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ABSTRACT The ability of human Hageman factor
(coagulation factor XII) to bind to a glass surface
and its susceptibility to limited proteolytic cleavage
during the contact activation of plasma have been
studied using normal human plasma and plasmas
genetically deficient in factor XI, prekallikrein, or high
molecular weight kininogen (HMWK). When diluted
normal plasma containing **I-Hageman factor was ex-
posed to a glass surface for varying times, the Hageman
factor was found to bind to the surface, and within
5 min became maximally cleaved from its native 80,000
mol wt to yield fragments of 52,000 and 28,000 mol
wt. Hageman factor in factor XI-deficient plasma be-
haved similarly. In prekallikrein-deficient plasma,
the binding of Hageman factor to the glass surface
occurred at the same rate as in normal plasma but
the cleavage was significantly slower, and did not
reach maximum until 60 min of incubation. Cleavage
of Hageman factor in HMWK-deficient plasma oc-
curred at an even slower rate, with greater than 110
min of incubation required for maximal cleavage,
although the rate of binding to the glass was again
the same as in normal plasma. Normal rates of cleavage
of Hageman factor were observed for the deficient
plasmas after reconstitution with purified human pre-
kallikrein or HMWK, respectively. These observa-
tions suggest that normal contact activation in plasma
is associated with proteolytic activation of surface-
bound Hageman factor.
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The cleavage of the surface-bound Hageman factor
molecule responsible for the formation of the 52,000-
and 28,000-mol wt fragments occurred at two closely
situated sites, one of which was within a disulfide
loop. Cleavage at the site external to the disulfide
bond resulted in the release from the surface of the
28,000-mol wt fragment. Cleavage at the site within
the disulfide loop resulted in the formation of a 28,000-
mol wt fragment which remained surface bound,
presumably by virtue of the disulfide linkage to the
larger fragment.

INTRODUCTION

When normal human plasma is exposed to glass, a
contact activation process takes place, leading ulti-
mately to coagulation, kinin formation, and fibrinolysis.
Central to all three systems is the activation of Hage-
man factor. Studies presented in recent years have
shown the importance of prekallikrein and high
molecular weight kininogen (HMWK)! in the activation
of Hageman factor. The participation of kallikrein
in coagulation was suggested in 1972, when it was
shown that the addition of purified rabbit or human
kallikrein to rabbit plasma promoted its clotting (1).
Later studies, using purified human plasma enzymes,
established that kallikrein acted as a proteolytic ac-
tivator of Hageman factor (2, 3) and suggested that it
was 5-10 times more active on a molar basis than
the other plasma enzymes (plasmin and activated fac-
tor XI) found capable of activating Hageman factor

! Abbreviations used in this paper: HMWK, high molecular

weight kininogen; PBS, phosphate-buffered saline (0.01 M
sodium phosphate, 0.15 M NaCl, pH 7.0); SDS, sodium do-
decyl sulfate.
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(4). Cleavage of the Hageman factor molecule in
solution was found to occur concomitantly with its ac-
tivation by kallikrein (5). The potential for a reciprocal
activation process in plasma involving Hageman factor
and prekallikrein was thus established. Confirmation
of this hypothesis occurred when a deficiency in
prekallikrein (6-9) was found to be responsible for
the abnormal clotting, fibrinolytic, and kinin-gen-
erating activities of a plasma known as Fletcher
trait plasma (10, 11).

The necessity of an additional protein for the ef-
ficient activation of factor XI by Hageman factor was
first reported by Schiffman and Lee who termed the
protein “contact activation cofactor” (12). Again, how-
ever, it was the identification of a specific protein,
in this instance HMWK (13-16), missing in another
group of plasmas showing abnormal clotting, fibrino-
lytic, and kinin-generating activities (13-19) which un-
equivocably established the importance of the protein
in the contact activation of Hageman factor. Later
studies suggested that contact activation cofactor was
HMWK (19). Studies in our laboratory employing puri-
fied Hageman factor, prekallikrein, factor XI, and
HMWK have shown that HMWK accelerates by at
least 10-fold the activation of factor XI and prekalli-
krein by surface-bound active Hageman factor as
well as the cleavage of surface-bound Hageman factor
by kallikrein (20, 21). Meier et al. have also re-
ported that HMWK enhances the expression of the
activity of surface-bound Hageman factor (22). A re-
quirement for HMWK in the activation of factor XI
by Hageman factor and ellagic acid has also been
shown (23), and a two- to threefold increase in the
activation of prekallikrein by active Hageman factor
fragments in solution has been reported (24).

It thus appears that effective contact activation of
Hageman factor in plasma requires prekallikrein and
HMWLK, and that plasmas deficient in either of these
proteins do not develop normal clotting, kinin, and
fibrinolytic activities upon exposure to glass. But the
effect of these proteins on the Hageman factor
molecule in plasma during contact activation is un-
known. We therefore undertook studies to determine
what happens structurally to the Hageman factor mole-
cules in plasma when a glass surface is introduced.
A comparison of the results obtained in normal plasma
with those obtained using prekallikrein-deficient and
HMWEK-deficient plasmas enhanced our understanding
of the molecular events involved in effective contact
activation.

METHODS

Plasmas. The normal human plasma used in these studies
was from a pool of 19 normal healthy individuals. Blood
was collected into one-sixth-volume acid-citrate-dextrose
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anticoagulant, centrifuged at 3,000 rpm for 20 min at room
temperature, and after separation from the cellular com-
ponents, recentrifuged at 5,000 rpm for 40 min at 4°C.
Aliquots were stored at —70°C. HMWK-deficient plasma
(Fitzgerald) was obtained from Mr. George King (George
King Biomedical, Salem, N. H.). It contained 43% prekalli-
krein antigen compared to a pool of 19 normal plasmas
as determined by radial immunodiffusion, and 14% normal
levels when assayed for procoagulant activity in prekalli-
krein-deficient plasma. Factor XI-deficient plasma was also
obtained from Mr. George King. Prekallikrein-deficient
plasma was supplied by Dr. Charles Abildgaard, University
of California at Davis, School of Medicine.

Plasma proteins. Hageman factor was purified from
pooled normal human plasma as described elsewhere (25).
The preparations used were determined to be greater than
95% homogeneous on polyacrylamide gels run in the presence
or absence of sodium dodecyl sulfate (SDS). Clotting assays
in Hageman factor-deficient plasma yielded a specific clotting
activity of 80+15 U/mg protein. No factor XI or prekalli-
krein activity was detectable (<0.1%). Clotting activity was
unaltered by the radiolabeling of the protein with 1251
according to the procedure of McConahey and Dixon (26).
Uptake of radiolabel varied between 1 and 9 uCi/ug. Dis-
tribution of the radiolabel in the molecule also varied
and was characterized for each preparation by experi-
ments such as that shown in Fig. 1. The native mole-
cule having a mol wt of 80,000 was consistantly cleaved
to yield fragments of 52,000 and 28,000 mol wt but the
relative amount of radiolabel appearing in these two peaks
varied with different preparations of !?’I-Hageman factor.
For the experiments investigating the rate of binding of
Hageman factor to a surface, a preparation was chosen in
which almost all of the radiolabel was in the 52,000-
mol wt fragment. The variable distribution of radiolabel
did not affect any other experiments since the cleavage of
the molecule was assessed by the disappearance of radio-
label from the 80,000-mol wt peak.

The human prekallikrein employed in the reconstitution
experiments was obtained from Dr. Richard Ulevitch and Mr.
Alan Johnston of our laboratory and was prepared by them
using a procedure based on modifications of previously de-
scribed methods (27). The major modifications included
elimination of the ammonium sulfate precipitation, second
DEAE column, and Pevikon electrophoresis (Mercer Consoli-
dated Corp., Yonkers, N.Y.), and the addition of a chromato-
graphic step employing hydroxylapatite. The preparations
contained as identifiable contaminants gamma globulin and
B. glycoprotein I. It contained no detectable plasminogen or
factor XI. Small amounts of active kallikrein also present were
removed by incubation with insolubilized soybean trypsin
inhibitor before use. Quantitation of prekallikrein was based
on clotting assays in prekallikrein-deficient plasma, kindly
performed by Dr. Bonno Bouma of our laboratory, and is ex-
pressed as activity relative to standard normal plasma dilu-
tions. The preparation used had a sp act of 0.85 U/mg protein.

Human HMWK was purified by a modification of the
method of Habal et al. (28).2 The major changes in the
procedure as published were the use of DEAE-Sephadex
(Pharmacia Fine Chemicals Inc., Piscataway, N. J.) resin
instead of QAE-Sephadex, elimination of the G-200 Sephadex
column, and the substitution of SP-Sephadex for CM-Sepha-
dex in the final step. The preparations used were found
to be greater than 95% homogeneous as judged by poly-
acrylamide gel analysis. Quantitation of activity based on

2 Griffin, J. H. Manuscript in preparation.
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clotting assays in HMWK-deficient plasma yielded a sp act
of 10-11 U/mg protein.

Contact activation of plasma in glass tubes. For the
studies reported here, it was necessary to devise an experi-
mental system of contact activation in which rates of bind-
ing and cleavage of *’I-Hageman factor added to plasma
could be quantitatively assessed. Kaolin, often used as an
activating surface in coagulation studies, could not be used
because the time involved in washing and centrifuging the
samples was too long to allow precise end-point de-
terminations for short incubation times. A single glass surface,
such as the bottom of a test tube, overcame this problem. To
establish conditions to achieve optimal rates of binding
and cleavage of Hageman factor in normal plasma added
to this “limited” glass surface, preliminary experiments
were conducted in which different volumes of varying di-
lutions of plasma containing 25I-Hageman factor were added
to glass tubes and were analyzed for binding and cleavage
of Hageman factor. Although the system of contact activa-
tion described below is optimal for the studies described,
it should be noted that the rates of binding and cleavage
of Hageman factor obtained using it will differ from the
rates of binding, cleavage, or activation obtained using other
systems, although relative differences between different
plasmas would be similar.

Citrated plasma was diluted 1:6 with phosphate-buffered
saline (PBS, 0.01 M sodium phosphate, 0.15M NaCl, pH
7.0) in a plastic tube. 3-6 ul (0.04-0.08 ug) of »I-Hage-
man factor was added per 100 ul of diluted plasma.
This resulted in a 10-20% increase in Hageman factor
concentration in the plasma. Except where noted differently,
20-u] samples were added to the bottom of new, unwashed
12 x 75-mm borosilicate glass tubes and shaken at room
temperature for varying times. The reactions were stopped
by the addition of 50 ul of 4% SDS in the presence
or absence of 2% B-mercaptoethanol as indicated. In some
experiments, the supemate (e.g. the fluid content of the tube
which would contain all soluble material not bound to the
glass surface) was removed from the incubation tube at
the end of the incubation period and added to 50 ul
of SDS in the presence or absence of mercaptoethanol.
In these cases, the glass incubation tube was then washed
twice with 0.2 ml PBS before receiving 50 ul of SDS with
or without mercaptoethanol. All samples were placed in a
boiling water bath for 3 min. Under these conditions,
greater than 95% of the surface-bound material was eluted
from the glass tubes and could then be analyzed by elec-
trophoresis on SDS-polyacrylamide gels. As a control, 25I-
Hageman factor added to a 1:6 dilution of normal plasma
and incubated in plastic tubes showed no cleavage of Hage-
man factor occurring after 2 h of incubation.

SDS-polyacrylamide-gel electrophoresis. Electrophoresis
in 5 or 7% polyacrylamide gels containing 0.1% SDS was
performed according to the method of Weber and Osborn
(29) in 4.5 x 100-mm glass tubes. Samples containing 2%I-
Hageman factor were prepared as described above. Bromo-
phenol blue was added as a tracking dye and the samples
were applied in glycerol to the gels. After 45 min at 4mA/
tube, electrophoresis was continued at up to 10 mA/tube
until the tracking dye was within 1 cm of the end.
Gels were sliced into 1.2-mm segments and each slice was
counted for radioactivity. Greater than 90% of the radioac-
tivity applied to the gels was recovered. Molecular weight
values were determined by comparison with stained gels
of marker proteins run in parallel. The marker proteins
used and their molecular weights were: human gamma glob-
ulin (unreduced), 150,000; phosphorylase-a, 100,000; trans-
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FIGURE 1 Cleavage pattems of Hageman factor upon ex-
posure of plasma to glass. Electrophoresis of the reduced
samples was on 5% polyacrylamide gels containing SDS.
The anode is to the right.

ferrin, 90,000; bovine serum albumin, 68,000; chymotrypsino-
gen, 43,000; ovalbumin, 25,700; and cytochrome-c, 12,000.

RESULTS

Cleavage pattern of Hageman factor in normal
plasma upon exposure to glass. The cleavage of Hage-
man factor molecules during contact activation of
plasma was studied by incubating normal human
plasma containing '?°I-Hageman factor in glass tubes,
and observing the pattern of radioactivity obtained by
electrophoresis of the activated samples on polyacryla-
mide gels containing SDS. In these initial studies,
5-ul samples of diluted normal human plasma were
incubated in glass tubes for varying times and the
reactions were stopped by the addition of 50 ul
of a 2% SDS solution containing 1% mercaptoethanol.
After a 3-min incubation of the sample tube in a
boiling water bath, the samples were applied to 5%
polyacrylamide gels containing 0.1% SDS and the
resultant radioactivity patterns were then analyzed.
Fig. 1 shows the patterns observed after 0, 1, and 20
min of incubation of plasma in glass tubes. The 0-min
sample was obtained by adding the diluted plasma
sample directly to the SDS solution. The initial peak
at 80,000 mol wt seen at 0 min decreases upon in-
cubation and new peaks appear at 52,000, 28,000,
and 130,000 mol wt. The peak at 130,000 mol wt
is the result of a complex of the fragment normally
migrating at 28,000 mol wt with C1 esterase inhibitor
(30). When incubation is continued for longer time
periods, a slow decrease in the 52,000-mol wt peak is
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FIGURE 2 Rates of cleavage of Hageman factor in normal,
prekallikrein-deficient (def.) and HMWK-deficient (def.)
plasmas upon exposure to glass. The percent of Hageman
factor cleaved was calculated from the cleavage patterns
obtained on SDS gels.

seen and a new peak of 40,000 mol wt concomitantly
appears. These data suggest that Hageman factor
in normal plasma, when exposed to a glass tube, is
cleaved from its native 80,000-mol wt form to yield
fragments of 52,000 and 28,000 mol wt. Subsequent
cleavage of the 52,000 fragment with the appearance
of a 40,000-mol wt fragment indicates a secondary
cleavage site. As previously reported (5), both sites
are equally susceptible to cleavage when purified
Hageman factor is incubated with trypsin in solution.

Rate of cleavage of Hageman factor in normal,
factor Xl-deficient, prekallikrein-deficient, and
HMWK-deficient plasmas upon exposure to glass. To
compare the rate of cleavage of Hageman factor in
normal plasma to its rate of cleavage in plasmas
deficient in various proteins, samples containing radio-
labeled Hageman factor and diluted plasma were
prepared using normal, factor XI-deficient, prekalli-
krein-deficient, and HMWK-deficient plasmas. 20-ul
samples were incubated in glass tubes for varying
periods up to 110 min. Mercaptoethanol was added to
each sample before analysis on SDS polyacrylamide
gels. The percent of the total radioactivity recovered
from the gel which appeared at a position correspond-
ing to 80,000 mol wt was tabulated for each sample.
With the amount of radiolabel appearing at 80,000
mol wt in the 0-min incubation sample taken as
100%, the percent of Hageman factor remaining at
80,000 mol wt was calculated for each time point.
By subtracting this value from 100%, the data were
expressed as the percent of native Hageman factor
molecules which were cleaved. This is shown in Fig.
2 for normal, prekallikrein-deficient, and HMWK-
deficient plasmas as a function of incubation time in
glass. Maximal cleavage of Hageman factor was ob-
served in normal plasma by 5 min, after 60 min in
prekallikrein-deficient plasma, and longer than 110
min in HMWK-deficient plasma. The kinetics of cleav-
age of Hageman factor in factor XI-deficient plasma
was the same as in normal plasma (not shown).
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Fig. 2 represents the data from one set of experi-
ments. Other experiments yielded very similarly
shaped curves with the same relative differences
between the various plasmas.

Restoration of normal cleavage of Hageman factor
in prekallikrein-deficient and HMWK-deficient
plasmas by reconstitution of the plasmas with puri-
fied prekallikrein and HMWK. To confirm that the
abnormally slow rate of cleavage of Hageman factor
in prekallikrein-deficient plasma was exclusively due
to a lack of this protein, reconstitution experiments
were performed in which increasing amounts of normal
plasma or partially purified prekallikrein were
added to the prekallikrein-deficient plasma. For ex-
ample, for a 2% reconstitution with normal plasma,
a mixture was made which consisted of 98% prekalli-
krein-deficient plasma and 2% normal plasma. The
mixture was then diluted 1:6 with PBS and a trace of
135]_.Hageman factor was added. For a 2% reconstitution
with prekallikrein, 0.02 U of prekallikrein were added
to each milliliter of prekallikrein-deficient plasma, the
additional volume being subtracted from the amount of
PBS added to obtain the subsequent 1:6 dilution.
20-ul samples of the prekallikrein-deficient plasma
containing '?’I-Hageman factor and reconstituted with
increasing amounts of either normal plasma or partially
purified prekallikrein were incubated in glass tubes
for 2 min. After the addition of SDS and mercap-
toethanol, the extent of cleavage of Hageman factor
was assessed by SDS-polyacrylamide gels. Normal
plasma incubated in glass for 2 min was run as a
control and the amount of cleavage of Hageman factor
in it was taken as the maximal value at 2 min. Cleavage
of Hageman factor in the reconstituted plasma samples,
expressed as percent of maximal, is shown in Fig. 3.
The addition of 10% normal plasma raised the level of
cleavage to 80% of normal. Reconstitution with the par-
tially purified protein was found to closely parallel the
reconstitution with normal plasma.

Similar experiments were performed reconstituting

100

% of Maximal
Cleavage in 2 Min

2 4 6 8 10
Percent Reconstitution

FIGURE 3 Reconstitution of the cleavage of Hageman factor
in prekallikrein-deficient plasma by the addition of normal
plasma or partially purified prekallikrein. Cleavage of the re-
constituted plasmas is expressed as percent of the maximal
value observed after 2-min incubation.
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FIGURE 4 Reconstitution of the cleavage of Hageman factor
in HMW kininogen-deficient plasma by the addition of normal
plasma or purified HMW kininogen. Cleavage of the reconsti-
tuted plasmas is expressed as percent of the maximal value
of cleavage observed after 2-min incubation.

HMWK-deficient plasma with normal plasma and with
highly purified HMWK. The results are shown in Fig.
4. Approximately 40% reconstitution with normal
plasma or HMWK is necessary to reach a level of
80% normal cleavage.

The influence of the reduction of disulfide bonds
on the dissociation of cleaved Hageman factor mole-
cules. To determine whether the Hageman factor
fragments produced during contact activation of plasma
were covalently linked by disulfide bonds, duplicate
20-ul diluted plasma samples containing ?*I-Hageman
factor were subjected to contact activation in glass
tubes as described above. At the end of the desired
incubation times, one plasma sample received 50
unl of a 4% SDS solution, whereas the other plasma
sample received 50 ul of a 4% SDS solution con-
taining 2% mercaptoethanol. All samples were in-
cubated for 3 min in a boiling water bath before
electrophoresis on 7% polyacrylamide gels containing
SDS. Cleavage fragments of 52,000, 28,000, and at
longer incubation times, 40,000 mol wt were observed
under both reducing and nonreducing conditions.
However, the rate of appearance of the cleavage
fragments was significantly slower in the absence of the
reducing agent. The same effect of mercaptoethanol
treatment on Hageman factor was observed in normal,
prekallikrein-deficient, and HMWK-deficient plasmas.
The data are shown in Fig. 5. The presence of 8 M
urea in the samples which lacked mercaptoethanol
did not result in any increase in dissociation of the
fragments, thus making less likely the possibility that
the cleaved fragments might be noncovalently associ-
ated. The data indicate that when 50% of the
Hageman factor molecules have been cleaved, approxi-
mately half of them contain disulfide linkages be-
tween the resulting fragments.

Location of Hageman factor fragments and residual
uncleaved Hageman factor molecules after the incu-
bation of plasma with glass. To determine if the

Binding and Cleavage of Hageman Factor during Contact Activation

Hageman factor fragments produced by the incubation
of plasma in glass tubes were surface bound, super-
nates were removed from the glass tubes at the end of
the incubation time and added to 50 ul of a 4% SDS
solution in the presence or absence of 2% mer-
captoethanol. The glass incubation tube was washed
twice with 200 ul of PBS. The addition of 50 ul
of 4% SDS in the presence or absence of 2% mer-
captoethanol, followed by a 3-min incubation of the
tube in a boiling water bath, eluted 95-100% of the
surface-bound material. The supernate and surface-
bound samples were then analyzed by SDS-poly-
acrylamide-gel electrophoresis. Fig. 6 shows the results
obtained for a 5-min incubation time. In the sample
of the surface-bound material in the absence of mer-
captoethanol, radioactivity was found at positions cor-
responding to 80,000 and 52,000 mol wt. The 28,000-
mol wt fragment appeared in the supernate. When
the surface-bound samples were treated with mercap-
toethanol, however, no peak was observed at 80,000
mol wt, the peak at 52,000 mol wt was increased,
and a 28,000-mol wt peak appeared. Hageman factor

’ Nermal Plasma

’ o——ao + Nercaptesthansl
) ©o- - -0~ Mercaptesthanel

$ 3 3 «
4

.

& potalibreindot. Plasms

~
L J
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Percent of Native HF Melecules Dissociated
-
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20 30 40 S50 60
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FIGURE 5 The effect of mercaptoethanol on the dissociation
of »]-Hageman factor after incubation of plasma in glass.
20-ul aliquots of 1:6 dilution of normal plasma, prekalli-
krein-deficient (def.), and HMWK-deficient (def.) plasmas
containing '**I-Hageman factor were incubated in glass tubes
at 22°C. At the indicated times, 50 ul of 4% SDS in the
presence (@) or absence (O) of mercaptoethanol was added
to stop the reaction and effect the elution of any surface-
bound material. After analysis of each sample on SDS-
polyacrylamide gels, the percent of ?*I-Hageman factor mi-
grating at a position corresponding to 80,000 mol wt was
calculated. Data are expressed as the percent of native
80,000-mol wt Hageman factor (HF) molecules that have been
dissociated.
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FIGURE 6 Location of 'I-Hageman factor fragments after the incubation of plasma with
glass. After a 5-min incubation in glass tubes, plasma samples were separated into supernates
and surface-bound samples, and each was analyzed in the presence and absence of mer-
captoethanol on SDS-polyacrylamide gels. Data are expressed as the percent of initial
radioactivity in the incubation tube. The addition of mercaptoethanol to the surface-
bound material results in the disappearance of the 80,000-mol wt peak, an increase in the
52,000-mol wt peak, and a new peak at 28,000 mol wt. Reduction had little effect on
the supematant material which contained predominantly 80,000-mol wt native Hageman

factor and 28,000-mol wt fragments.

which retained its native mol wt of 80,000 in the
presence of mercaptoethanol was found only in the
supernate. These data are consistent with the hy-
pothesis that Hageman factor in plasma becomes
bound to the glass surface and proteolytically cleaved
to yield fragments of 52,000 and 28,000 mol wt.
Approximately one half of the cleaved molecules con-
tain a disulfide linkage between the fragments and
remain surface bound. In those molecules in which the
fragments are not linked by disulfide bonds, the
52,000-mol wt fragment remains surface bound whereas
the 28,000-mol wt fragment is released into solu-
tion. The presence of additional Hageman factor
of native molecular weight in the supernate after
treatment with mercaptoethanol suggests that there is
either a limiting amount of glass surface for the bind-
ing of Hageman factor or that further binding is being
inhibited.

The rate of binding of Hageman factor to a glass
surface in normal, prekallikrein-deficient, and HMWK-
deficient plamas. Since binding to the glass surface
appeared to be a prerequisite for cleavage of Hageman
factor in normal plasma, the possibility that the failure
of the prekallikrein-deficient and HMWK-deficient
plasmas to exhibit rapid cleavage of Hageman factor
might be caused by a lack of binding of Hageman
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factor to the glass surface was examined. The kinetics
of the binding reaction were studied using a prepara-
tion of ?»I-Hageman factor which, fortuitously, con-
tained a minimal amount of radiolabel on the 28,000-
mol wt fragment. Preliminary experiments had indi-
cated that the 52,000-mol wt fragment remained bound
to the surface (Fig. 6). Therefore, the total amount of
Hageman factor binding could be easily assayed by
removing the supernate at the end of the incubation
period, washing the glass tube, and then counting the
radioactivity remaining bound to the glass. 20-ul sam-
ples of diluted plasma containing ?I-Hageman factor
were used. Two washes of 0.2 ml PBS were found
to be sufficient to remove all unbound radioactivity.
Supemate and washes were saved and counted to
determine the total radioactivity initially present. The
kinetics of binding of Hageman factor to the glass
surface in the presence of normal, prekallikrein-
deficient, and HMWK-deficient plasmas are shown as
the solid lines in Fig. 7. The rate of binding of Hage-
man factor to the glass surface is the same in all.
three plasmas. The percent of Hageman factor cleaved
in each plasma (obtained from experiments performed
as described above) is included for comparison in
this figure (dashed lines). It should also be noted that
in normal plasma (upper panel), the binding of
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Hageman factor to the glass surface precedes by ap-
proximately 40 s the cleavage of the molecules.

DISCUSSION

Evidence for the rapid proteolytic cleavage of
Hageman factor upon the exposure of normal human
plasma to glass has been presented. The rate of
this cleavage was found to be far slower in plasmas
deficient in either prekallikrein or HMWK, whereas
factor XI-deficient plasma yielded the same rapid rate
of cleavage of Hageman factor as normal plasma.
Successful restitution of the normal cleavage rate of
Hageman factor in prekallikrein-deficient plasma with
partially purified prekallikrein, and of HMWK-de-
ficient plasma with highly purified HMWK, de-
creases the possibility of the potential influence
of other, unknown factors in the deficient plas-
mas and supports the assertion that prekallikrein
and HMWK are the proteins in plasma essential
for the rapid cleavage of Hageman factor. Studies
describing the abnormalities of clot formation, kinin
generation, and fibrinolysis during contact activation
of prekallikrein-deficient plasma (8-11) and HMWK-
deficient plasma (13-18) have suggested an interaction
of these proteins with Hageman factor. Coupled with
those previous observations, the data presented here
provide strong evidence that the failure of the Hage-
man factor molecule to become cleaved on the glass
surface is coincident with its failure to become ac-
tivated in these plasmas.

Since binding to the glass surface appeared to
be necessary for the rapid cleavage of Hageman factor,
the rates of binding were compared in normal, pre-
kallikrein-deficient, and HMWK-deficient plasmas to
ascertain whether the failure to exhibit normal cleav-
age might be associated with abnormal binding
in these plasmas., The results, shown in Fig. 7,
show no differences in binding rates in the plasmas
tested. Therefore, the participation of prekallikrein
and HMWK in the cleavage process appears to be
subsequent to the binding of the Hageman factor to
the surface.

The observed failure of prekallikrein-deficient
plasma to produce a normal rate of cleavage of Hage-
man factor, and data from earlier reports on the potent
action of kallikrein on Hageman factor which results
in cleavage and activation of the Hageman factor,
leads to the conclusion that kallikrein is the enzyme
in normal plasma responsible for the rapid cleavage
of the Hageman factor molecule. The alternative possi-
bility, that prekallikrein or kallikrein is essential for
the generation of some other enzyme which then acts
proteolytically on Hageman factor, is considered un-
likely. Recent studies using purified reagents have
shown that the factor XI-activating capacity of plasma
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FIGURE 7 Rates of binding and cleavage of Hageman factor
in normal, prekallikrein-deficient (def.), and HMWK-deficient
(def.) plasmas upon exposure to glass. Binding data are ex-
pressed as the mean of at least three determinations per
time point.

could be reproduced using Hageman factor, HMWK,
and prekallikrein (20, 21). However, the slow cleav-
age observed in prekallikrein-deficient plasma (Fig. 2)
does indicate that at least one other enzyme is capable
of proteolytic action on Hageman factor in plasma.
Although its identity is unknown, plasmin (2-4, 31,
32) and activated factor XI (4) are potential candidates.
Less likely is the possibility that trace quantities
of prekallikrein might be present in the prekallikrein-
deficient plasma. This slow cleavage of Hageman factor
on glass in prekallikrein-deficient plasma offers a
plausible explanation for the slow generation of activity
of the contact phase of coagulation in prekallikrein-
deficient plasma which occurs upon prolonged incuba-
tion with glass or kaolin.

The data presented here also indicate a critical
role for HMWK in the cleavage of Hageman factor
in plasma on a surface. Using purified proteins, it has
been shown that HMWK is capable of increasing the
rate of eleavage of surface-bound Hageman factor by
kallikrein by at least 8—11-fold (20, 21). Additionally,
HMWK was found capable of a 20-fold augmentation
of the conversion of prekallikrein to kallikrein by
surface-bound active Hageman factor (20, 21). With the
necessity of reciprocal activation of Hageman factor
and prekallikrein for effective contact activation in
plasma, the role of HMWK as a cofactor in the activa-
tion of prekallikrein underscores its importance for
a rapid rate of cleavage of Hageman factor.

1173



-3

‘ <

[}
28,000

40,000 'E
_m
‘\
Secendary  Imitial ~~_
Cleavage Cleavage

(SITE 3] [SITES 1 AND 2)

FIGURE 8 Cleavage of human Hageman factor during contact
activation of plasma. The 80,000-mol wt native Hageman fac-
tor molecule can be divided into three regions, c, d, and e,
as described previously (30). When normal plasma is exposed
to a glass surface, the Hageman factor molecules are rapidly
cleaved at sites 1 and/or 2. As shown in the enlargement inset,
site 1 is within a disulfide loop whereas site 2 is outside of
it; the uncertainty of its orientation relative to site 1 being
indicated by the two dashed arrows. After prolonged incuba-
tion with glass, cleavage at site 3 occurs.

The cleavage of Hageman factor observed during
contact activation results in the formation of frag-
ments of 52,000 and 28,000 mol wt. The observed
difference in dissociation of the cleaved Hageman
factor molecules in the presence or absence of mercap-
toethanol suggests the possibility of two closely spaced
cleavage sites on the Hageman factor molecule with
the presence of a half-cystine residue between them.
The method employed here of analysis by SDS-
polyacrylamide-gel electrophoresis is unable to resolve
fragments with molecular weights differing by less than
5%. Fig. 8 shows schematically these two cleavage
sites as well as the site responsible for the secondary
cleavage of the 52,000-mol wt fragment observed at
prolonged incubation times. If cleaved at site 1, the
28,000-mol wt fragment, designated e fragment, re-
mains linked by a disulfide bridge to the 52,000-mol
wt fragment, designated cd fragment; cleavage at site
2 dissociates the e fragment. It has previously been
reported that the areas responsible for the binding
of the Hageman factor molecule to the surface are
located in the ¢ and d regions (30). Therefore,
if the surface-bound molecule is cleaved only at site 1,
the e fragment would be expected to remain surface
associated whereas cleavage at site 2 would release
the e fragment into the supernate. The current experi-
ments support this concept.

It is possible that the dual presence of Hageman
factor molecules containing a disulfide bond which
links the cd fragment and the e fragment, and molecules
which lack this bond might be due to the existence
of multiple forms of human Hageman factor. Insuf-
ficient data are presently available to decide whether
genetic polymorphism of Hageman factor needs to be
considered. It is relevant to note that human Hageman
factor isolated from the plasma of a single donor gave
the same cleavage patterns as seen in Figs. 5 and 6
and, therefore, if the existence of multiple forms of
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Hageman factor is responsible for these observations,
then the multiple forms are present in an individual.

It should also be noted that multiple forms of e
fragment, although undifferentiated by molecular
weight with the methods employed in the current
studies, have been observed in alkaline polyacryla-
mide-gel electrophoresis (32-34) and immunoelectro-
phoresis in agarose (30). Cleavage of the cd fragment
at site 3, yielding a 40,000-mol wt c¢ fragment, is
observed after prolonged incubation of the plasma
in glass. At 110 min of incubation of normal plasma
in glass, 15% of the cd fragments have been converted
to c. The significance of the secondary cleavage,
if any, is unknown. No peak corresponding to region
d (12,000 mol wt) is observed on SDS-polyacrylamide
gels, presumably because this portion of the molecule
is not radiolabeled.
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