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A B S T RA C T The activation and function of surface-
bound Hageman factor in human plasma are dependent
upon both high molecular weight (HMW) kininogen
and prekallikrein. HMWkininogen does not affect the
binding of Hageman factor to surfaces, but it en-
hances the function of surface-bound Hageman factor
as assessed by its ability to activate prekallikrein and
Factor XI. The initial conversion of prekallikrein to
kallikrein by the surface-bound Hageman factor in the
presence of HMWkininogen is followed by a rapid
enzymatic activation of Hageman factor by kallikrein.
The latter interaction is also facilitated by HMW
kininogen. Kallikrein therefore functions as an activa-
tor of Hageman factor by a positive feedback mecha-
nism and generates most of the activated Hageman
factor during brief exposure of plasma to activating
surfaces. HMWkininogen is a cofactor in the enzymatic
activation of Hageman factor by kallikrein and it also
augments the function of the activated Hageman fac-
tor generated. The stoichiometry of the Hageman fac-
tor interaction with HMWkininogen suggests that it
enhances the activity of the active site of Hageman
factor. Since HMWkininogen and prekallikrein circu-
late as a complex, HMWkininogen may also place
the prekallikrein in an optimal position for its
reciprocal interaction with Hageman factor to proceed.
The surface appears to play a passive role upon which
bound Hageman factor and the prekallikrein-HMW
kininogen complex can interact.
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INTRODUCTION

Hageman factor (1, 2), prekallikrein (3-5), and high
molecular weight kininogen (6-11) have been shown
to be critical constituents of the initiation phase of
the intrinsic coagulation and fibrinolytic pathways as
well as the generation of the vasoactive peptide,
bradykinin. Two of these proteins, namely, prekalli-
krein and high molecular weight (HMW)l kininogen
appear to circulate in plasma as a complex (12). Upon
binding to certain negatively charged surfaces, this
complex presumably interacts with surface-bound
Hageman factor. In this manuscript we have sought to
further delineate the functions of the surface, prekalli-
krein, and HMWkininogen in the activation of Hage-
man factor and in the expression of Hageman factor
activity.

An additional factor has been shown to be needed
when surface-bound Hageman factor is used to activate
either prekallikrein (13) or Factor XI (14) even though
it is clear that activated Hageman factor is capable of
activating prekallikrein (15) and Factor XI (16) in the
fluid phase. Similarly, the feedback activation of
Hageman factor by kallikrein that is demonstrable in
the fluid phase (17, 18) does not appear to be evi-
dent in plasma that are deficient in HMWkininogen
(6-11). Thus HMWkininogen might directly activate

'Abbreviations used in this paper: BPVAN, a-benzoyl-
phenylalanyl-valyl-arginine p-nitroanilide; DFP, diisopropyl
fluorophosphate; HMW,high molecular weight; LMW, low
molecular weight; PTT, partial thromboplastin time; QAE,
quaternary aminoethyl; SDS, sodium dodecyl sulfate; SP,
sulfopropyl.
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surface-bound Hageman factor or act to facilitate the
activation of Hageman factor by kallikrein. HMW
kininogen might also augment the function of Hage-
man factor subsequent to its activation or interact
with the Hageman factor substrates to facilitate their
cleavage. The studies to follow examine each of these
possibilities.

METHODS

Bradykinin triacetate (Sandoz Ltd., Basel, Switzerland) was
used as the standard for native bradykinin. Hexadimethrine
bromide and diisopropyl fluorophosphate (DFP) (Aldrich
Chemical Co., Inc., Milwaukee, Wis.); enzodiffusion fibrin
plates and streptokinase (Hyland Div., Travenol Labora-
tories, Inc., Costa Mesa, Calif.); quaternary aminoethyl
(QAE)-Sephadex A-25, sulfopropyl (SP)-Sephadex, Sepha-
dex G-50, G-100, G-150, and G-200 and Sepharose 4B
(Pharmacia Fine Chemicals, Div. of Pharmacia Inc., Pis-
cataway, N. J.); DEAE-52 and CM-cellulose (Whatman
Chemicals, Div., W. & R. Balston, Maidstone, Kent, England);
Bio-Gel A 0.5 m (Bio-Rad Laboratories, Richmond, Calif.);
hemostatic phosphatide (cephalin) (Nutritional Biochemicals
Div., International Chemical and Nuclear Corp., Cleveland,
Ohio); guanidine hydrochloride and Tris base (Schwarz/
Mann Div., Becton, Dickinson & Co., Orangeburg, N. Y.);
kaolin, potassium thiocyanate, and disodium EDTA (Fisher
Scientific Co., Pittsburgh, Pa.); [3H]DFP (3 Ci/mM) (Amer-
sham/Searle Corp., Arlington Heights, Ill.); chloramine-T
(Matheson Coleman & Bell, East Rutherford, N. J.); Aquasol
and l25I-sodium iodide (New England Nuclear, Boston, Mass.)
cyanogen bromide (Eastman Organic Chemicals Div., East-
man Kodak Co., Rochester, N. Y.); and L-lysine hydrochloride
(Sigma Chemical Co., St. Louis, Mo.) were obtained as indi-
cated.

Hageman factor-deficient plasma and Factor XI-deficient
plasma containing 0.38% citrate were fresh-frozen, platelet-
poor plasma of severely deficient patients collected by our-
selves or by Sera-Tec Biologicals, New Brunswick, N. J.
Fletcher factor (prekallikrein)-deficient plasma was a gift
from Dr. C. Abildgaard (University of California, Davis,
Calif.). Supercel was supplied by Johns-Manville, Co., Balti-
more, Md. a-benzoyl-phenylalanyl-valyl-arginine p-nitro-
anilide (BPVAN) was synthesized by Bachem Chemical
Co., Marina Del Ray, Calif.

Preparation of plasma proteins. To obtain deficient hu-
man plasma for use in assays, 9 vol of blood from the donor
was drawn directly into plastic tubes containing 1 vol of
3.8% sodium citrate. The plasma was centrifuged at 900g
for 20 min at 4°C to remove the cells. 1-ml aliquots of
plasma were stored at -70°C and used immediately after
thawing. Any residual plasma was discarded. Normal human
plasma used for assays of kinin generation was collected
in EDTA (9 mg/10 ml blood), centrifuged at 900 g for 20
min at 40C, and the plasma removed.

Plasma utilized for the isolation of unactivated Hageman
factor, Hageman factor fragments, prekallikrein, Factor
XI, plasminogen, and kininogen was collected in 3.8%
sodium citrate (final concentration 0.38%). 3.6 mg of
hexadimethrine bromide in 0.1 ml of 0.15 M saline was
added for each 10 ml of blood drawn. The tubes were
centrifuged at 900 g for 20 min at 4°C and the plasma
was separated with plastic pipettes. Plastic columns and test
tubes were utilized throughout all chromatographic proce-
dures to minimize contact activation of Hageman factor.
Samples were routinely concentrated by ultrafiltration

through a UM-10 membrane (Amicon Corp., Lexington,
Mass.). Gel filtration on Sephadex G-100 (15) or G-150 (19)
alkaline disc gel electrophoresis (15), and sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (20) were
performed as previously described. Protein was estimated by
absorbance at 280 nm, with A, 1% assumed to equal 10, or
was determined by the Lowry technique (21).

Radioiodination of proteins was performed by the chlora-
mine-T method (22) using lu2I-sodium iodide. The iodinated
protein was immediately fractionated on a 2 x 100-cm column
of Sephadex G-50 in 0.003 Mphosphate buffer 0.15 MNaCl,
pH 8.0. The initial peak of radioactivity was completely
separated from the peak of free iodine and, when concen-
trated, contained over 99% of the trichloroacetic acid-
precipitable counts. Radioactivity was determined in a
sodium iodide well scintillation counter (Searle Analytic Inc.,
Des Plaines, Ill., model 1185) with automatic subtraction of
background and an efficiency of 82%.

[3H]DFP was counted in a Tri-Carb model 3375 liquid
scintillation spectrometer (Packard Instrument Co., Inc.,
Downers Grove, Ill.) calibrated with a [3H]toluene standard
with a counting efficiency of 45%.

Unactivated Hageman factor. Unactivated Hageman fac-
tor was isolated utilizing chromatography on QAE-Sephadex,
elution from an anti-Hageman factor immunoadsorbent, and
fractionation on SP-Sephadex as previously reported (23, 24).
2 liters of fresh human plasma collected as described above
was made 1 mMin DFP, dialyzed at 40C for 12 h against
four 30-liter changes of 0.003 MP04 buffer pH 8.3, and again
made 1 mMin DFP. The plasma was centrifuged at 900g
for 15 min to remove any precipitate that had formed and
was applied to a 18.5 x 90-cm column of QAE-Sephadex
equilibrated in the same buffer. All subsequent buffers were
made 0.1 mMin DFP to inhibit enzymatic activation of the
Hageman factor. The column was washed with 30 liters of
equilibrating buffer and the effluent was used subsequently
to obtain prekallikrein and Factor XI. Unactivated Hageman
factor was then eluted from the column with 30 liters of 0.003
MP04 buffer containing 0.06 MNaCl pH 8.3. The unactivated
Hageman factor peak was concentrated to 1 liter by ultra-
filtration using a 150-mm UM-10 membrane and the concen-
trate was then passed over a 9 x 20-cm immunoadsorbent
prepared with sheep anti-human Hageman factor coupled to
Sepharose 4B. The column was washed with 10 liters of
0.003 M P04 buffer 0.35 M NaCl, pH 7.4, and the Hage-
man factor was eluted with 500 ml 1 M potassium thio-
cyanate in 0.003 M P04 buffer pH 8.0. The unactivated
Hageman factor peak was pooled, concentrated to 200 ml,
dialyzed overnight against 10 liters of 0.003 M P04 buffer
pH 6.0 and fractionated on a 9 x 76-cm column of SP-
Sephadex equilibrated with the same buffer. The column
was washed with 4 liters equilibrating buffer and then with
2 liters equilibrating buffer containing 0.09 MNaCl. A linear
gradient consisting of 4 liters 0.003 M P04 buffer with
0.09 M NaCl pH 6.0 and 4 liters 0.003 M P04 with 0.35 M
NaCl pH 6.0 was then applied. The unactivated Hageman
factor peak eluting between 0.15 and 0.20 M NaCl was
pooled and concentrated to 35 ml. When the Hageman
factor preparation was assessed by alkaline disc gel electro-
phoresis, one major and two minor bands were observed.
Elution of a sliced, unstained, alkaline disc gel run simul-
taneously revealed that these bands coincided with the Hage-
man factor activity. When the preparation was subjected
to SDS gel electrophoresis, a single band at mol wt 82,000
was observed. The final preparation at a concentration of 20
Aig/ml corrected the activated partial thromboplastin time
(PTT) of Hageman factor-deficient plasma from a control
time of 31 min-1 min, 20 s. This represents 0.6 U/ml when
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the Hageman factor activity of a pool of 10 normal plasmas
was arbitrarily set at 1.0 U/ml. Samples were dialyzed
against phosphate-buffered saline before assay to remove
the DFP. The Hageman factor contained less than 1%
activated Hageman factor and was free of detectable kinino-
gen, Factor XI, prekallikrein, plasminogen, or ability to
cleave BPVAN.

The anti-Hageman factor immunoadsorbent (24) was pre-
pared as follows: Hageman factor isolated from 200 ml
of plasma by chromatography on QAE-Sephadex and SP-
Sephadex was concentrated and emulsified in complete
Freund's adjuvant. A sheep was immunized intramuscularly
and then boosted intradermally three times at 2-wk inter-
vals using the Hageman factor preparation emulsified in in-
complete Freund's adjuvant. The animal was bled and the
serum absorbed with 20% (by volume) Hageman factor-
deficient plasma. 500 ml of absorbed sheep serum was
then made 45% in ammonium sulfate, the precipitate
was dissolved in 200 ml distilled water, dialyzed against
0.003 M P04 buffer 0.15 M NaCl pH 8.0, and coupled to
Sepharose 4B by the cyanogen bromide method (25).

Activated Hagemanfactor. Activated Hageman factor was
prepared in a similar fashion as the precursor; however, DFP
was eliminated from the buffers and CM-cellulose was sub-
stituted for SP-Sephadex. The 0.06 MNaCl eluate from QAE-
Sephadex was concentrated, stirred in a glass vessel over-
night, and fractionated on CM-cellulose. The Hageman
factor was then concentrated to 10 ml and fractionated on a
5 x 100-cm column of Sephadex G-100 to remove Hageman
factor fragments. The preparation was active upon the Hage-
man factor substrates and, when utilized at a concentra-
tion of 20 /.g/ml, corrected the coagulation defect of Hage-
man factor-deficient plasma from a control time of 30 min-
1 min, 35 s in the presence or absence of kaolin, indicating
that the preparation was completely activated. It had no effect
upon Factor XI-deficient plasma. Its mol wt was 80,000 in
unreduced SDS gels.

Hageman factor fragments. Hageman factor prealbumin
fragments were purified by chromatography of plasma on
QAE-Sephadex twice, Sephadex G-100 gel filtration, SP-
Sephadex, and elution from alkaline disc gels after electro-
phoresis, as previously reported (15,23). 20-ug Hageman fac-
tor fragments revealed two prealbumin bands upon disc gel
electrophoresis and a single band at mol wt 28,000 upon SDS
gel electrophoresis. After dialysis, the fragments were
concentrated and routinely used at 25 ,g/ml. When assessed
functionally, 5 ,ul of Hageman factor fragment generated 100
ng of bradykinin after incubation with 0.2 ml fresh plasma
for 2 min at 37°C as assessed by bioassay. There was no
detectable contamination with any of the Hageman factor
substrates, plasminogen, plasmin, or kininogen.

Hageman factor substrates. Factor XI and prekallikrein
were isolated from the QAE-Sephadex effluent obtained
above during the isolation of unactivated Hageman fac-
tor. The proenzyme mixture was concentrated to 500
ml by ultrafiltration, the pH brought to pH 6.0 with 1 N
HCI and each substrate was isolated by sequential chro-
matography on SP-Sephadex, twice on Sephadex G-150
(26), and passage over an anti-IgG immunoadsorbent
as described previously (26, 27). All buffers were made
1 mM in DFP. When 30 ug of prekallikrein (2 mg/ml)
was subjected to alkaline disc gel electrophoresis or SDSgel
electrophoresis, a single band was observed and it contained
no detectable Factor XI. 15 ,l of this preparation (10 i.g/ml)
incubated with 15-,ul Hageman factor fragments (2.5 ,Lg/ml)
generated 150 ng bradykinin from 0.2 ml of heat-inactivated
plasma (15). The Factor XI preparation had a single band
upon disc gel or SDS gel electrophoresis (mol wt 160,000),

contained no detectable prekallikrein or kallikrein, and com-
pletely corrected Factor XI-deficient plasma at a concentra-
tion of 7 ,g/ml. We therefore utilized this concentration in
our experiments.

For studies in which the active enzyme kallikrein was
used, the prekallikrein was prepared through the QAE-
Sephadex, SP-Sephadex, and the first Sephadex G-150 step
and concentrated to 2.5 ml. It was then activated by addi-
tion of 50 ,ul Hageman factor fragment (25 ,ug/ml) for 24 h
at 4°C. The preparation was then found to be fully activated
since further addition of equal volumes of Hageman factor
fragments and incubation for 10 min at 37°C yielded no addi-
tional activity. Kallikrein was then fractionated on Sephadex
G-150 which separated kallikrein from the Hageman factor
fragments. The kallikrein preparation was then passed over
the anti-IgG immunoadsorbent. 15 ,ul of a 10-,ug/ml prepara-
tion generated 130 ng bradykinin after a 2-min incubation
with heat-inactivated plasma.

Kininogen. Highly purified kininogens were prepared
by the method of Pierce et al.2 described briefly in earlier
reports (9, 28, 29). 10 liters of fresh citrated human plasma,
diluted to 50 liters with distilled water and made 0.01% in
hexadimethrine bromide, was stirred with 500 g of DEAE-
cellulose (DEAE-23) at pH 6.0 and 25°C. The filtered and
washed adsorbent was eluted with 0.4 MTris-HCl, pH 6.0.
The eluate, adjusted to pH 7.1, was passed over an anti-low
molecular weight kininogen immunoadsorbent, followed by
several bed volumes of phosphate-buffered saline, pH 7.0.
The kininogen was eluted with 8 Mguanidine, dialyzed, and
chromatographed on DEAE-cellulose at 4°C. Four main peaks
of kininogen activity, coincident with the A28 peaks and
named B1, B2, B3, and B4, were eluted from the column
by a gradient of 0.05-0.30 M P04 buffer, pH 6.0. Gel
filtration of the B4 peak on Bio-Gel A 0.5 mat 240C yielded
kininogens with an approximate mol wt of 80,000, 160,000,
and 225,000, called B4a, B4f3, and B4y, respectively, each
of which corrected the abnormalities in Williams trait
plasma. B4(3 and B4y are designated HMWkininogen and
were functionally indistinguishable in all the experiments to
be presented (29). The results with B4y kininogen are re-
ported in these studies and yielded a single major band
upon alkaline disc gel electrophoresis. Treatment of this
kininogen with kallikrein yielded 11 ,ug of bradykinin/mg
protein.

The antikininogen immunoadsorbent was prepared as
follows: sheep anti-low molecular weight (LMW) kininogen
(30) was passed over a column of LMWkininogen coupled
to agarose by the cyanogen bromide procedure (25). The
antikininogen was eluted with 8 Mguanidine, the eluate was
dialyzed against phosphate-buffered saline, and the puri-
fied antikininogen was coupled to agarose by the cyanogen
bromide procedure (25). In this fashion a high-capacity
column that specifically binds kininogen was prepared. Since
antibody to LMWkininogen cross-reacts with HMWkinino-
gen (29), this column was used to isolate both forms. A
column of 450 ml bed volume removes all the kininogen
from 1.8 liters of plasma.

Plasminogen. Plasminogen was prepared by affinity
chromatography using a modification of the procedure of
Deutsch and Mertz (26, 31). The preparation contained less
than 1% plasmin and gave a single band of mol wt 105,000
upon SDS gel electrophoresis after reduction and alkyla-
tion. Plasminogen was routinely utilized at 200 ,ug/ml and
had 26.5 azocaseinolytic U/ml.

2 Manuscript in preparation.
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Assays

Coagulation assays. The PTT was measured by a modi-
fication of the method of Proctor and Rapaport (32); after
recalcification, the end point was determined at 24°C.
Factor XI, Hageman factor, prekallikrein, and HMWkinino-
gen were determined by a modification of the PTT using
congenitally deficient plasma (9). Activated Hageman factor
and Factor XIA were assayed in an identical fashion except
that kaolin was omitted from the incubation mixture. All
coagulation assays were performed in 10 x 75-mm poly-
propylene test tubes.

Fibrinolytic assays. Plasmin was assayed with Hyland
fibrin plates (Hyland Div., Travenol Laboratories, Inc.)
containing plasminogen-free human fibrin as previously de-
scribed (26). A standard curve relating ring diameter to
plasmin concentration was obtained by activating 0.2 ml of a
reference preparation of purified plasminogen containing 250
,ug/ml with 140 U of streptokinase for 30 min at 37°C; a
linear plot relating log plasmin concentration to ring diameter
was obtained between 3 and 250 Ag plasminogen/ml.

Plasminogen was assayed by incubating 0.2 ml of plasmino-
gen source with 140 U streptokinase for 30 min at 37°C
and determining the plasmin generated by the fibrin plate
assay.

Plasminogen activator activity was assayed by incubating 20
,ul of a plasminogen activator source with 20 ,ul of plasmino-
gen (200 ,Lg/ml) for 1 h at 370C, and determining the plasmin
generated in a fibrin plate.

Plasminogen proactivator activity was assayed by incuba-
tion of 10 ,ul plasminogen proactivator source with 10-,l
Hageman factor fragments (25 ,ug/ml) for 10 min at 37°C. 20
,ul of plasminogen (200 ,ug/ml) was added, the mixture was
incubated for 1 h at 37°C, and the plasmin generated was
determined by the fibrin plate assay.

The rate of generation of kaolin-activated fibrinolytic ac-
tivity of plasma was assessed by a modification of the pro-
cedure described by Ogston et al. (33). To 0.2 ml of plasma
or 0.1 ml of plasma and 0.1 ml test sample were added 0.1
ml kaolin suspension (4 mg/ml in saline) and 3.7 ml 0.01 M
sodium acetate buffer, pH 4.8. After incubation at 37°C,
the samples were centrifuged at 900 g for 10 min at 40C, the
supernate was aspirated, and the precipitate was washed
with 2.0 ml 0.01 M sodium acetate buffer pH 4.8 and again
centrifuged at 900g for 10 min at 4°C. The precipitate ob-
tained was dissolved in 0.1 ml 0.003 M P04 buffer, pH
7.5, containing 0.15 M NaCl, and centrifuged at 900 g for
5 min to sediment the kaolin. The supernate was then as-
sayed for plasmin by the fibrin plate assay.

Assays of kinin-forming enzymes and substrates. Kalli-
krein activity was assayed by its ability to cleave p-
nitroaniline from the synthetic substrate BPVAN (34). 10-
100 ,ul of kallikrein source was incubated with 100 IAl of
substrate (0.7 mg/ml) for 60 min at room temperature, the
sample was diluted to 1.0 ml, and the release of p-nitro-
aniline was determined by its absorbance at 405 nm. Initial
experiments showed that the liberation of p-nitroaniline was
proportional to the kallikrein concentration between 0.05
and 30.0 ug kallikrein/ml and was linear for a given con-
centration of kallikrein up to 60 min. The proteolytic activity
of kallikrein was measured by its ability to release brady-
kinin from heat-inactivated plasma (15). Routinely, 25 JAI of
kallikrein source was incubated with 0.2 ml substrate for 2
min at 37°C and the bradykinin liberated was quantitated
by bioassay.

Prekallikrein was determined by incubation of 25 ,ul of
proenzyme source with 25 ,lA of Hageman factor fragments

(25 ,ug/ml) for 5 min at 370C and the kallikrein generated
was determined.

Kininogen was assayed functionally from column fractions
by incubation of 0.5 ml of each fraction with 1 Mug trypsin
for 30 min at 37°C. The trypsin was inactivated by heating
for 15 min in a boiling water bath, and the bradykinin
generated was determined by bioassay. The ability of highly
purified B4y kininogen (1 mg/ml) to generate bradykinin
upon incubation with plasma kallikrein was determined by
incubating 100 ug kininogen with 100 gl of kallikrein (50
,ug/ml) for 10 min at 37°C.

Determination of the effect of HMWkininogen and/or
kallikrein upon surface-bound Hageman factor. Assess-
ment of the requirements for surface activation of Hageman
factor was performed by a modification of the method of
Webster and Pierce (13). 5 mg of supercel was washed
once with 0.04 MTris-HCl-0.15 MNaCl pH 8.0, centrifuged
at 1,000 g for 5 min at 4°C and the supernate was discarded.
Buffer was then added to the pellet followed by the reac-
tants (Hageman factor, HMWkininogen, kallikrein) such
that the final volume was 1.0 ml. The suspension was then
mixed by vortexing for 10 s, and incubated at either 40, 240,
or 37°C for varying time intervals. The mixture was centri-
fuged at 1,000 g for 5 min at 4°C and the pellet washed
three times with the Tris-saline buffer. This activation mix-
ture was then assayed for activated Hageman factor by incu-
bation with the Hageman factor substrates thus separating
the reaction into two steps. The pellet was resuspended in
0.5 ml of a 10-ug/ml solution containing prekallikrein or
Factor XI, and incubated at 24°C for 5 min to 1 h. The
suspension was then centrifuged at 1,000 g for 5 min at 4°C,
the supernate was removed and an aliquot assayed for either
kallikrein, Factor XIA, or plasminogen activating activity,
respectively. In these experiments Factor XIA was assayed
by mixing 50 Mul of each of the reactants (sample, cephalin
reagent, calcium, and Factor XI-deficient plasma) and deter-
mining the time for formation of a clot at 370C in the absence
of any preincubation. Kallikrein and plasminogen activator
were assayed as described above. In this two-stage reaction
the conditions utilized allowed little binding of the Hageman
factor substrates to the supercel pellet during the final incuba-
tion. In separate experiments we determined that the quantity
of prekallikrein and Factor XI bound to the supercel under
these conditions was less than 10% of that added. Of the frac-
tion of prekallikrein and Factor XI activated to kallikrein
and Factor XIA, <2% of the kallikrein was bound to the
surface, while 5-10% of the Factor XIA was bound.

The quantity of Hageman factor bound to the supercel
surface was determined by adding a trace quantity of 125I-
Hageman factor (1.2 MCi/,ug) to purified unactivated Hageman
factor. The fraction of bound 125I was determined and multi-
plied by the initial Hageman factor added to determine the
quantity bound.

RESULTS

To determine the conditions for optimal activation of
Hageman factor, a time-course of interaction of Hage-
man factor and HMWkininogen with supercel was
determined. 1 ,ug of Hageman factor, 3 Mig of HMW
kininogen or a mixture of 1 Mug of Hageman factor
and 3 ,ug of HMWkininogen were incubated with the
supercel for varying time intervals before centrifuga-
tion. An aliquot of the resuspended pellet was then
incubated with prekallikrein for 20 min at 37°C, the
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FIGURE 1 A time-course of interaction of Hageman factor
and HMWkininogen with supercel. After each time interval
the washed pellet was incubated with prekallikrein for 30
min at 37°C and the kallikrein generated was determined.

upon the quantity of Hageman factor bound. Thus it
appeared that HMWkininogen affected either the ac-
tivation of surface-bound Hageman factor and/or en-
hanced the ability of surface-bound Hageman factor to
activate its substrates.

We next investigated the conditions for maximal
interaction of surface-bound Hageman factor with its
substrates. Fig. 2 presents the effect of time and tem-
perature upon the ability of surface-found Hageman
factor to activate Factor XI in the presence or absence
of HMWkininogen. Aliquots of supercel were incu-
bated with buffer, 1 ,ug of Hageman factor, 3 ug of HMW
kininogen, or a mixture of 1 ,ug of Hageman factor
and 3 ,ug of HMWkininogen for 10 min at 24°C. An
aliquot of the resuspended pellet was then incubated
with Factor XI for varying time intervals from 0 to 60
min at 24°C. Addition of either buffer or HMWkinino-
gen to the Factor XI did not yield conversion to Factor
XIA during the entire time-course. A gradual increase in
Factor XIA was observed upon incubation with the
Hageman factor alone; however the addition of HMW

mixture centrifuged, and the release of p-nitroaniline
from BPVANwas determined. As shown in Fig. 1, as the
time of incubation of Hageman factor with supercel
was increased from 0 to 10 min, the activity of the sur-
face-bound Hageman factor increased. Significant ac-
tivity was already evident when the reactants were
mixed and then centrifuged without any incubation.
The kininogen alone yielded no activation of the pre-
kallikrein whereas the addition of HMWkininogen to
the Hageman factor resulted in enhancement of the
ability of the surface-bound Hageman factor to activate
prekallikrein at each time interval. There was little
difference, however, between the value at 10 and 20
min for the bound Hageman factor alone or the mix-
ture of Hageman factor and HMWkininogen. When
Factor XI was used as the Hageman factor substrate,
the same result was obtained. Subsequent experi-
ments were therefore performed using a 10-min incuba-
tion of the reactants with the surface.

This effect of HMWkininogen upon the Hageman
factor activity might reflect an increase in the quantity
of Hageman factor bound to the surface, or an increase
in the rate of Hageman factor activation, or an enhance-
ment of the function of the bound Hageman factor.
To distinguish these possibilities the ability of HMW
kininogen to affect binding of Hageman factor to the
supercel surface was next investigated. 125I-Hageman
factor was incubated with supercel and buffer or super-
cel and 5 ,tug HMWkininogen for periods of 1-10 min.
The suspension was centrifuged at 1,000 g for 5 min at
40C, and washed with Tris-saline buffer until the
supernate was free of radioactivity. The bound 125I1
Hageman factor was then determined. At each time
interval, the presence of HMWkininogen had no effect
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FIGURE 2 (A) A time-course of activation of Factor XI after
interaction with surface-bound Hageman factor, surface-
bound HMWkininogen, or surface-bound Hageman factor
plus HMWkininogen. (B) The temperature dependence of
Factor XI activation after a 30-min incubation with surface-
bound Hageman factor, surface-bound HMWkininogen, and
surface-bound Hageman factor plus HMWkininogen.
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FIGURE 3 The effect of increasing quantities of HMWki-
ninogen upon the ability of Hageman factor (HF) to activate
prekallikrein, Factor XI, and generate plasminogen activating
activity.

kininogen to the Hageman factor resulted in an in-
crease in Factor XIA at each time interval. Fig. 2B
demonstrates the difference in Factor XI activation by
surface-bound Hageman factor in the presence or ab-
sence of HMWkininogen at 40, 240, and 37°C after a
30-min incubation with the washed supercel. At each
temperature an enhancement of the ability of Hageman
factor to activate Factor XI was observed in the pres-
ence of HMWkininogen, however activation of Factor
XI was diminished at 4°C compared to either 240 or
370C. Although the rate of activation of Factor XI by
Hageman factor alone or by Hageman factor plus HMW
kininogen increased with increasing temperature,
the optimal effect of the Hageman factor-HMW kinino-
gen mixture compared to the Hageman factor alone
was observed at 24°C. The time-course and tempera-
ture dependence of prekallikrein activation by Hage-
man factor in the presence or absence of HMWkinino-
gen paralleled that observed for Factor XI activation.
Thus experiments were routinely carried out at 24°C
utilizing a 30-min incubation time of the bound Hage-
man factor with its substrates.

In the above experiments HMWkininogen en-
hanced the ability of bound Hageman factor to activate
either prekallikrein or Factor XI. In the next series of
experiments 1.0 ug of Hageman factor was incubated
with supercel and the quantity of HMWkininogen
added was varied to determine the effect upon the
ability of Hageman factor to subsequently activate
Factor XI or prekallikrein, and generate plasminogen
activating activity. Kallikrein was assayed by its
ability to generate bradykinin from kininogen as
well as by its ability to cleave BPVAN. As shown
in Fig. 3, the bound Hageman factor alone was

capable of activating each substrate. When 6 ,ug
of HMWkininogen alone was incubated with supercel
and the washed pellet then incubated with the Hage-
man factor substrates, no significant activation was ob-
served although a small quantity of free bradykinin
was detectable in the kininogen preparation. When
HMWkininogen was added to the supercel together
with the Hageman factor, the ability of Hageman fac-
tor to activate each substrate was augmented and the
increase in observed activity in each case appeared
proportional to the concentration of HMWkininogen
added. When equal concentrations of B2a LMW
kininogen was similarly assessed, there was no aug-
mentation of the ability of surface-bound Hageman fac-
tor to activate its substrates. HMWkininogen had no
effect upon the ability of kallikrein to cleave BPVAN
nor did it affect the coagulant activity of activated
Factor XI.

To determine the optimal quantity of HMWkinino-
gen required to augment the activity of a fixed quantity
of Hageman factor, 1.5 ,ug Hageman factor was bound to
supercel and its ability to convert prekallikrein to kalli-
krein was determined after addition of either buffer
or increasing concentrations of HMWkininogen. The
enhancement obtained with each dose of HMWkinino-
gen was then expressed as a function of the micro-
grams of HMWkininogen added. As shown in Fig. 4,
Hageman factor activity increased linearly with the
quantity of HMWkininogen added. The optimal en-
hancement was observed when 5.0 ,.ug HMWkinino-
gen was added and further addition of HMWkininogen
did not yield further enhancement. An excess of HMW
kininogen was inhibitory.

To distinguish an effect upon the generation of the
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FIGURE 4 Enhancement of the activity of surface-bound
Hageman factor upon prekallikrein as a function of the HMW
kininogen added.
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FIGURE 5 Enhancement of the activity of Hageman factor
fragments upon the conversion of prekallikrein to kallikrein
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was assessed by the release of p-nitroaniline from BPVAN
using a continuous recording spectrophotometer. The first 30
min of the tracing was then replotted and the points con-
nected with a smooth curve.

active site in Hageman factor from augmentation of
the function of an activated form of Hageman factor,
we examined the effect of HMWkininogen upon a
fluid-phase form of activated Hageman factor. 10-
,ug samples of Hageman factor fragments were incu-
bated together with 50 ,ug prekallikrein and BPVAN
in the presence or absence of 25 ,ug of HMWkininogen
and the rate of evolution of p-nitroaniline was con-
tinuously monitored with a recording spectrophotom-
eter. The rate of conversion of prekallikrein to kalli-
krein as indicated by the liberation of p-nitroaniline
from BPVAN(Fig. 5) was enhanced by HMWkinino-
gen. This enhancement of the activity of Hageman
factor fragments by HMWkininogen supports the con-
clusion that HMWkininogen is capable of augmenting
the activity of activated Hageman factor.

Activation of Hageman factor by kallikrein and its
dependence upon the presence of a surface and HMW
kininogen. Fig. 6 illustrates the comparison of the rate
of generation of kaolin-activable coagulation and fibrino-
lysis in normal plasma compared to plasma deficient
in Hageman factor, prekallikrein, and HMWkininogen.
The Hageman factor-deficient plasma had a markedly
prolonged PTT (Fig. 6A) and generated no detectable
plasmin (Fig. 6B). The HMWkininogen-deficient
plasma had a similarly prolonged PTT (Fig. 6A) and
generated a minimal quantity of plasmin (Fig. 6B).
The prekallikrein-deficient plasma had an abnormal
PTT and generated little plasmin at 2 min; however
when the time of incubation with kaolin was in-
creased, the PTT diminished and approached normal
(Fig. 6A) and plasmin generation gradually increased

(Fig. 6B). In contrast the normal plasma had a short
PTT and rapidly generated plasmin within 3 min of
incubation with kaolin. Since the prekallikrein-defi-
cient plasma initially generated little plasmin and had a
prolonged PTT, the major activation of Hageman fac-
tor occurring within the first few minutes appeared
to be a function of the prekallikrein content. Yet plasma
that is deficient in HMWkininogen but contains
prekallikrein did not express this effect of prekalli-
krein upon Hageman factor activation.

Wenext assessed the surface and enzymatic condi-
tions required to correct the coagulation abnormality of
prekallikrein-deficient plasma. As shown in Table I, the
PTT of the prekallikrein-deficient plasma was 32 min
in the absence of kaolin and 6 min, 15 s in the presence
of kaolin. The PTT could be corrected to 1 min, 30 s
by addition of 10 ,ug/ml of intact activated Hageman
factor in the absence of kaolin indicating that the ab-
normality lies in the rate of formation of activated
Hageman factor. Addition of 3 ,ug of kallikrein in the
absence of kaolin did not yield a significant shorten-
ing of the PTT, while the addition of the same amount
of kallikrein in the presence of kaolin corrected the
PTT to 1 min, 20 s. 3 gg of DFP-treated kallikrein
(which was inactive as a kinin-forming enzyme) did
not shorten the PTT even in the presence of kaolin
indicating that the active site of kallikrein is necessary.
In the presence of kaolin, 3 ug of DFP-treated pre-
kallikrein corrected the PTT as well as 3 ,Lg of un-
treated prekallikrein. Since the active-site serine resi-
due in prekallikrein is unavailable to DFP (19) subse-
quent conversion to kallikrein would then yield a
functional enzyme. Thus, correction of prekallikrein
deficiency appeared to require conversion of pre-
kallikrein to kallikrein, thus generating an active site
and the kallikrein interacted with Hageman factor only
in the presence of a surface. DFP treatment of HMW
kininogen had no effect upon its ability to correct
the coagulation abnormality in HWMkininogen-
deficient plasma.

The ability of kallikrein to activate Hageman factor
was next studied using purified components bound to
the supercel surface. 1 ,ug of unactivated Hageman fac-
tor was incubated with supercel in the presence of
either buffer, 0.5 ,ug of kallikrein, 3 Ag of HMWkinino-
gen, or a mixture of 0.5 ,ug of kallikrein and 3 ug of
HMWkininogen. After incubation the suspensions
were centrifuged, the pellets were washed three times
with Tris-saline buffer, and the resuspended pellets
were assayed for their ability to activate prekallikrein.
Activation of prekallikrein was observed with the
bound Hageman factor alone, and addition of 0.5
jig of kallikrein to the Hageman factor yielded a small
increment in the subsequent conversion of prekalli-
krein to kallikrein (Fig. 7). The combinations of kalli-
krein and buffer, HMWkininogen and buffer, and
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FIGURE 6 (A) The partial thromboplastin time (PTT) of normal plasma, prekallikrein-deficient
plasma, HMWkininogen-deficient plasma, and Hageman factor-deficient plasma as a function
of time of incubation with kaolin. (B) A time-course of generation of kaolin-activatable
fibrinolytic activity in normal plasma, prekallikrein-deficient plasma, HMWkininogen-
deficient plasma, and Hageman factor-deficient plasma.

kallikrein plus HMWkininogen in the absence of
Hageman factor had no effect upon the subsequent con-

version of prekallikrein to kallikrein. Addition of 3
,ug of HMWkininogen to the Hageman factor yielded
a threefold increase in the subsequent conversion of
prekallikrein to kallikrein. However, addition of 0.5
,tg of kallikrein to the Hageman factor-HMW kinino-
gen mixture doubled the prekallikrein-activating
ability, suggesting that the presence of HMWkinino-
gen either facilitated the ability of kallikrein to activate

the Hageman factor and/or augmented the function of
the activated Hageman factor generated.

When the same mixture of supercel-bound proteins
were assayed for their ability to activate Factor XI
(Fig. 8), a similar result was obtained. The combination
of HMWkininogen and kallikrein in the absence of
Hageman factor did not convert Factor XI to Factor
XIA beyond that observed in the buffer control. The
activation observed with bound Hageman factor alone
was augmented by HMWkininogen but not by kalli-
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TABLE I
The Requirement for a Surface and the Active Site of

Kallikrein in the Normalization of the PTT of
Prekallikrein-Deficient Plasma*

Cephalin and
Cephalin kaolin PTT

Buffer + - 32 min
Buffer - + 6min, 15 s
Activated Hageman factor + - 1 min, 30 s
Kallikrein + - 27 min, 30 s
Kallikrein - + 1 min, 20 s
DFP-kallikreint - + 6 min, 10 s
Prekallikrein - + 1 min, 25 s
DFP-prekallikreinj - + 1 min, 30 s

* The PTT was performed utilizing 50 Al of the cephalin
reagent (6 mg/ml cephalin in normal saline) with or without
kaolin (10 mg/ml) added to 50 u1 prekallikrein-deficient
plasma plus 50 Al of either buffer or sample. The mixture
was incubated for 2 min at 370C before recalcification and
the clotting time determined.
t Samples were made 0.1 mMin DFP, incubated for 90 min
at 37°C, and dialyzed against three changes of 4 liters
0.003 MP04 buffer 0.15 MNaCl pH 8.0 for 12 h at 40C.

krein alone. However addition of kallikrein to the mix-
ture of Hageman factor and HMWkininogen yielded
a significant augmentation in the activation of Factor
XI.

As evident in Fig. 6, most of the activated Hageman
factor generated in normal plasma occurred within the
first 2 or 3 min of incubation with the surface. This
activation was dependent upon the presence of pre-
kallikrein. Therefore the ability of kallikrein to activate
Hageman factor in the presence or absence of HMW
kininogen was evaluated under conditions such that
the resuspended pellet containing HMWkininogen
and Hageman factor possessed minimal ability to con-
vert prekallikrein to kallikrein. All reagents (except
kallikrein) were made 10 mMin DFP and incubated
for 90 min at 37°C to inhibit any trace of activated
enzyme. Each protein was dialyzed extensively to re-
move the excess DFP. 1 ug Hageman factor in the
presence or absence of 4.5 ug HMWkininogen
was incubated with varying quantities of kalli-
krein. The washed pellet was then assayed for
its ability to convert prekallikrein to kallikrein, how-
ever the incubation time with prekallikrein was de-
creased to 10 min at 24°C. As shown in Fig. 9, the addi-
tion of kallikrein to the bound Hageman factor in the
absence of HMWkininogen did not yield a significant
conversion of prekallikrein to kallikrein. The Hageman
factor-HMW kininogen mixture (with no kallikrein)
yielded little activity above that of the Hageman fac-
tor alone. However addition of increasing quantities of
kallikrein to the Hageman factor-HMW kininogen mix-

ture yielded a rapid increase in amidolysis indicating
an augmentation of the activated Hageman factor de-
tected. In contrast to the 3-fold enhancement ob-
served with HMWkininogen-alone in previous experi-
ments, the enhancement observed upon addition of
kallikrein to the Hageman factor-HMW kininogen mix-
ture was approximately 40-fold.

Since kallikrein appeared to activate Hageman fac-
tor in the presence of HMWkininogen, we next com-
pared the incorporation of [3 H]DFP into surface-
bound Hageman factor upon addition of HMWkinino-
gen, kallikrein, and a mixture of HMWkininogen and
kallikrein. Triplicate samples containing 1.0 ,ug Hage-
man factor were incubated with supercel in the pres-
ence or absence of 1.5 ,g HMWkininogen and/or 0.05
,ug kallikrein for 20 min at 24°C in a final volume of
0.1 ml. The pellets were washed three times with
Tris-saline buffer, 50,uCi [3HI]DFP was added, and the
mixtures were incubated for 90 min at 37°C. The
samples were then diluted with equal volumes of 24%
trichloroacetic acid to precipitate any Hageman factor
that might have eluted from the surface during the 90-
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FIGURE 7 The effect of kallikrein (0.5 ,ug) and HMWkinino-
gen (3 ,ug) upon the activation and function of bound Hage-
man factor (1.0 ,ug) as assessed by the subsequent conver-
sion of prekallikrein to kallikrein.
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FIGURE 8 The effect of kallikrein (0.5 ,g) and HMWkinino-
gen (3 ug) upon the activation and function of bound Hage-
man factor (1.0 ,ug) as assessed by the subsequent activa-
tion of Factor XI.

min inctubation. The pellets were then centrifuged at
1,000 g for 10 min at 40C and the pellets were washed
with 12% trichloroacetic acid until the supernate was
free of counts. The pellets were then suspended in 10
ml Aquasol and counted. As shown in Table II, Hage-
man factor alone, HMWkininogen alone, or Hageman
factor + HMWkininogen incorporated few counts
beyond that of the supercel alone. The addition of
HMWkininogen to the Hageman factor yielded no
significant increase in the incorporation of [3H]DFP.
Kallikrein alone contributed approximately 1,200 cpm
above background and kallikrein + HMWkininogen
did not differ significantly from this value. However
the mixture of kallikrein + Hageman factor yielded a
6,000-cpm increase in the incorporation of [3H]DFP
while kallikrein + Hageman factor + HMWkininogen
yielded a 26,000-cpm increase. Kallikrein was next
adsorbed to the surface and inactivated with 10 mM
nonradiolabeled DFP for 1 h at 37°C. The pellet was
washed three times in 1.0 ml Tris-saline buffer, and the
reaction sequence continued by incubation with Hage-
man factor and HMWkininogen followed by [3H]DFP
as described above. As seen at the bottom line of
Table II, incorporation of [3H]DFP was prevented. In
separate experiments such two-stage adsorption to the
surface either in the absence of nonradiolabeled DFP
or subsequent to exposing the surface to 10 mMDFP
was evaluated. Each control incorporated over 30,000
cpm indicating that this procedure is as effective as
incubating the three reactants together and that non-
specific adsorption of nonradiolabeled DFP did not
interfere with the reaction. The data indicate that the
incorporation of [3 H]DFP into surface-bound Hage-
man factor is a result of activation by kallikrein which
was clearly augmented in the presence of HMWkinino-

TABLE II
Incorporation of [3H ]DFP by Suirface-Bound Hageman

Factor, HMWKininogen, and Kallikrein

Proteins adde(d to stirfiace Cotunts [3H]DFP

Cpm

7,240+442
Hageman factor 7,924+438
HMWkininogen 7,635+480
Hageman factor + HMW

kininogen 8,081+505
Kallikrein 8,426+470
Kallikrein + HMWkininogen 8,269+498
Kallikrein + Hageman factor 14,175+ 770
Kallikrein + Hageman factor

+ HMWkininogen 34,395+41,123
DFP-Kallikrein + Hageman factor

+ HMWkininogen 9,230+521

gen and that suich activation was dependent uipon the
active site of kallikrein.

DISCUSSION

Recent studies have demonstrated that HMWkinino-
gen is a critical constituent of the Hageman factor-
dependent pathways. Wuepper et al. reported a pa-
tient with abnormalities of coagulation, fibrinolysis,
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FIGURE 9 Dose response of the activation and function of
bound Hageman factor by kallikrein in the presence and
absence of HMWkininogen.
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and kinin-generation attributable to HMWkininogen
deficiency (6, 7), and, Colman et al. reported a patient
who had no detectable kininogen and whose func-
tional abnormalities were attributed to a new factor
(8) which was independently identified to be HMW
kininogen (9). Confirmation of these observations
appeared shortly thereafter when Fitzgerald trait, an
abnormal plasma described earlier by Saito et al. (10)
was also shown to be deficient in HMWkininogen (11).

In an attempt to more precisely localize the role of
HMWkininogen in coagulation, Saito et al. observed
that activated Factor XI functions normally in HMW
kininogen-deficient plasma (10) indicating that the con-
tribution of HMWkininogen must precede the forma-
tion of Factor XI. Wehave shown that HMWkinino-
gen enhanced the action of surface-bound Hageman
factor upon each of its substrates (Fig. 3), as reported
in preliminary form (35), but did not increase the
incorporation of [3 H]DFP into surface-bound Hage-
man factor (Table II). Thus HMWkininogen did not
activate surface-bound Hageman factor but appeared to
augment the function of the activated molecule. Liu
et al. (36) reported a similar functional enhancement
when the activity of Hageman factor fragments was
assessed in the presence and absence of HMWkinino-
gen (Fig. 5). In this case, a surface is not necessary
since the fragments are already active, and the en-
hancement observed with HMWkininogen is clearly
an effect upon the function of Hageman factor. The
interaction of activated Hageman factor and HMW
kininogen appears to be stoichiometric since the per-
centage enhancement of Hageman factor activity is
directly proportional to the quantity of HMWkinino-
gen added and further addition of HMWkininogen
yields a gradual inhibition of Hageman factor activa-
tion. Schiffman and Lee have reported such an incre-
mental increase in the quantity of Factor XIA formed
when increasing amounts of "contact activation co-
factor" were added to surface-bound Hageman factor
preparations (37). Griffin and Cochrane (38, 39) have
also reported that the reaction of HMWkininogen and
Hageman factor was stoichiometric and presented
similar evidence that HMWkininogen augments the
activity of Hageman factor upon its substrates. A physi-
cal interaction between activated Hageman factor and
HMWkininogen has not, however, been demonstrated.

Prekallikrein-deficient plasma possesses normal
HMWkininogen and incubation of this plasma with
appropriate surfaces yields a gradual activation of
Hageman factor. However the rate is abnormal when
compared to normal plasma. Weiss et al. (4) have
shown that reconstitution of prekallikrein-deficient
plasma with activated Hageman factor can correct the
abnormal rate of coagulation and fibrinolysis indi-
cating that the defect reflects a diminished rate of
formation of activated Hageman factor. Whenactivated

Hageman factor is then added to this plasma, its func-
tion can be augmented by the HMWkininogen pres-
ent. The gradual activation of Hageman factor ob-
served upon incubation of prekallikrein-deficient
plasma with kaolin (Fig. 6) (3-5) may reflect the
gradual formation of the active site of Hageman
factor upon the surface as well as augmentation of
the function of that site by HMWkininogen. Enzy-
matic activation of the Hageman factor by enzymes
such as plasmin (40) or Factor XIA (17) may function
instead of kallikrein and contribute to this autocorrec-
tion with time. It has been shown that kallikrein can
activate and fragment Hageman factor in the fluid
phase; yet addition of kallikrein to prekallikrein-
deficient plasma in the absence of a surface does not
generate activated Hageman factor (Table I) (5, 27).
Thus the critical activation of Hageman factor by kalli-
krein takes place upon a surface. Since the active site
of kallikrein is required for this interaction (Table I),
enzymatic activation of Hageman factor is likely.

Incubation of plasma deficient in HMWkininogen
with kaolin does not yield detectable conversion of
prekallikrein to kallikrein (9, 10), indicating that the
HMWkininogen enhancement of the function of Hage-
man factor is needed to convert sufficient prekalli-
krein to kallikrein so that the kallikrein can activate
the bound Hageman factor. However, as shown in
Figs. 7 and 8, augmentation of the formation and/or
function of activated Hageman factor is small if bound
Hageman factor is interacted with kallikrein in the
absence of HMWkininogen. HMWkininogen may be
enhancing the function of the Hageman factor activated
by the kallikrein (which is likely), however it also
appears to facilitate the interaction of kallikrein with
the Hageman factor; thus a 40-fold augmentation was
observed when HMWkininogen and kallikrein were
incubated together while a 2- to 3-fold enhancement
was observed with HMWkininogen alone and little
enhancement with kallikrein. Incorporation of
[3 H]DFP into surface-bound Hageman factor was ob-
served with kallikrein alone, however in the absence
of HMWkininogen, little activation of the Hageman
factor substrates was observed. HMWkininogen,
which did not increase the incorporation of [31H]DFP
into surface-bound Hageman factor, clearly augmented
the kallikrein-dependent incorporation of [3 H]DFP
into surface-bound Hageman factor and activated
Hageman factor was rapidly generated.

Ratnoff and Saito (41) have presented evidence
that kaolin masks the enzymatic activity of kallikrein
when it is bound to a surface and that HMWkininogen
reverses this inhibition. However IgG as well as cyto-
chrome c had the same effect as the HMWkininogen
suggesting that such inhibition may not be a specific
function of HMWkininogen. HMWkininogen has
also been shown to accelerate the cleavage of Hage-
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FIGURE 10 Diagram of the role of the kinin-generating proteins prekallikrein and HMW
kininogen upon the activation and function of Hageman factor.

man factor in normal plasma to yield Hageman fac-
tor fragments (42); however such release of Hageman
factor fragments from the surface does not appear to
be the primary event since the active moiety is readily
detected bound to the surface. An alternative possi-
bility to be considered to explain the effect of kalli-
krein upon Hageman factor in the presence of HMW
kininogen is that kallikrein digests HMWkininogen
and thereby augments the ability of HMWkininogen
to enhance the function of Hageman factor. If this
were the explanation for the acceleration by kalli-
krein, kallikrein-treated HMWkininogen would be
able to correct the coagulation abnormality in Fletcher
trait plasma. However, exposure of HMWkininogen
to plasma kallikrein coupled to Sepharose 4B was un-

able to correct the coagulation defect of Fletcher trait
plasma.3 Griffin and Cochrane have shown that HMW
kininogen facilitates the cleavage of Hageman factor
by kallikrein (39) and it was assumed that such cleavage
reflects activation. Our data are in agreement with
this conclusion since active site formation was evident.
Wehave no evidence that the contribution of kallikrein
is to "activate" the HMWkininogen and have demon-
strated the formation of the active site in surface-
bound Hageman factor by kallikrein alone and kalli-
krein plus HMWkininogen (Table II). This step is
thereby isolated from the ability of HMWkininogen
to auigment the activity of Hageman factor when func-
tional assays are performed.

It is clear that the proteins that participate in kinin
generation, Hageman factor, prekallikrein, and HMW
kininogen provide the mechanism for the initiation of

3 Mandle, R., Jr., and A. P. Kaplan. Unpublished observa-
tions.

coagulation and fibrinolysis in human plasma. This
requires, as the initial step, binding of Hageman
factor and the prekallikrein-HMW kininogen complex
(12) to appropriate surfaces. The consequences of such
binding are shown in Fig. 10. It has been suggested
that the initial active site in Hageman factor forms as a

result of a conformational change which occurs upon

binding of Hageman factor to certain negatively
charged surfaces. Evidence of such a conformational
change has been reported (43) however the function
of the surface-bound Hageman factor was not com-

pletely delineated. Our data suggest that the surface
alone, does not create an active enzymatic site in Hage-
man factor but facilitates its activation by kallikrein
plus HMWkininogen. Of interest is the isolation of a

functional unactivated Hageman factor which has not
been fragmented but has a DFP-sensitive active site
exposed; such a molecule might be an early inter-
mediate in the activation mechanism (44). It is also
possible that traces of activated Hageman factor, kalli-
krein, or plasmin normally circulate and may initiate
the sequence enzymatically upon binding to certain
negatively charged surfaces. Thus the surface would
play a passive role and allow these enzyme-substrate
interactions to proceed at an accelerated rate in a

milieu removed from the other plasma proteins. Fur-
ther experiments on the molecular changes occurring in
Hageman factor as a result of interaction with the sur-

face, HMWkininogen, and prekallikrein are needed to
distinguish these possibilities. Once formed, the func-
tion of the active site of Hageman factor is auig-
mented by HMWkininogen which then allows
sufficient conversion of prekallikrein to kallikrein so

that kallikrein, in the presence of HMWkininogen
can initiate a rapid enzymatic activation of Hageman
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factor. Kallikrein digests the HMWkininogen to yield
the vasoactive peptide bradykinin and in the bovine
system, digestion of HMWkininogen liberates a histi-
dine-rich peptide which can inhibit surface-dependent
activation of Hageman factor (45). This might relate
to the inhibition observed with excess kininogen
(Fig. 4) although similar inhibition was observed
when testing the function of Hageman factor fragments
in the absence of a surface.
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