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A B S T R A C T An asymptomatic woman (Ms. \Vil-
liams) was found to have a severe abnormality in the
surface-activated intrinsic coagulation, fibrinolvtic, and
kinin-generating pathways. Assays for known coagula-
tion factors were normal while Fletcher factor (pre-
kallikrein) was 45%, insufficient to account for the ob-
served markedly prolonged partial thromboplastin time.
Plasminogen proactivator was present at 20% of nor-
mal levels and addition of highly purified plasminogen
proactivator containing 10% plasminogen activator par-
tially corrected the coagulation and fibrinolytic abnor-
malities but not the kinin-generating defect. This effect
was due to its plasminogen activator content. In addi-
tion, Williams trait plasma failed to convert prekalli-
krein to kallikrein or release kiniin upon incubation with
kaolin. Kininogen antigen was undetectable. When nor-
mal plasma was fractionated to identify the factor that
corrects all the abnormalities in Williams trait plasma.
the Williams factor was identified as a form of kinino-
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gen by- its behavior on ion exchange chromiiatography,
gel filtration, disc gel electrophoresis, and elution from
an anti-low molecular wveight kininogen immunoad-
sorbent. High molecular weight kininogen, as well as
a subfraction of low molecular weight kininogen, pos-
-sessed this corrective activity while the bulk of low
molecular Neight kininogen functioned only as a kalli-
krein substrate. Kininogen therefore is a critical factor
required for the functioning of Hageman factor-de-
pendent coagulation and fibrinolvsis and for the activa-
tion of prekallikrein.

INTRODUCTION
ILagemiian factor (Factor XII) is knoNvii to initiate the
I)lasma coagulation (1), kinin-forming (2), and fibrino-
lytic pathways of human plasma (3, 4) by activating
the precursor proteins, plasma thromboplastin antecedent
(Factor XI) (PTA) 1 (1), prekallikrein (Fletcher fac-
tor) (5), and plasminogein proactivator (6), respec-
tivelv, to their respective active enzymes. Although

1 Abbreziations used in this paper: CM, carboxymethyl;
DFP, diisopropylfluorophosphate; PTA, plasma thrombo-
plastin antecedent; PTT, partial thromboplastin time; QAE,
quaternary aminoethyl; SDS, sodium dodecyl sulfate; SP,
sulfopropyl; TAMe, tosyl L-arginine methyl ester.
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patients with deficiency of Factor XII (Hageman trait)
have no symptoms (7), in vitro testing of their plasmas
reveals profound defects in surface-activated coagula-
tion, kinin formation, and fibrinolysis. In contrast, Fac-
tor XI deficiency in man results in a mild bleeding
tendency (8) with a defect in the rate of thrombin
formation but no abnormalit) in kallikrein or plasmin
formation. Individuals lacking prekallikrein (9) re-
semble those with Factor XII deficiency and display,
in addition to the expected absence of kinin formation, a
diminished rate of surface-activated coagulation and
fibrinolysis (10, 11). These latter abnormalities are
attributed to a feedback requirement in which kallikrein
activates Factor XII to an enzvme that can then act
upon each substrate (11-13).

This report describes an uinusual patient, Ms. Wil-
liams, with profound abnormalities of the Hageman
factor-dependent pathwavs. who has diminislhed levels
of prekallikrein and plasminogen proactivator and un-
detectable kininogen. High molecular weight kininogen
and a subfraction of low molecular weight kininogen
are identified as the corrective factors.

METHODS
Bradykinin triacetate (Sandoz Ltd., Basel, Switzerland)
was used as the standard for native bradykinin. Hexadimeth-
rine bromide (Aldrich Chemical Co., Inc., Milwaukee,
WTis.); tosyl L-arginine methyl ester (TAMe), and agarose
(Sigma Chemical Co., Inc., St. Louis, Mo.); enzodiffusion
fibrin plates, polystyrene dishes for immunodiffusion, and
streptokinase (Hyland Div., Travenol Laboratories, Inc.,
Costa Mesa, Calif.); quaternary aminoethyl (QAE) Sepha-
dex A-25, sulphopropyl (SP) Sephadex, carboxymethyl
(CM) Sephadex, Sephadex G 150, and G 200 (Pharmacia
Fine Chemicals, Inc., Piscataway, N. J.); DEAE 52 cellu-
lose (Whatman Chemicals, Div. WV. & R. Balston, Maid-
stone, Kent, England) ; Bio-Gel A 0.5 m (Bio-Rad Labora-
tories, Richmond, Calif.); hemostatic phosphatide (cepha-
lin) (ICN Nutritional Biochemicals Div., International
Chemical & Nuclear Corp., Cleveland, Ohio); and rabbit
antisera against a2-macroglobulin, Cl-inactivator, a,-anti-
trypsin, ac-antichymotrypsin, inter-a-trypsin inhibitor, anti-
thrombin III, and quantitative tripartigen immunodiffusion
plates for IgG, IgA, and IgM (Behringwerke AG, Mar-
burg-Lahn, West Germany) were obtained as indicated.
Hageman factor-deficient plasma and PTA-deficient

plasma containing 0.38%o citrate were fresh-frozen plasma
of severely deficient patients collected by ourselves or by
Sera-Tec Biologicals, New Brunswick, N. J. Fletcher fac-
tor-deficient plasma was a gift from Dr. C. Abildgaard
(University of California, Davis, Calif.). Anti-human
plasma kallikrein was prepared in rabbits and adsorbed with
Fletcher factor-deficient plasma as described previously
(14). Sheep antibody to human low molecular weight kinino-
gen was prepared as previously reported (15, 16).
Preparation of plasma proteins. To obtain normal human

plasma for use in assays, 9 vol of blood from healthy donors
was drawn directly into plastic tubes containing 1 vol of
3.8%o citrate. The plasma was centrifuged at 250 g at 4°C to
remove the cells. 1-ml aliquots of plasma were stored at
- 70'C and used immediately after thawing. Any residual

pl!asma wvas discarded. Plasma from Ms. Williams was

collected and handled identically.
Plasma utilized for the isolation of Hageman factor frag-

ments, prekallikrein, plasminogen proactivator, Factor XI
(pre-PTA), plasminogen, and kininogen was collected in
0.38% sodium citrate. 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 procedures to minimize
contact activation of Hageman factor. Samples were con-
centrated by ultrafiltration tlhrough a UM-10 membrane
(Amicon Corp., Lexington, Mass.). Gel filtration on Sepha-
dex G 150 (6), alkaline disc gel electrophoresis (5), and
sodium dodecyl sulfate (SDS) gel electrophoresis (17)
were performed as previously described. Protein was ap-
proximated by absorbance at 280 nm, with Am'01% assumed
to equal 10, or was determined by micro-Kjeldalhl analysis.
Activated Hageman factor. Fcr experiments utilizing

the radioimmunoassay for bradykinin, the large activator
and prealbumin fragments derived from Hageman factor
were prepared by sequential fractionation of plasma with
ethanol, isoelectric precipitation, ion exchange chromatog-
raphy utilizing DEAE cellulose and CMI Sephadex, and
gel filtration on Sephadex G 150, as described by Bag-
dasarian et al. (18).
Hageman factor prealbumin fragments utilized in fibrino-

lytic assays and in the bioassay of prekallikrein were puri-
fied by chromatography of plasma on QAE Sephadex twice,
Sephadex G 100, SP Sephadex, and elution from alkaline
disc gels after electrophoresis, as previously reported by
Kaplan et al. (19). After dialysis, the fragments were con-
centrated 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. There was no detectable con-
tamination with any of the Hageman factor substrates,
plasminogen, plasmin, or kininogen.
Hagcan factor suibstrates. Pre-PTA, prekallikrein, and

plasminogen proactivator were isolated from the effluent
obtained after passage of 500 ml of plasma over a 10 X 100
cm column of QAE Sephadex at pH 8.3. The proenzyme
mixture was concentrated to 100 ml, the pH brought to
pH 6.0 with 1 N HCI, and each proenzyme isolated by se-
quential chromatography once on SP Sephadex, and twice
on Sephadex G 150, as described previously (11).
Plasminogen. Plasminogen was prepared by affinity chro-

matography by a modification of the procedure of Deutsch
and Mertz (20). 100 ml of plasma was passed over a
3 X 25 cm column of lysine Seplharose 4B and the plasmino-
gen eluted with 0.2 M epsilon-amino caproic acid. The
plasminogen was concentrated, dialyzed overnight at 4°C
against 0.003 M phosphate buffer containing 0.15 M NaCl,
and further fractionated by Sephadex G 100 gel filtration.
The plasminogen peak was pooled, concentrated, and ad-
justed to 200 ,Ag/ml for routine use. The preparation con-
tained less than 1% plasmin and gave a single band at mol
wt 90,000 upon SDS gel electrophoresis after reduction and
alkylation.
Kininogen. Highly purified kininogens Nvere prepared by

the method of Pierce and Guimaraes (21, 22). 10 liters of
human plasma, diluted to 50 liters with distilled water and
made to 0.01%S hexadimethrine bromide, were stirred with
500 g of DEAE-cellulose (DE-23) at pH 6.0 and 25°C.
The filtered and washed adsorbent was eluted with 0.4 M
Tris-HCl, pH 6.0. The eluate, adjusted to pH 7.1. was
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passed over an anti-low molecular weight kininogen im-

munoadsorbent, followed by several bed volumes of phos-
phate-buffered saline, pH 7.0. The kininogen was eluted
with 8 M guanidine, dialyzed., and chromatographed on

DEAE-cellulose. Four main peaks of kininogen activity.
coincident with the A,2so peaks and named Bi, B2, B3, and B4,
were eluted from the column by a linear gradient of 0.05-
0.30 M phosphate, pH 6.0. Gel filtration of the B peaks on

Bio-Gel A 0.5 m gave nominal mol wxt of 80,000, 150,000,
and 225,000, called a, P, and -y, respectively (22). B4-y
kininogen yielded a single major band upon alkaline disc
gel electrophoresis, and immunization of a sheep with 1.0
mg of this material yielded a monospecific antikininogen.
The antikininogen immunoadsorbent was prepared as

follows: sheep anti-low molecular weight kininogen (15),
shown to be monospecific by immunoelectrophoresis against
normal serum, was passed over a column of low molecular
kininogen coupled to agarose by the cyanogen bromide
procedure (23). The antikininogen was eluted with 8 M
guanidine and dialyzed against phosphate-buffered saline,
and the purified antikininogen globulins coupled to agarose

by the cyanogen bromide procedure. In this fashion a high-
capacity column that specifically binds kininogen was pre-

pared. Since antibody to low molecular weight kininogen
cross-reacts with high molecular weight kininogen (15),
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. This procedure is shown diagrammatically at

the left of Table I. When normal plasma was fractionated
to identify the Williams factor as it was eluted from each

column, the procedure shown on the right of Table I was

utilized.

Assay procedures

Determination of plasmia proteolytic inthibitors. Quanti-
tation of plasma proteins by radial immunodiffusion was

performed by a modification of the procedure of 'Mancini
et al. (24). Diffusion plates were prepared with 6 vol of
1.5% agarose and 1 vol of absorbed antisera and 1 vol of
barbital buffer, pH 7.6, containing merthiolate to give a

final concentration of 0.01%. 3.6 ml of the mixture was

placed on each diffusion dish and left to stand overnight
in a moist chamber at 4°C. Wells of 2.25 mm diameter were

then bored in the gel. Varying volumes from 5 to 15 ,ul
were placed in the wells and the reaction was recorded at
18 h and 48 h. No difference in the diameter of the pre-

cipitin rings was found after 18 h. Total plasma inhibitory

activity against plasma kallikrein (25) was measured bv
the method of Gigli et al. (26).

Coaguilation assays. The partial thromboplastiln time

(PTT) was measured bv the method of Proctor and Rap-
poport (27). Factors VIII. IX, XI, XII, and Fletcher-
factor were determined by a modification of the PTT witl
congenitally deficient plasnmas. Factor was assayed bv

the methodI of Owren and Aas (28), Factor V by the

metlho(d of Lewis and Ware (29), Factor VII by the
method of Pechet (30), and Factor X by the procedure of
Bachmann (31). Fibrinogen was measured accor(ding to

Clauss (32) and fibrinogen degratlation products by the
procedure of Garvey and Block (33).

Fibrinolv tic assavs. Plasminogen levels in plasma Nvere

determined by the method of Alkjaersig et al. (34).
Plasmin was assayed witlh Hyland fibrin plates, as pre-

viously described (6). A standard curve relating ring di-
ameter to plasmin concentration was obtained by activating

0.2 ml of a reference preparation of purified plasminogen
containing 250 jug/ml with 140 U of streptokinase for 30
min at 37°C; a linear plot relating log concentration plasmin
to ring diameter was obtainedl betw-een 3 and 250 ,ug plas-
min/ml.

Plasminogen wvas assayed by incubating 0.2 ml of plas-
minogen source with 140 U streptokinase f or 30 min at
370 C, and determining the plasmin generated by the fibrin
plate assay or by the caseinolytic assay of Alkjaersig et al.
(34).
Plasminogen activator was assayed by incubating 20 ul

o)f plasminogen activator source with 20 ,l plasminogen
(200 ug/ml) for 1 h at 370C, and determining the plasmin
generated by fibrin plate.

Plasminogen proactivator was assayed by incubation of
10 ul plasminogen proactivator source with 10 ul 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.
Kaolin-activated fibrinolytic activity in diluted plasma was

assessed according to Weiss et al. (11).
Assas of kinini-forminbg e)zn vnies and suibstratcs. Kalli-

krein activitv was determined either by its arginine esterase

activity or by its proteolytic activity. Esterase activity was

determined with TAMe as the substrate by a modification

of the method of Siegelman et al. (35), which has been

described in detail (36). The proteolytic activity of kalli-

krein was measured by its ability to release bradykinin
from plasma containing 3 mMi o-plheInanthroline or from

TABLE I
Isolation of Humian Kininogens and Proteins Correcting Wfillianms T'rait Plasma(

Isolation of human kininogens Isolation of proteins correcting Williams trait plasma

10 liters human plasma 2 liters human' plasmna

DEAE cellulose-batch elution QAE Sepha(lex

Elution from anti-low molecular Effluent containing Hageman Batch elution which
weight kininogen immunoadsorbant factor substrates y-ielded kininogens

DEAE cellulose-gradient elution SP Sephadex-gradient elution
4-

Bio-Gel A 0.5 m Sephadex G-150
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heat-inactivated plasma (5). Routinely, 25 Al of kallikrein
source (14), containing approximately 1 umol TAMe
esterase/ml, was incubated with 0.2 ml substrate for 2 min
at 37°C and the bradykinin was quantitated by bioassay, as
previously described (5).

Prekallikrein was determined by incubation of 25 pl of
proenzyme source with 25 Al Hageman factor fragments
(25 Ag/ml) for 5 min at 37°C and determination of the
kallikrein generated. Immunoassay for prekallikrein was
performed by the method of Bagdasarian et al. (14).
Kininogen was assayed functionally from colunmn fractions

by incubation of 0.5 ml of each fraction with 0.1 ml trypsin
(1 mg/ml) for 30 min at 37°C, inactivation of trypsin by
further incubation with 0.1 ml soybean trypsin inhibitor (1
mg/ml) for 30 min at 37°C, and determination of the brady-
kinin generated by bioassay. Kininogen was located anti-
genically by electroimmunodiffusion (counterimmunoelectro-
phoresis), performed as described by Schreiber et al. (37).
The precipitin lines were graded by inspection on a 0-4+
scale. The ability of highly purified kininogen to generate
bradykinin upon incubation with plasma kallikrein was de-
termined by incubation of 100 /Al kininogen (150 ,ug/ml)
with 10 IA kallikrein (50 Atg/ml) for 10 min at 37°C and
determination of the bradykinin generated.

Bradykinin was routinely determined by bioassay (5), and
in selected experiments the results were confirmed by the
radioimmunoassay technique described by Talamo et al.
(38).
Assay of Williams factor. Chromatographic fractions

were assayed by testing the ability of these fractions to cor-
rect the coagulation and fibrinolytic defects of Williams
trait plasma. The coagulation assay was performed by add-
ing 50 ,ul of each fraction to 50 Al of Williams trait plasma
and performing a PTT at room temperature. To quantitate
the ability of concentrates of these column fractions to cor-
rect the coagulation defect in WVilliams trait plasma, we
used a method similar to that employed to determine
Fletcher factor. 100-A1 dilutions of the concentrate were
added to 100 Al of Williams trait plasma and a PTT (27)
was performed at 370 C. Normal plasma was then serially
diluted and mixed with equal volumes of Williams trait
plasma, the PTT was determined, and a standard curve
relating log clotting time to log dilution was plotted. A
linear relationship was observed. The PTT obtained with
the column fractions was then related to the percentage of
normal plasma by interpolation on the standard curve. The
fibrinolytic assay was performed as previously described for
Fletcher factor deficiency (11) ; however, in this case, Wil-
liams trait plasma was used as the substrate. The ability of
concentrates to correct the abnormality in prekallikrein
activation was tested by adding 50 ,l of the fraction to
50 Al of Williams trait plasma and measuring kaolin-acti-
vated arginine esterase activity (36).

RESULTS
Case report. Ms. Williams is a 64-yr-old black

woman referred to the Hospital of the University of
Pennsylvania because of a prolonged PTT obtained as
part of a routine preoperative evaluation of her hemo-
static mechanism. Table II shows the results of an
evaluation of her coagulation and fibrinolytic pathways.
The PTT was markedly prolonged. However, all of the
recognized coagulation Factors I-XII were within nor-
mal limits. In addition, disseminated intravascular coag-

TABLE I I
Coagulation, Fibrinolytic, and Inhibitor Studies

of WVilliams Plasma

Williams Normal + 1 SD

PTT, s 171 30±3.5
Prothrombin time 13.2 12±1.0
Platelet count, pA-' 256,000 250,000±50,000
Factor I (fibrinogen), mg/ml 370 290±60
Factor II (prothrombin), %c 200 100±20
Factor V,I 110 100±20
Factor VII, %o 88 100±20
Factor VIII, /c 200 50 to 200*
Factor IX, %/o 93 100±12
Factor X, % 100 100420
Factor XI, % 90 1004±20
Factor XII, %c 95 100420
Plasminogen, casein U/ml 6.0 5.5±1.5
Thrombin time, s 22 20±1.5
Fibrinogen degradation

products, ;g/ml 2.5 2.5±1.2

* 95%O range.

ulation with secondary fibrinolysis was not present, as
indicated by normal plasma fibrinogen level, platelet
count, thrombin time, and fibrin degradation products.
The major plasma proteolytic enzyme inhibitors, ai-

antitrypsin, a2-macroglobulin, antithrombin III, the in-
hibitor of the activated first component of complement,
ai-antichymotrypsin, and inter-a-trypsin inhibitor were
present in normal concentrations, as determined by
radial immunodiffusion against monospecific antisera.
Further studies revealed normal serum proteins, both
qualitatively and quantitatively upon serum electrophore-
sis and immunoelectrophoresis, and there were normal
levels of the major immunoglobulin classes (IgG 10.2
mg/ml, IgM 1.1 mg/ml, and IgA 0.86 mg/ml). Liver
function tests, including serum alkaline phosphatase,
glutamic-oxaloacetic transaminase, direct and indirect
bilirubin, total protein, and albumin, were normal. The
patient had mild obesity, varicose veins, a hiatus hernia,
and cholelithiasis, but no symptoms suggestive of a
hemorrhagic or thrombotic disorder. A cholecystectomy
was performed without any unusual bleeding, and trans-
fusion of plasma or coagulation factor concentrates were
not necessary. Members of this family are not available
for study at the present time.

Coagulation defect. The results of further investiga-
tion of the coagulation defect of Williams trait plasma
are shown in Table III. The abnormal PTT was fully
corrected by addition of 25 parts of normal plasma,
Hageman factor-deficient plasma, or Fletcher factor
(prekallikrein) -deficient plasma to 75 parts of Williams
trait plasma, indicating that the factor (s) that corrects
the Williams trait coagulation defect is present in these
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TABLE III
(orrecti-on oJ the Coagiulation Defect in lI /lliams1.

Trait by Other Plasmas

WN'illianis Fletclher- Hagemant
trait tr-ait t rait N\o(irl 1'11P

Al plasmna utilize(i in PTT assay s

100* 0 171.0
-_ 100 37.0

100 - 110.0
100 302.(

75 25 3 8.2
75 25 3-- 3.6
75 25 3_

plasmas. The coagulation abnormality was further dis-
tinguishld fromi that observed w-ith Fletcher trait de-
ficiency in that incubation witlh kaolin for 30 min did
not shorten the PTT. Direct measuremiient of prekalli-
krein by a coagulant assay -wNith Fletcher trait plasma
as a substrate revealed 43% pIrekallikreiI. This wvas
confirmed bv a radial imminiunodiffusion assay that demii-
onstrated that \V;illiams trait plaslmia had 45% prekalli-
krein antigen.

Fibrinolytic defect. WVilliams trait plasma also re-
vealed a profounid abnormality in the Hageman factor-
dependent fibrinolvtic pathway. Althouglh normal
plasma, Williams trait plasma. and Fletclher trait
plasma have approximately the same euglobulin l-sis
time in the absence of kaolin. the additioni of kaoliln

INCUBATION TIME WITH KAOLIN (MINUTES)

FIGURE 1 Comparison of the kaolin-activated euglobulin ly-
sis time of Williams trait plasma, normal plasma, and Fletcher
trait plasma. 0.5 ml of each plasma or an equal mixture of
Williams anid Fletcher trait plasmas were added to 4.25
ml of sodium acetate buffer, pH 4.8. 0.25 ml of kaolin (8
mg/ml) was added, the mixture was incubated at 37°C, and
aliquots of 0.2 ml were removed at intervals. The plasmin
generated was determined as the euglobulin lvsis time.

c
"I 90

>60pr =_N M A~~~~~~~~~~NOML

1§ ~~~~~~~~~~~~~~~~(FLETCHERa

30
tl WLLIAMS

10, ~~~~~WILLIAMS)

O1 3 10 20 30 _4'0
INCUBATION TIME WITH KAOLIN (min)

IGURE 2 Comiparison of the kaolin-activated arginine es-
terase activity of Williams trait plasma, normal plasma, and
Fletcher trait plasma. 1 ml of each plasma was mixed with
1 ml 0.1 -M sodium phosphate buffer, pH 7.6, containing
0.15 M NaCl. An equal volume of a 10 mg/ml solution of
klaolin was added, the mixture was incubated at 37°C, and
at intervals 0.2 ml w-as removed, added to 0.05 M TAMe,
andl assayed for methanol release. In a separate experiment,
1 ml of Williams and Fletcher trait plasmas were mixed
aind assavetl in the same fashion.

markedly increases the fibrinoly tic potential of normal
plasima, as assessed by the reciprocal of the euglobulin
lv-sis timie shown in Fig. 1. A diminished rate of en-
hanicemiienit of fibrinolvsis by kaoliin in Fletcher trait
pllasma is demonstrated, as previously reported (11). In
contrast, incubatioin witlh kaolin yielded virtually no en-
hancemiient of the fibrinolytic activity of Williamls trait
plasma. A mixture of Williams and Fletcher trait
plasmas, however, possessed a normal kaolin-activatable
euglobulin Ivsis time.

Defect in pr-ekallikreil activation. The arginine es-
terase activitv generated by kaolin activation of AWil-
Iiamis trailt plasma Nwas compared to that of normiial
plasnma aln(d Fletcher trait plasma, as shown in Fig. 2.
\Villiams trait plasma generated extremely low levels of
isginline esterase activity within the first 10 min of ex-
)ostire to kaolin and in this respect appeared similar
to Fletclher trait plasmiia. Thus, in the presence of a
notrnal (juantity of Hageman factor, activation of its
prekallikrein was not observed. Nevertheless, kaolin ac-
tivation of a miiixture of equal volumes of Fletcher trait
p)lasllna. which contains no prekallikrein, and Williams
trait plasma yielded about 40% of the normal 1-min
arginine esterase activity, consistent with the prekalli-
kIrein contenit of 43-45% of normal in Williams trait
11asnma.

Absencje of bradykinin formation secondary to kinino-
gcit deficiency. Kaolin treatment of Williams trait
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TABLE IV
Bradykinin Generation in 'illiams Plasma

Hageman
factor

Kaolin fragments Kallikrein

zg/ml

Williams plasma 0 0 0
Normal plasma 250 225 150
Williams plasma
+ kininogen 100 100 150

0.2 ml plasma was incubated with either 1 mg kaolin, 10 ug
Hageman factor fragments, or 10 pAg kallikrein for 2 min, and
the bradykinin generated was determined. Kininogen was
added to yield a final concentration of 0.5 mg/ml.

plasma generated no bradykinin, consistent with its
inability to activate prekallikrein (Table IV). How-
ever, the abnormality in bradykinin formation was not
due solely to an inability to activate prekallikrein, since
incubation of Williams trait plasma with activated
Hageman factor fragments or kallikrein did not generate
any bradykinin, although each of these enzymes released
bradykinin from normal plasma. These observations
suggested that Williams trait plasma either lacks func-
tional kininogen or contains a potent kallikrein inacti-
vator. When purified kallikrein was incubated with
normal plasma or Williams trait plasma for 1 min and
residual arginine esterase activity was determined, no
difference was detected (Williams 59.5%, normal 56%
inhibition). When Williams trait plasma was recon-
stituted with a kininogen-containing fraction obtained
from the QAE Sephadex chromatography of normal
plasma (see below), incubation with kallikrein yielded
the same quantity of bradykinin as did normal plasma
(Table IV).

Incubation of the reconstituted Williams trait plasma
with kaolin or Hageman factor fragments generated
40% of the bradykinin observed in normal plasma, con-
sistent with the prekallikrein content of Williams trait
plasma. Thus reconstitution with kininogen not only
provided a kallikrein substrate, but also appeared to
correct the abnormality in prekallikrein activation. The
functional defect in bradykinin generation was con-
firmed by a radioimmunoassay for bradykinin. There
was no detectable bradykinin generation when Williams
trait plasma was activated with kaolin, large activator,
Hageman factor fragments, or kallikrein.
We next estimated the level of kininogen protein in

Williams trait plasma by immunodiffusion (39) with
monospecific antibody to human low-molecular weight
kininogen. As shown in Fig. 3, a precipitin line is
evident when this antiserum is reacted against normal
plasma or a 1: 4 dilution of normal plasma, while no

precipitin line was detected in Williams trait plasma.
A quantitative radial immunodiffusion assay for plasma
kininogen (kindly performed by Dr. Jocelyn Spragg,
Boston, Mass.) revealed no detectable kininogen. Fur-
ther, the radioimmunoassay for bradykinin was em-
ployed as an assay for kininogen by omitting the pre-
cipitation step usually used to separate plasma proteins
from bradykinin. Essentially no detectable kinin-con-
taining protein was found.
Plasminogen proactivator deficienicy. Williams trait

plasma generated essentially no fibrinolytic activity
after kaolin activation, suggesting that it might be
deficient in plasminogen proactivator. Since a direct
assay of this factor in whole plasma is not yet avail-
able, we attempted to isolate plasminogen proactivator
from Williams trait plasma and compare its yield with
that obtained from normal plasma. 2.5 ml of normal
plasma or Williams trait plasma were dialyzed against
0.003 M phosphate buffer, pH 8.0, and fractionated
simultaneously on 2 X 10 cm columns of QAE Sepha-
dex equilibrated with the same buffer. Each effluent was
concentrated to 2 ml and assayed for each Hageman
factor substrate. The normal effluent and Williams trait
effluent had the same PTA activity, as assessed by
correction of the PTT of PTA-deficient plasma. Incu-
bation of Hageman factor fragments with each effluent
and incubation of the mixture with heat-inactivated
plasma revealed that the Williams trait plasma had 45%
of the prekallikrein content of the normal effluent. How-
ever, when each effluent was incubated with Hageman
factor fragments and then plasminogen to assay for
plasminogen proactivator (Fig. 4), the Williams trait
effluent generated 4 Mg plasmin/ml (the center well),
while the normal plasma effluent generated 20 Ag plas-

I
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2

4
FIGURE 3 Ouchterlony analysis of Williams trait plasma
with antibody to low molecular weight kininogen. Sheep
anti-kininogen is in the center well. Well 1 contains normal
plasma, well 3 contains a 1: 4 dilution of normal plasma,
and well 5 contains Williams trait plasma. Wells 2, 4, and 6
are empty.
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'IGURE 4 Fibrin plate assay of plasminogen proactivator

isolated from equal volumes of normal plasma andI Williams

trait plasma. The left well contains plasminogen incubated

with Hageman factor fragments and buffer, the center well

contains plasminogen incubated with Hageman factor frag-

ments plus plasminogen proactivator obtained from Williams

trait plasma, and the right well contains plasminogen incu-
bated with Hageman factor fragments plus plasminogen
proactivator obtained from normal plasma.

min/ml. The plasminogen control on the left contained
less than 1.0 i.g plasmin/ml. Thus the recovery of plas-
minogen proactivator from the Williams trait effluent
was 20% of normal.
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Correction of the abnormalities in WFillianms trait
plasma. To identify the factor(s) that would correct
the coagulation, fibrinolytic, kinin-generating, and pre-
kallikrein activation defects of Williams trait plasma,
normal plasma was fractionated on QAE Sephadex.
2 liters of plasma, dialyzed against 0.003 M phosphate
buffer, pH 8.0, were applied to a 10 X 100 cm colulmin
of QAE Sephadex equilibrated with the same buffer.
The column was washed with 30 liters of the starting
buffer, before stepwise elution with 30 liters of starting
buffer containing 0.06 M NaCl, 0.12 M NaCl, 0.20 M
NaCl, and 0.35 M NaCl. As shown in Fig. 5, recon-
stitution with the initial effluent fraction, known to con-
tain a mixture of the Hageman factor substrates, yielded
a partial correction of the coagulation and fibrinolytic
defects in Williams trait plasma. When a concentrate
of this fraction was added back to equal volumes of
Williams trait plasma, no correction of the abnormality
in bradykinin generation was observed. This concen-
trate contained no functional or anitigenic kininogen.
The ability of this mixture to correct the abnormality
in prekallikrein activation could not be determined satis-
factorily by esterase assay because of the presence of
active kallikrein. When the column was then sequen-
tially eluted with buffers of increasing ionic strength,
the 0.20 'M fraction contained a small amount of cor-

0.20M 0.35M 30
NaCI NaCI
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FIGURE 5 QAE Sephadex chromatography of 2,000 ml of normal plasma. After the effluent
was obtained the column was washed with buffers of increasing NaCl concentration, as indi-
cated. The column fractions were then assayed for kininogen antigen by counterimmunoelectro-
phoresis and for their ability to correct the coagulation and fibrinolytic defects of Williams
trait plasma.
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rective activity while the major fraction that corrected
the coagulation and fibrinolytic abnormalities in Wil-
liams trait plasma was found with the 0.35 M NaCl
buffer. When these fractions were assayed for kininogen
antigen, a major peak was observed in the fractions
eluting with 0.20 M NaCl and a minor peak was ob-
served in the fractions eluting with 0.35 M NaCl. Assay
of these fractions for functional kininogen with either
trypsin or kallikrein revealed a correlation of the peaks
of bradykinin generated with the assay for kininogen
antigen. When the 0.35 M NaCl peak was concentrated
to 500 ml and an aliquot added to an equal volume of
Williams trait plasma, incubation with kaolin for 2 min
yielded 40% of the bradykinin released from a 1: 1 dilu-
tion of normal plasma. Thus this fraction not only
supplied a kininogen substrate but also corrected the
abnormality in prekallikrein activation.
To distinguish further the various peaks that cor-

rected the abnormalities in Williams trait plasma, the
initial effluent was fractionated on SP-Sephadex. as
previously described (5), to resolve the Hageman factor
substrates. Direct assay of this column did not yield a
peak that corrected the abnormalities in Williams trait
plasma. However, when the column fractions were con-
centrated, partial correction of both the coagulation and
fibrinolvtic defects was obtained with a mixture con-
taining prekallikrein and plasminogen proactivator but
not with pre-PTA. This concentrate was then fraction-
ated by gel filtration with Sephadex G 150 and the
fractions were assayed for their ability to correct the
coagulation and fibrinolytic defects in Williams trait
plasma. As shown in Fig. 6, fractions containing plas-
minogen proactivator partially corrected each defect.
Again, no correction of kaolin-dependent kinin genera-
tion was observed. When tubes 105-115, containing the
plasminogen proactivator peak, were concentrated and
reassaved. about 10% plasminogen activator was pres-
ent. Incubation of this concentrate with 10 3 M di-
isopropylfluorophosphate (DFP) for 2 h at 37°C, fol-
lowed by extensive dialysis, destroyed its ability to
correct Williams trait plasma. Thus the residual plas-
minogen proactivator, unaffected by this treatment, had
no activity. However, the 0.35 M NaCl eluate from
QAE Sephadex could correct all the abnormalities in
Williams trait plasma. When this fraction was concen-
trated. dialyzed against 0.03 M sodium acetate buffer.
pH 5.6, and fractionated on SP-Sephadex equilibrated
with the same buffer (Fig. 7), a small corrective peak
appeared in the effluent coincident with a peak of pro-
tein, as assessed by OD 280 nm, that contained a con-
siderable quantity of kininogen antigen. After applica-
tion of a gradient to 0.4 M NaCl, a major peak was
obtained that corrected the coagulation and fibrinolvtic
defects of Williams trait plasma superimposed upon the
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FIGuRE 6 Sephadex G 150 gel filtration of the mixture of
prekallikrein and plasminogen proactivator derived from
the QAE Sephadex effluent (Fig. 5). Below is shown the
ability of these fractions to correct the coagulation and
fibrinolytic abnormalities of Williams trait plasma.

elution of a second peak of antigenic kininogen. When
tubes 675-900 were concentrated to 20 ml, this fraction
also corrected the prekallikrein activating and kinin-
forming defects.
To determine the amount of kininogen necessary to

correct the abnormality in prekallikrein activation, the
SP concentrate was first assayed for its ability to cor-
rect quantitatively the coagulation defect in Williams
trait plasma compared to normal plasma. The SP con-
centrate contained 28% Williams factor. Multiple dilu-
tions of this factor were then prepared and equal vol-
umes of each dilution were added to Williams trait
plasma and assayed for kaolin-activated arginine ester-
ase activity. A dose-dependent correction of the abnor-
mality in prekallikrein activation was observed and
maximal correction was obtained at 3.5% of normal
plasma concentration (Fig. 8). Addition of this frac-
tion to Williams trait plasma completely corrected the
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FIGURE 7 SP Sephadex chromatography of the 0.35 M NaCl fraction obtained from QAE
Sephadex (Fig. 5). After the effluent was obtained, a linear salt gradient was applied, shown
by the conductivity in millisiemens (mS). The column fractions were assayed for kininogen
antigen by counterimmunoelectrophoresis and for their ability to correct the coagulation defect
in Williams trait plasma.

ability of kaolini to generate bradykinin as determiiined
by bioassay.

This concentrate was next fractionated bV gel filtra-
tion on a column of Sephadex G 150 calibrated with
proteins of known molecular w,veight (6). As shown in
Fig. 9, corrective peaks were obtained at mol xvt 175,000
anid 80.000, each associated with a peak of kininogen

45

H~~~~~

JE 30

0 o

E15

3.5 7.0 10.5 14.0
% WILLIAMS FACTOR

FIGURE 8 Dose-response of the quantity of Williams trait
factor (expressed as a percent of normal plasma) required
to correct the defect in prekallikrein activation, as assessed
bv the TANIe esterase assay.

aintigen. Thus it appeared that certain fractions of kin-
inogen, containing a higlh molecular weight form as
well as a low molecular weight form, could correct the
coagulation and fibrinolvtic abnormalities in Williams
trait plasma. Nevertheless the bulk of the plasma kinin-
ogen of mol wt 80.000 present in the 0.20 'M fraction
from QAE Sephadex (Fig. 6) and the effluent fromii
SP-Sephadex (Fig. 7) failed to correct these abnor-
ialities.

WVhen highly purified kininogen was prepared as de-
scribed in the 'Methods section, by DEAE cellulose batclh
adsorption, an antikininogen imnmunoadsorbent, chroimia-
tographv oIn DEAE cellulose, and gel filtration on Bio-
Gel A 0.5 m, kininogens could be further resolved by
charge and size. Kininogen corresponding to the 0.20 M
eluate fromii QAE Sephadex was resolved on DEAF
cellulose into three peaks, designated B1-3. The kinino-
gen present in the 0.35 'M NaCl eluate from QAE Se-
phadex was found as a separate peak on DEAE cellu-
lose designated B4. As shown in Table V, the Bi, B2,
and B3 fractions were predominantly kininogens of low
molecular u eight, although fraction B3 /8 was 150,000
daltons; these fractions did not correct Williams trait
deficiency. The corrective factor was found associated
only with the B4 fractions, regardless of their molecular
wveight. The most effective fraction, on a weight basis,
was B4-y. Removal of all of the bradvkinin from B4-y
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FIGURE 9 Sephadex G 150 gel filtration of the major peak of corrective activity eluted from
SP Sephadex (Fig. 7). The column fractions were assayed for kininogen antigen by counter-
immunoelectrophoresis and for their ability to correct the coagulation and fibrinolytic abnor-
malities in Williams trait plasma.

kininogen by digestion with kallikrein did not diminish
its ability to correct the abnormalities in Williams trait
plasma. When fraction B4--y was assessed by alkaline

TABLE V
Correction of the Coagulation, Fibrinolytic, and Kinin-

Generating Defects in Williams Trait Plasma by
Kininogens Isolated with an Antikininogen

Immunoadsorbent, DEAE Cellulose
Chromatography, and Gel Filtration

DEAE
cellulose Gel filtration peaks
kininogen
peaks a (80,000) ,8 (150,000) -Y (225,000)

% total kininogen4
B1 2.9 (-) 0.2 (-) 0
B2 35.3 (-) 1.5 (-) 0
B3 20.0 (-) 19.1 (-) 0
B4 0.9 (+) 52.3 (+) 7.8 (+)

* A crude kininogen fraction obtained from DEAE cellulose was
passed over an antikininogen immunoadsorbent. Kininogen
was eluted and recycled on DEAE cellulose to yield fractions
B1-4. Each fraction was then passed over Bio-Gel A 0.5 m and
the peaks obtained were designated a, fl, or y by molecular
weight.
t The ability of each kininogen to correct Williams trait
plasma was tested at a concentration of 150 jg/ml. The results
are indicated as positive (+) or negative (-).

disc gel electrophoresis (Fig. 10), a single major band
was seen. When a replicate unstained disc gel was sliced
and each slice eluted and assayed, kininogen antigen
was located at the same position as the protein band,
and these same fractions corrected the coagulation de-
fect in Williams trait plasma (Fig. 10).
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FIGURE 10 Alkaline disc gel electrophoresis at pH 9.3 of
30 Ag of high molecular weight kininogen (B4--y) obtained
from Bio-Gel 0.5 m. A replicate disc gel was sliced and
eluted, and this eluate was assayed for kininogen antigen by
counterimmunoelectrophoresis and for its ability to correct
the coagulation defect of Williams trait plasma.
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DISCUSSION
The plasmiia obtained fromli Ms. Williamiis, like Hagemian
and Fletcher trait plasmas, possesses profound in vitro
abnormalities of surface-activated coagulation, fibrino-
lvsis, and kinin generationi, yet the patienit has nio
clinical ev,idence of bleeding. Although these abnor-
malities miigllt suggest Hageman factor deficiency,
Williamis trait plasma has normlial Hagemian factor con-
tent and function, as assessed by a coagulant assay with
Hagemiiain factor-deficient plasmia as the substrate.
Fletcher factor (prekallikrein) deficiency also has ab-
normalities of each Hagemlani factor-depenidenit path-
way; it generates no kinin because it lacks the Hageman
factor substrate, prekallikrein, and has an abnormal
rate of activation of Hageman factor attributable to a
feedback effect of kallikrein upon Hageman factor (11-
13). Thus, in Fletcher trait plasma, the kaolin-activable
coagulation and fibrinolvsis are prolonged, but gradually
correct as the incubation timle with kaoliin is increased
(10, 11). However, the coagulatioin defect in Williams
trait plasmla is not corrected by prolonged incubation
with kaolin. By direct coagulant assay, inmmlunioclhemiiical
determlination and kinin-formatioin (in the presence of
added kininogen) XWilliams trait plasma hals 45% pre-
kallikrein, a level 5 to 10 timies that required for the
kallikrein feedback to function (9). Addition of ali-
quots of either Hageman or Fletclher trait plasmas to
Williams trait plasma completelyr corrects its prolonged
PTT and its defect in kaolin-activated euglobulin lysis,
indicating that Willianms trait plasimia lacks a factor
present in these other deficient plasmiias.
An abnormality in plasnminogen proactivator was sus-

pected because of the profound defect in kaolin-activable
fibrinolysis present in Williams trait plasnma. The level
of plasminogen proactivator was indeed 20% of normal
and reconstitution with plasminogen proactivator did
yield partial correction of the coagulation and fibrino-
lvtic defects. However, inactivation of the contaminating
plasnminogen activator contained in this fraction with
DFP destroyed its abilitv to correct Williamls trait de-
ficiencv. This finding suggested a feedback function of
either plasmlinogen activator or plasimiin upon Hageml1an
factor that bypassed the requiremlent for kininogen. We
have also observed correction of this coagulation defect
with low doses of streptokinase or plasmiiin (40), which
have Ino effect upon the coagulation abnormiiality of
Hageman factor-deficient plasimia. However, a similar
correction of the coagulation abinormiiality of Fletcher
trait plasmiia was observed wsrith either streptokinase or
plasmin. Thus, the partial correction of coagulation
observed in the QAE Sephadex effluent (Fig. 5) and
its subsequent fractionation (Fig. 6) is probably due
to a feedback effect of plasmin upoIn Hageman factor

denii)listral)le iil those plaSmlas possessilig ail al)ionoral
rate of Hageman factor activation. Evidelnce of suchl a

feedback effect of plasnmin upon Hagenman factor was
originally gixven by Kaplan and Austen (41), based
upon in vitro stui(lies of Hageimiani factor activation an(l
fragnmenitationl.
The major defect presenit in Williams trait plasma,

tlherefore, does not appear to be secon(larv to plasmillo-
gen proactivator defhcienicy. Tllis plasma. Coltaills nO
detectablle kiniinogenl anid fractiolns containinig certaill
formiis of kininogen completely correct the kinini-geni-
eratinig defect. Yet WN illiamls trait plasma (loes not acti-
vate its prekallikrein as assessed bV an argininie esterase
assay; tlhus, insufficient prekallikrein is activated for the
kallikrein feedback to function. Reconstitution xvith tlle
kininogen-containing fractionis corrects this abnormality
in prekallikrein activation, as well as the coagulationi
and fibrinolytic defects, suggesting an effect upon Hage-
mlaln factor, the one protein commoni to eaclh of these
Ipathways. Furthernmore, since kininogeni is required for
the formation of plasmini anid kallikrein,l this proteini is
a preredluisite for the known feedback effects of these
enzymes upon Hagemiiani factor. It is of particular in-
terest that the fibrinolvtic defect is corrected by kinino-
gen in the absence of additional plasmiiinogeni proactiva-
tor. It mlay be that 20%, of normal plasmiinogeiliproacti-
vator is sufficient if the initiating steps in Hagemian
factor-depenidelnt fibrinolvsis are normal.

Recently tlhree other patients have been described w-ho
possess abniormnalities simlilar to those present in WNil-
liamiis trait deficiency. In the first, termled Fitzgeral(d
trait (42"), the mlissing factor was distinguished fromii
Hagenman factor and Fletcher factor. However, the cor-
rective protein w-as not identified. In the second, Flau-
jeac deficiency (43), the functional abnornmalities have
been ascribed to absence of high molecular w-eight kin-
inogen. Both Flaujeac and Fitzgerald trait plasmas also
possess ain abnormality in the formation of the pernme-
ability factor (PF/dil). Since PF/dil has been shown
to be identical to activated Hageman factor (5. 18, 44),
these pllasmas appear to possess a defect in Hagemnani
factor activation that is kininogen dependent. In the
third patient (45), who also has a deficiency of kinino-
gen, genetic studies indicate an autosomlal recessive
pattern of inheritance. Flaujeac trait plasmla has normal
prekallikreiil. Fitzgerald trait plasma hlas 10-15% pre-
kallikrein, whle WVilliams trait plasmla has 45%O pre-
kallikrein and 20%/c plasmiiinogein proactivator. The as-
sociation of dimiinished levels of tlhree separate proteill
abnormiialities in Williams trait plasmla could be ex-

plained by several hypotheses. The functional relation-
ship of these proteins suggests a genetic linkage, thus
the dimiiinished levels may reflect a synthetic defect. Com-
bined deficiencies of functionally related proteins in the
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coagulation pathway have been previously documented,
such as Factors VII and IX deficiency (46) and Factor
V and VIII deficiency (47). Alternatively, functional
absence of an inhibitor might lead to accelerated catabo-
lism of these proteins, as observed with C3b inactivator
deficiency (48). Further studies are required to dis-
tinguish these possibilities.

Finally, our results are also relevant to considera-
tions of the number of kininogens that circulate in
plasma. Although it is clear from the studies of Spragg
and Austen that the majority of plasma kininogen is of
low molecular weight (49), this does not appear to be
the sole form of native human kininogen. Previous
authors have described a human high molecular weight
kininogen that possesses different kinetic properties
when activated by kallikrein (15, 20, 50, 51). It is clear
from our studies that such a high molecular weight
kininogen can be separated from low molecular weight
kininogen and this kininogen has a special function in
the early steps of the Hageman factor-dependent path-
ways. The bulk of plasma low molecular weight kinin-
ogen is found in our 0.20 MI fraction from QAE Sepha-
dex and in the effluent from SP Sephadex, and possesses
little ability to correct Williams trait deficiency, al-
though it is functional as a kallikrein substrate. How-
ever, we have also found a low molecular weight kinino-
gen-containing fraction (Fig. 9) that corrects Williams
trait deficiency, indicating that it contains the same
activity associated with the high molecular weight form.
When kininogens were isolated by an alternative pro-
cedure (Table IV), only the B4 kininogens, comprising
22% of total kininogen, corrected Williams trait de-
ficiency. Analysis of this fraction by gel filtration indi-
cates that each of the molecular weight subfractions
corrects Williams trait plasma. These are the same
kininogen fractions found to have the highest affinity
for plasma kallikrein and the greatest rate of cleavage
by plasma kallikrein, regardless of size (21, 22). When
we previously fractionated 50 ml of Hageman factor-
deficient plasma to isolate the Williams factor, all of
the corrective activity was found at a mol wt of 175,000,
although its identity was not known (52). It is there-
fore possible that lower molecular weight forms of
kininogen that correct Williams trait deficiency are
derived from the heavier fraction, while B3-,, a heavier
fraction that does not correct Williams trait deficiency,
is a dimer of a low molecular weight kininogen. Alter-
natively, the large volumes of plasma utilized on the
present study may have allowed identification of kinino-
gen heterogeneity that was not previously appreciated.
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