasma, kallikrein formed complexes that were
not resistant to SDS, '25I-kallikrein was inactivated in
plasma and subsequently passed over columns con-
taining insolubilized antibodies against either CI in-
hibitor, a2M, or AT III. 49% of the radioactivity pres-
ent in plasma did not bind to any of the insolubilized
anti-inhibitor columns, whereas only 0.2% bound to
Sepharose 4B to which no anti-inhibitor antibodies
were coupled. Of the specifically bound radiolabeled
kallikrein, 55% was associated with CI inhibitor, 41%

TABLE I

Contribution of a2M, Cl inhibitor, and Other Inhibitors,
Including AT III, to Complex Formation with IZI-Kallikrein
after Inactivation in Normal and Inhibitor-deficient Plasma

Other inhibitors,
aM C! inhibitor including AT H11

Normal plasma 35 52 13
C1 inhibitor-deficient

plasma 67 0 33
a2M-deficient plasma 0 84 16
AT Ill-deficient

plasma 23 70 7

with a2M, and 4% with AT III. Control experiments
indicated that in the eluate plasma fraction, no im-
munological detectable CI inhibitor, ca2M, or AT III
was present after plasma had passed over the column
containing the respective insolubilized antibody. In
addition, all kallikrein amidolytic activity was re-
moved from the plasma samples. To investigate the
possibility that kallikrein-inhibitor complexes did not
react with the appropriate anti-inhibitor antibodies,
purified kallikrein was incubated with the purified in-
hibitors in a molar ratio of 10:1 and tested by double
immunodiffusion and rocket immunoelectrophoresis
by using the anti-inhibitor antibody. In each case it
was demonstrated that the antibody precipitated with
the kallikrein-inhibitor complex.

Kinetics of SDS-resistant complex formation be-
tween '25I-kallikrein and C1 inhibitor, ac2M, and AT
III during inactivation of kallikrein in plasma. To
analyze complex formation between kallikrein and its
inhibitors as a function of time during inactivation in
plasma, '251-prekallikrein was added to normal human
plasma and subsequently incubated at 40C with dex-
tran sulfate. When maximum kallikrein activity was
generated, the mixture was incubated at 370C. At dif-
ferent incubation times at 370C, samples were with-
drawn, added to a SDS solution, and analyzed by 3-
25% gradient PAA slab gel electrophoresis. The dried
gel was sliced and the radioactivity incorporated in
the '25I-kallikrein-inhibitor complexes was counted.
The formation of kallikrein-inhibitor complexes as a
function of time is shown in Fig. 4. Upon incubation
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FIGURE 4 Kinetics of complex formation between '251-kal-
likrein and CI inhibitor (0), a2M (s), and other protease
inhibitors (o1), or total (0) during inactivation in plasma.
Complex formation between kallikrein and each inhibitor
was analyzed at different times by SDS gradient PAA slab
gel electrophoresis and plotted as percent radioactivity pres-
ent in a kallikrein-inhibitor complex of the radioactivity
associated with all kallikrein-inhibitor complexes at 20 mmn
at 370(2*
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at 370C, a2M immediately formed complexes with
kallikrein. At the first time point (t = 20 s), more kal-
likrein was bound to a2M than to CI inhibitor. How-
ever, between ½/2 and 2 min, complex formation be-
tween kallikrein and CI inhibitor increased at a higher
rate than complex formation between a2M and kalli-
krein. During this time period, the rate of inactivation
of kallikrein was relatively fast (Fig. 1A). The for-
mation of the complexes with Mr = 125,000-135,000
slowly increased in time. Maximum complex forma-
tion was reached after -6 min. 49% of the active 1251_
kallikrein was then associated with CI inhibitor, 43%
with a2M, and 8% with other inhibitors, including
AT III.

Role of high-Mr kininogen in the inactivation of
kallikrein in plasma. As high-M, kininogen was re-
ported to decrease the inactivation rate of purified
kallikrein by CI inhibitor (25), a2M, AT 1II, and al-
anti-trypsin (26), we compared the kinetics of kalli-
krein inactivation in high-Mr kininogen-deficient
plasma with the inactivation in high-Mr kininogen-
deficient plasma reconstituted with purified high-Mr
kininogen. Therefore, equal volumes of kallikrein or
kallikrein preincubated with different amounts of
high-Mr kininogen were added to high-Mr kininogen-
deficient plasma and incubated at 370C. At different
incubation times at 370C, samples were withdrawn
and measured for the total kallikrein amidolytic ac-
tivity. That the formation of a complex between kal-
likrein and high-Mr kininogen had indeed taken place
was demonstrated by Laurell rocket immunoelectro-
phoresis with antiprekallikrein antibodies, under con-
ditions described by Kerbiriou et al. (18). The presence
of high-Mr kininogen did not influence the rate of kal-
likrein inactivation in plasma (Fig. 5). For this exper-
iment, high-Mr kininogen-deficient plasma was used
from two unrelated congenitally high-Mr kininogen-
deficient patients. The same results were obtained with
both plasmas, indicating that high-Mr kininogen does
not protect kallikrein from inactivation in plasma.

DISCUSSION
The relative importance of plasma protease inhibitors
in the inhibition of kallikrein in plasma was studied
as well as the structure and nature of the interaction
between kallikrein and its inhibitors during inactiva-
tion in plasma. Therefore, the kinetics of inactivation
of kallikrein in protease inhibitor-depleted plasmas
was investigated. Because plasma deficient in AT III
or a2M was not available, artificially depleted plasmas
were used in our study. a2M, C1 inhibitor, AT III, or
both a2M and C1 inhibitor were removed by immu-
noadsorption by using insolubilized immunopurified
anti-inhibitor antibodies. Factor XII-deficient plasma
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FIGURE 5 Inactivation of kallikrein in high-Mr kininogen-
deficient plasma. 12 M(l of kallikrein (5.1 Mg) was incubated
for 5 min with 20.6 MAl of storage buffer (0), 10.3 Ml of high-
Mr kininogen (7 Mg), and 10.3 Ml of storage buffer (A), or
20.6 Ml of high-Mr kininogen (14 ,ug, [0]) at 4°C and sub-
sequently added to 100 ,ul of high-Mr kininogen-deficient
plasma. Inactivation was followed at 37°C by measuring
total kallikrein amidolytic activity of 30-Mgl aliquots at var-
ious times.

was used for the preparation of C1 inhibitor and a2M-
deficient plasma in order to exclude activation of the
contact system. Removal of an inhibitor by this tech-
nique did not influence the level of the other inhibitors,
whereas prekallikrein and high-Mr kininogen levels of
all deficient plasmas were in the normal range.

When kallikrein is inactivated in normal plasma at
37°C, a plateau of 11% of its original activity is
reached after - 5 min (Fig. 1). This remaining activity
is not inhibitable by SBTI, a plant inhibitor that rap-
idly inactivates the activity of kallikrein. Harpel (10)
showed that kallikrein esterolytic activity present in
plasma after 5 min incubation at 370C in the presence
of kaolin was only partly inhibitable by SBTI. Exper-
iments performed with purified components indicated
that kallikrein binds to a2M while retaining part of its
esterolytic or amidolytic activity2 (10, 26). Therefore,
it is likely that the remaining kallikrein amidolytic
activity seen in normal, C1 inhibitor-deficient, and AT
III-deficient plasma is caused by a2M-bound kalli-
krein. Further evidence is obtained from the fact that
this remaining activity is not present in a2M-deficient
plasma. The absence of C1 inhibitor results in a mark-
edly decreased rate of kallikrein inactivation and a
90% reduction in the pseudo first-order rate constant,
whereas the rate constant is reduced to 63% in the
absence of a2M. The importance of these inhibitors
can be demonstrated when both C1 inhibitor and a2M
are absent. The pseudo first-order rate constant is then
reduced to 2% of that in normal plasma. The absence
of AT III in plasma appears to have a minor influence
on the rate of kallikrein inactivation. However, when
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heparin is added to plasma deficient in both a2M and
CI inhibitor, the inactivation rate constant for free
kallikrein amidolytic activity increases approximately
eight times, which suggests that AT III can play a role
in the inactivation of kallikrein in plasma in the pres-
ence of heparin. This is also illustrated by the fact that
addition of heparin to plasma from patients with he-
reditary angioneurotic edema was shown to increase
the kallikrein inhibitory capacity of this plasma (27).
Our observations indicate that CI inhibitor is respon-
sible for the relatively rapid rate of kallikrein inacti-
vation in plasma, whereas of all other protease inhib-
itors, only a2M appears to play a major role. These
results agree with other reports that suggested that
CI inhibitor and a2M are important inactivators of
plasma kallikrein (9-15, 25, 26, 28).

In plasma, kallikrein forms a number of complexes
with apparent molecular weights in the range of
400,000-1,000,000, 185,000, and 125,000-135,000. By
using purified proteins and plasmas depleted of inhib-
itors, the complexes were identified. The complexes
with molecular weights in the range of 400,000-
1,000,000 were due to the formation of complexes be-
tween a2M and kallikrein; the complex at M,
= 185,000 was the CI inhibitor-kallikrein complex.
The complexes at M, = 125,000, 130,000, and 135,000
might be due to complex formation between kallikrein
and AT III, because identical complexes were formed
between purified kallikrein and AT III. Vennerod and
coauthors (29) also showed formation of three SDSsta-
ble complexes between kallikrein and AT III, although
the M, values were slightly different from ours. During
inactivation in AT III-deficient plasmas, kallikrein also
formed complexes with Mr = 125,000-135,000, which
were very similar to those seen in normal plasma.
Therefore, a protease inhibitor other than CI inhibitor,
a2M, and AT III might contribute to the inactivation
of kallikrein in plasma. a1-antitrypsin and a2-anti-
plasmin were also reported to be inhibitors of plasma
kallikrein (26, 30). Therefore, the complexes with
Mr = 125,000-135,000 might also include kallikrein-
a1-antitrypsin and/or kallikrein-a2-antiplasmin com-
plexes.

Approximately 45% of the radiolabeled kallikrein
behaved as uncomplexed kallikrein on the SDSgel and
might represent inactive kallikrein caused by the ra-
diolabeling procedure or kallikrein noncovalently
complexed to one or more inhibitors. When the data
were corrected for this, 35% of kallikrein was found
to form a complex with a2M, 52% with CI inhibitor,
and 13% with inhibitors other than C1 inhibitor and
a2M. Because complexes that dissociate in the presence
of SDS are not detected by this method, we used in-
solubilized immunopurified anti-Cl inhibitor, a2M, or

AT III antibodies to determine the contribution of
C1 inhibitor, a2M, and AT III to kallikrein inactivation
in plasma. 49% of the radiolabeled kallikrein did not
bind to any insolubilized anti-inhibitor antibody. No
kallikrein activity was detected in the eluate of a col-
umn containing the insolubilized antibodies against
C1 inhibitor, a2M and, AT III, indicating that no active
kallikrein was dissociated from a complex with inhib-
itor(s). This suggests that the portion of the radiola-
beled kallikrein that did not bind to the columns rep-
resents inactive kallikrein. The relative contribution
of the inhibitors to kallikrein inactivation was similar
to that detected with SDS gradient PAA gel electro-
phoresis. This suggests that only covalent complexes
are formed between kallikrein and its inhibitors in
plasma. Recently, Schapira et al. (28) reported kinetic
studies of kallikrein inactivation in plasma. The con-
tribution of CI inhibitor and a2M to kallikrein inac-
tivation in undiluted plasma was calculated to be 58
and 38%, respectively, which agrees with the results
obtained in this study.

When the formation of complexes of kallikrein with
the inhibitors was followed in the time during inac-
tivation of kallikrein in plasma at 37°C, the C1 inhib-
itor-kallikrein complex was formed at a higher rate
than the a2M-kallikrein complex. But a2M immedi-
ately formed complexes, whereas C1 inhibitor showed
a sigmoidal increase of complex formation. This might
be an effect of temperature, as C1 inhibitor is probably
more sensitive to low temperature than is a2M. Max-
imum complex formation was observed after 5-6 min,
correlating well with maximum kallikrein inhibition
(Fig. lA).

When using purified proteins it was reported that
high-Mr kininogen reduced the rate of kallikrein in-
activation by C1 inhibitor (25), a2M, AT III, and al-
antitrypsin (26) as a result of complex formation be-
tween kallikrein and high-Mr kininogen. Analysis of
the kinetic data yielded a dissociation constant of 0.75
,IM for this complex. Because high-Mr kininogen cir-
culates in plasma complexed to prekallikrein (31) or
kallikrein (18), this observation might imply that high-
Mr kininogen also influences the rate of kallikrein in-
activation by its inhibitors in plasma. Therefore, we
studied the inactivation rate of kallikrein in high-Mr
kininogen-deficient plasma. Addition of high-Mr kin-
inogen to this plasma (final concentration 0.53 or 1.06
,uM) appeared to have no effect on the rate of kallikrein
inactivation. Laurell rocket immunoelectrophoresis
using anti-prekallikrein antibodies showed that high-
Mr kininogen formed a complex with kallikrein under
these conditions. Therefore, it seems unlikely that
high-Mr kininogen plays a protective role in relation
to kallikrein inactivation in plasma.
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tective role in relation to kallikrein inactivation in
plasma.

Ci inhibitor is the only control protein capable of
interacting with CI (32) and is reported to be a pri-
mary plasma protein inhibitor of activated Factor XII
(33, 34). Therefore, one might anticipate that if the
complement and the contact systems are simulta-
neously activated, CI inhibitor levels decrease, and as
a result a2M will play a more predominant role in the
inactivation of kallikrein. In plasma of hereditary an-
gioedema (HAE) patients, who are known to be ge-
netically deficient in CI inhibitor, a2M is probably the
main control protein for kallikrein. However, Curd et
al. (35) recently showed that suction-induced blister
fluids of HAEpatients contained large amounts of ac-
tive kallikrein, whereas similar blister fluids obtained
from normal individuals did not. This observation sug-
gests that activation of the Hageman factor-dependent
pathway occurs in the tissues of HAE patients, and
once activated, active kallikrein persists in these tis-
sues. Therefore, at least in tissues, it seems unlikely
that in the absence of CI inhibitor, kallikrein activity
can be fully controlled by a2M and other minor kal-
likrein inhibitors as AT III.
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