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Mechanism of Activation of Coagulation Factor Xi
by Factor Xlla Studied with Monoclonal Antibodies
Hideki Akiyama, Dipali Sinha, Frances S. Seaman, Edward P. Kirby, and Peter N. Walsh
Thrombosis Research Center, Department of Medicine, Department of Biochemistry,
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Abstract

The interaction of Factor XIIa with Factor XI was investigated
using two monoclonal antibodies, one (3C1) directed against the
heavy chain of Factor Maand the other (5F4) against its light
chain. 3C1 either as intact IgG or as Fab' fragment, enhanced
the rate of Factor Mageneration in the fluid phase but inhibited
it in the presence of kaolin and high molecular weight (HMW)
kininogen. In contrast, the Fab' fragments of 5F4 inhibited only
the fluid phase activation and had no effect on the surface-me-
diated activation. 3C1 was found to block the binding of Factor
XI to HMWkininogen, whereas 5F4 did not. Weconclude: (a)
a domain on the heavy chain region of Factor XI is essential for
binding to HMWkininogen and for optimal surface-mediated
activation by Factor MIa; and (b) binding of 3C1 to Factor XI
changes its conformation rendering it a more favorable substrate
for Factor XIIa in the fluid phase.

Introduction

Factor XI is a blood coagulation protein that participates in the
early or contact phase of blood coagulation. Contact activation
involves a sequence of events that is known to initiate intrinsic
blood coagulation (1, 2), fibrinolysis (3), and the kinin-forming
pathway (4). Three other proteins in addition to Factor XI that
participate in the contact phase of coagulation are Factor XII,
prekallikrein, and high molecular weight (HMW)' kininogen.
Although it is known that negatively charged surfaces accelerate
the activation of prekallikrein by Factor XIIa and conversely
the activation of Factor XII by kallikrein (5), the mechanism
by which contact activation is initiated is still an open question
and its significance in vivo has yet to be established. Interestingly,
whereas a deficiency of Factor XI can result in excessive bleeding
after trauma or minor surgery (6, 7), deficiencies of any of the
other three proteins, namely Factor XII, prekallikrein, or HMW
kininogen, are not accompanied by a bleeding disorder. Fur-
thermore, the Factor XIa-catalyzed activation of Factor IX is
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a kinetically favorable reaction (8-10) leading to the generation
of thrombin and the formation of fibrin. To understand more
fully the pivotal role of Factor XI in coagulation, further studies
regarding the mechanisms of activation of the proteins involved
in contact activation are necessary.

The present study was undertaken to gain an insight into
the mechanism of activation of Factor XI by Factor XIIa both
in the fluid phase as well as in the presence of negatively-charged
surfaces and HMWkininogen. Human Factor XI consists of
two identical polypeptide chains held together by disulfide
bond(s) and has an apparent molecular weight of 160,000 (1 1).
During activation by Factor XIIa an internal peptide bond in
each of the two 80,000-mol-wt chains is cleaved resulting in the
formation of a pair of disulfide-linked heavy and light chains
with molecular weights of 50,000 and 30,000 respectively ( 1-
13), with each light chain containing one active site. Factor XI
circulates in plasma noncovalently complexed with HMWki-
ninogen (14-16). In the presence of negatively charged surfaces,
such as glass, kaolin, or sulfatides, these proteins form a ternary
complex with Factor XIIa (5). Complex formation on a surface
results in an acceleration of the rate of activation of Factor XI
by Factor XIIa, compared with the fluid phase reaction (17).

This paper describes studies of the activation of Factor XI
by Factor XIIa both in the fluid phase and in the presence of
negatively charged surfaces. Experiments with monoclonal an-
tibodies against different epitopes of Factor XI, used as structure-
function probes, reveal that domains in both the heavy chain
and the light chain regions are essential for the efficient activation
of Factor XI by Factor XIIa.

Methods

Materials. Factor XI was purified from human plasma by a modification
(18) of the method of Bouma and Griffin (12). It appeared as a single
band at an apparent Mr of 160,000 on a nonreduced SDS-polyacrylamide
gel and as a single 80,000-mol-wt band on reduced gels and had a specific
activity of 270 U/mg protein as previously reported (18). HMWkininogen
was purified by the method of Kerbiriou and Griffin (19). Corn trypsin
inhibitor, a specific inhibitor of Factor XIIa (20), was purified as described
previously (21) and insolubilized on CNBr-activated agarose (22). Bovine
Factor XII was purified by a modification of a previously published
procedure (21). Factor XIIa, which had spontaneously generated during
the purification, was adsorbed to a column of insolubilized corn trypsin
inhibitor and subsequently eluted with 0.1 MTris and 2 M sodium
thiocyanate (pH 8.0). It was then dialyzed to remove the thiocyanate.
This preparation demonstrated a single band of 78,000 mol wt on non-
reduced SDS-polyacrylamide gels and two bands of apparent Mr of 52,000
and 28,000 after reduction with dithiothreitol. Factor XI1a concentration
in solutions was routinely estimated from its amidolytic activity. Factor
XIIa assays were performed in 0.5 ml of 0.1 MTris buffer (pH 8.0)
containing 0.1 mMS-2302, at 37°C. Under these conditions pure Factor
XIIa produced a AOD405/min of 0.08 per microgram. The chromogenic
substrate pyro-Glu-Pro-Arg-pNA (S-2366) was kindly given by Dr. Petter
Friberger (AB KABI Peptide Research, Molndal, Sweden) and H-D-Pro-
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Phe-Arg-pNA (S-2302) was purchased from ABKABI Peptide Research.
Benzamidine hydrochloride, polybrene (hexadimethrine bromide), crys-
tallized bovine serum albumin (BSA), and cephalin (rabbit brain extract)
were purchased from Sigma Chemical Co., St. Louis, MO. Carrier-free
Na 12"I was obtained from NewEngland Nuclear (Boston, MA). Acryl-
amide, NN'-methylene-bis-acrylamide, N, NN',N'-tetramethyl ethylene
diamine, Biogel A-1.5 m, and SDSwere purchased from Bio-Rad Lab-
oratories (Richmond, CA). Plasmas deficient in Factor XI or HMW
kininogen were- obtained from George King Biomedical (Overland
Park, KA).

Monoclonal antibodies. Details of the production and purification
of monoclonal antibodies against Factor XI have been previously pub-
lished (23). Briefly, IgG fractions from the ascites fluids were isolated by
ammonium sulfate precipitation followed by gel filtration using BioGel
A- 1.5 m. The monoclonal antibodies were further purified to apparent
homogeneity by fast protein liquid chromatography using a Mono Q
column, according to instructions provided by the manufacturer (Phar-
macia Fine Chemicals, Piscataway, NJ). The monoclonal antibodies used
in the present study appeared as pure heavy and light chains of IgG by
SDS polyacrylamide gel electrophoresis (PAGE). They were devoid of
demonstrable protease activity, i.e., they did not cleave either Factor XI
or Factor XIIa, and did not affect the amidolytic activity of either Factor
XIa or Factor XIIa. Chain typing of monoclonal antibodies by immu-
nodiffusion using rabbit antimouse antibodies (Miles Laboratories, Inc.,
Elkart, IN) revealed that both murine monoclonal antibodies (SF4 and
3C1) were class IgG1KL. Neither of the monoclonal antibodies cross-
reacted with either Factor XII or HMWkininogen, because neither of
those coagulation proteins was bound to monoclonal antibody affinity
columns, whereas Factor XI was (23), because the activities of these two
proteins were unaffected when the antibodies were incubated with human
plasma, whereas Factor XI activity was inhibited (23).

Coagulation and amidolytic assays. Factor XI and HMWkininogen
were assayed by minor modifications (24) of the kaolin-activated partial
thromboplastin time (25) using appropriate congenitally deficient sub-
strate plasmas, and results were quantitated on double logarithmic plots
of clotting times versus concentrations of pooled normal plasma. Factor
XIIa was assayed using the chromogenic substrate S-2302 according to
the procedure described previously (21). The amidolytic assay of Factor
XIa was carried out by a modification of the method of Scott et al. (24).
Incubation mixtures described in detail in the figure legends were assayed
for Factor XIa as follows: 10 Ml of the reaction mixture containing Factor
XIa was transferred to a cuvette containing 250 ,l of phosphate buffer
(0.1 M)/NaCl (0.15 M), (pH 7.6; PBS) made 1 mMin EDTAand 0.66
mMin S-2366. The rate of hydrolysis was recorded at 405 nm using a
spectrophotometer (model 2600; Gilford Instrument Laboratories, Inc.,
Oberlin, OH). Factor XIa was quantitated from a standard curve prepared
using purified Factor XIa. The background activity was measured in all
experiments using a similar incubation mixture containing all the com-
ponents except Factor XIIa and background values were subtracted from
all data points. Factor XIIa by itself at the concentrations used did not

cause significant hydrolysis of the chromogenic substrate.
Protein analyses. Protein concentrations were determined by the

BioRad dye binding assay using BSAas a standard (26). Purified mono-
clonal antibodies were quantitated using an extinction coefficient of 14
for a 1% solution at 280 nm. Polyacrylamide slab gel electrophoresis in
SDSwas performed by the procedure of Laemmli (27). Gels were stained,
dried onto paper, and autoradiograms were prepared from the dried gels
using intensifier screens (DuPont Cronex Lighting-Plus Screens, mounted
in Spectroline cassettes, Reliance X-Ray Inc., Oreland, PA). Kodak X-
Omat-AR film was used and developed according to instructions provided
with the film. To quantitate percent cleavage of 125I-labeled Factor XI,
the dried gels were cut into lanes, which in turn were cut into transverse
strips. By counting the radioactivity in the individual strips and subtracting
background counts, the amount of radioactivity in the 80,000-mol-wt
Factor XI zymogen and the amount in cleavage products (50,000 and
30,000 mol-wt) representing Factor XI was determined. Percent cleavage
was calculated by dividing the amount of radioactivity in cleavage prod-
ucts by the total amount of radioactivity in the lane examined.

Radiolabeling of proteins. Purified Factor XI was radiolabeled by a
minor modification (18) of the lodogen method (28) to a specific activity
of 5 X 106 cpm/Mug. The radiolabeled protein retained >90% of its bio-
logical activity.

Binding of Factor XI to HMWkininogen. Effects of the antibodies
on the binding of Factor XI to HMWkininogen were studied using
polyvinyl chloride microtiter plates, the wells of which were coated with
HMWkininogen by incubation with 100 MAl of the protein (100 Mg/ml)
for 2 h at room temperature. Residual binding sites on the wells were
blocked by incubating with 200 Ml of 5 mg/ml BSAin PBS (PBS/BSA).
After washing the wells with PBS/BSA to remove any unbound HMW
kininogen, 100 Ml of a mixture of '25I-Factor XI (6 Mg/ml) and either
buffer or antibody (preincubated for 30 min at room temperature in
polypropylene tubes precoated with 5 mg/ml BSA) were added to the
wells and incubated for 3-4 h at room temperature. '251-Factor XI/
buffer incubation mixture was also added to additional wells that were
coated with BSA only without precoating with HMWkininogen to de-
termine background counts arising from binding of 1251-Factor XI to
BSA. The wells were thoroughly washed with PBS/BSA, dried, and
counted in a gammacounter.

Preparation of Fab' fragments of antibodies. Fab' fragments of the
monoclonal antibodies to Factor XI were prepared as follows: 8 mgof
the purified antibody (IgG) in I ml of acetate (0.1 M, pH 4.5) was in-
cubated with 160 Mug of pepsin for 24 h at 37°C. The reaction was stopped
by raising the pH to 8.0 using saturated Tris-base solution. By this pro-
cedure > 85% of the IgG was digested to F(ab')2 as judged by SDS-
PAGE. To prepare Fab' from F(ab')2, mercaptoethanol at a final con-
centration of 10 mMwas added to the reaction mixture and incubated
for 2 h under N2 in the dark at room temperature. The reduced fragments
were then alkylated in the presence of 50 mMiodoacetamide under the
same conditions as used for reduction. The reduced and alkylated material
was dialyzed against 0.02 Mphosphate and 0.15 MNaCl at pH 7.4 and
purified using a protein A Sepharose column. This preparation contained
80-85% Fab' (Mr - 55,000). Two other bands comprising 15-20% of
the preparation (Mr - 22,000 and -25,000 respectively) were the prod-
ucts of reduction of disulfide bonds between heavy and light chains.

Results

Activation of Factor XI by Factor XIIa in the fluid phase. We
have previously reported on the production, characterization,
and use of murine hybridoma antibodies directed against various
epitopes in human coagulation Factor XI (23). One of these
monoclonal antibodies (SF4) is directed against a region in the
light chain of Factor XIa distinct from the active site, because
it binds to the reduced and alkylated light chain of Factor XIa.
The binding region is distinct from the active site, however,
since this antibody significantly inhibits Factor IX activation by
Factor XIa without affecting the amidolytic activity of Factor
XIa (23). Another monoclonal antibody (3C1) has been shown
to bind the heavy chain of reduced and alkylated Factor XIa
without affecting the amidolytic activity of intact Factor XIa
(23). Wehave now used these two antibodies as structure-func-
tion probes to examine the mechanism of activation of Factor
XI by Factor XIIa. After incubation of Factor XI (containing
trace 1251I-labeled Factor XI) with monoclonal antibodies or with
buffer, Factor XIIa was added and the rate of generation of Factor
XIa was measured.

Fig. 1 shows the effects of the two antibodies on the proteo-
lytic cleavage of Factor XI by Factor XIIa, which is representative
of four similar experiments. Autoradiograms of the SDS-PAGE
of progress curves of control and antibody-treated samples are
shown. Enhancement of the rate of proteolytic cleavage of Factor
XI by the heavy chain-specific antibody 3C1 and its inhibition
by the light chain-specific antibody 5F4 compared with control
samples is apparent from the results (Fig. 1). When Factor XI
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activation was determined by the chromogenic assay for Factor
XIa (Fig. 2 A) it was apparent that a sixfold increase in the initial
rate of Factor XI activation occurred in the presence of the heavy
chain-specific antibody, 3C1, and this rate enhancement was
confirmed by measurement of rates of proteolytic cleavage of
Factor XI determined by counting the radioactivity in gel slices
(Fig. 2 B). By comparison, it is apparent that the rate of proteo-
lytic activation of Factor XI was decreased to 30-50% of control
values in the presence of the light chain specific antibody, 5F4
(Fig. 2, A and B). Control experiments with both monoclonal
antibodies, 5F4 and 3C1, demonstrated no amidolytic activity
against the chromogenic substrates S-2366 or S-2302 and no
effect of either antibody on the amidolytic activity of Factor
XIa, using S-2366 as substrate (data not shown). In addition,
control experiments were carried out with murine IgG at con-
centrations similar to those of monoclonal antibodies. Because
results similar to those obtained with control buffer solutions
were obtained, detailed control data are reported for buffer con-
trols. It should be emphasized that in these experiments and all
those reported below, the concentrations of antibodies used were
in excess of saturating concentrations.

Activation of Factor XI by Factor XIIa in the presence of a
negatively charged surface. Because negatively charged surfaces

Figure 1. Effects of monoclonal antibodies against the heavy
chain (3CI) or the light chain (5F4) of Factor XI on the pro-
teolytic cleavage of Factor XI by Factor XIIa in the fluid
phase. Factor XI (0.17 MM) containing trace '25I-Factor XI
was incubated with either PBS or IgG solution (2.5 uM) for
10 min at 370C in the presence of BSA (1 mg/ml). Factor
XIIa (0.0 17 AM) was then added and the reaction mixture
was incubated at 370C. At different intervals, aliquots were
removed either into buffer containing corn trypsin inhibitor
(0.034 MM) for measuring Factor XIa generated (see Fig. 2)
or into buffer containing SDS to examine the cleavage prod-
ucts by SDSPAGE(8%) in the presence of 2-mercaptoetha-
nol and radioautography, as described in Methods. Results
shown are those with PBS, which were similar to those with

6 control IgG (data not shown); with the heavy chain-specific
monoclonal antibody, 3C1; and with the light chain-specific
antibody, 5F4.
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Figure 2. Effects of monoclonal antibodies against the heavy chain
(3C1) or the light chain (5F4) on the activation of '25I-Factor XI by
Factor XIIa in the fluid phase. The details of the experiment are pre-
sented in the legend to Fig. 1. Amidolytic assay was performed accord-
ing to the procedure described in Methods, and A shows the results.
Percent cleavage of Factor XI was determined by cutting and counting
the radioactivity in SDSgels as described in Methods, and B shows
the results. Results shown are those obtained with PBS (open circles),
which were similar to those obtained with control IgG (data not
shown); with the light chain-specific monoclonal antibody, SF4 (open
squares); and with the heavy chain-specific antibody, 3C1 (open
triangles).
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such as kaolin, sulfatides, or dextran sulfate are known to en-
hance the rate of activation of Factor XI by Factor XIIa (17) it
was of interest to examine the effects of the same monoclonal
antibodies on the rate of this reaction. The rate of the activation
was studied essentially the same way as in the fluid phase except
that HMWkininogen and kaolin were included in the reaction
mixture. Fig. 3 illustrates the enhancement of the rate of the
activation by the negatively charged surface. In the presence of
kaolin the initial rate was enhanced by about five to six fold
compared with fluid phase. Wehave studied in detail the effect
of HMWkininogen on the rate of activation of Factor XI by
Factor XIIa at various concentrations of kaolin as well as in the
absence of a surface. It was observed consistently that whereas
the presence of HMWkininogen is essential for optimal rates
of kaolin-mediated activation, it was not required and did not
influence the rate of Factor XI activation in the absence of a
contact-activating surface (data not shown).

Because we were interested in studying the functions of dif-
ferent domains of Factor XI in the surface-mediated activation
of Factor XI, we focused our attention on the effects of mono-
clonal antibodies in the presence of kaolin and HMWkininogen.
Factor XI was preincubated with HMWkininogen and antibody
solution or buffer for 10 min at 370C and subsequently added
to a mixture of kaolin and Factor XIIa. When progress curves
of these mixtures were examined by autoradiography of SDS
gels it was apparent that the rate of proteolytic cleavage of Factor
XI was inhibited by both the heavy chain-specific antibody,
3CI, and the light chain-specific antibody, 5F4 (Fig. 4). To
quantitate the effects of these antibodies, the incubation mixtures
were examined for Factor XIa amidolytic activity (Fig. 5 A) and
for the extent of proteolytic cleavage of Factor XI by slicing the
SDSgels and determining the amount of radioactivity in Factor
XIa cleavage products (Fig. 5 B). Fig. 5 A demonstrates that the
initial rate of Factor XI activation was decreased by >80% in
the presence of the light chain-specific antibody (5F4) and by
70%in the presence of the heavy chain-specific antibody (3C 1).
Similar results were obtained when the proteolytic cleavage of
Factor XI was examined by 8% PAGEin the presence of SDS
and 2-mercaptoethanol (Fig. 5 B). These results, which are rep-
resentative of three similar experiments, suggest that domains
on both the heavy chain and the light chain regions of Factor

100
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Figure 3. Activation of Factor XI by Factor XIIa in the fluid phase
and in the presence of negatively charged surfaces. The experiment
was carried out as described in the legend to Fig. 1 except that the fi-
nal incubation mixture consisted of 0.17 AMFactor XI containing a
trace amount of '251I-Factor XI, 0.07 MMHMWkininogen, I mg/ml
BSA, 0.017 MMFactor XIIa, and either 0.5 mg/ml kaolin (filled cir-
cles), or PBS buffer (open circles). Factor XIa amidolytic activity was
assayed as described in Methods.

<-BUFFER-No--* 5F4-F

Mr
80K -o m_- - -m am a

50K-

30K- e_

Xla 0 0.3 1 2 4 6 0.3 1 2 4

INCUBATION TIME (hours)

- BUFFER 3CI

Mr
80K-"--- --
SOK -
50 K-

30K- O 010

Xla 0 0.95 0.3 1 2 4Q15 0.3 1 2 4

INCUBATION TIME (hours)
Figure 4. Effects of monoclonal antibodies against the heavy chain
(3C 1) or the light chain (SF4) on the proteolytic cleavage of Factor XI
by Factor XIIa in the presence of kaolin and HMWkininogen. Factor
XI (0.17 MM)containing a trace amount of 125I-Factor XI was prein-
cubated with HMWkininogen (0.07 MM), BSA (1 mg/ml), and IgG
solution (2.5 MM)or PBS buffer for 10 min at 370C. This mixture was
then added to a mixture of kaolin (0.5 mg/ml), Factor XIIa (0.0 17
MM)and BSA (1 mg/ml). At the times indicated aliquots were re-
moved into buffer containing corn trypsin inhibitor and Factor XIa
amidolytic activity was measured (See Fig. 5) or into SDSfor 8%
PAGEand autoradiography as described in Methods. Results shown
are those with buffer, heavy chain-specific antibody 3C1, and light
chain-specific antibody 5F4.

XI are involved in the activation of Factor XI by Factor XIIa
in the presence of HMWkininogen and kaolin.

Effects of Fall fragments of the monoclonal antibodies on
the activation of Factor XI by Factor XIIa. The enhancement
of the rate of activation of Factor XI by Factor XIIa in the
presence of the heavy chain-specific antibody (3C1) is most likely
the result of a conformational change in the Factor XI molecule
rendering it a more favorable substrate for cleavage by Factor
XIIa. However, the inhibitory effects of the light chain-specific
antibody (5F4) both in the fluid phase as well as in the presence
of a surface and the inhibitory effects of the heavy chain-specific
antibody (3C1 ) in the presence of kaolin and HMWkininogen
could have the following alternative explanations: (a) the anti-
bodies are blocking the cleavage site of Factor XI; (b) the anti-
bodies are blocking the interaction of Factor XIIa with a site
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Figure 5. Effects of monoclonal antibodies against the heavy chain
(3C1) or the light chain (5F4) on the activation of Factor XI by Factor
XIIa in the presence of kaolin and HMWkininogen. The details of
the experiment are presented in the legend to Fig. 4. Amidolytic assay
was performed as described in Methods, and results are shown in A.
Percent cleavage of Factor XI was determined by cutting and counting
the radioactivity in SDSgels as described in Methods. Results are

shown in B. Data shown are those obtained with PBS (open circles),
which were similar to those obtained with control IgG (data not
shown); with the light chain-specific antibody, SF4 (open squares);
and the heavy chain-specific antibody, 3C1 (open triangles).

other than the cleavage site on the light chain or the heavy chain
of Factor XI required for activation; or (c) in the case of the
surface reaction, the heavy chain-specific antibody (3C1) inter-
feres with the binding of Factor XI through HMWkininogen
to the surface. To determine whether the cleavage site is sterically
hindered by these antibodies, the rate of activation was studied
in the presence of the Fab' fragments. The results are shown in
Fig. 6. Fab' fragments of 3CI showed similar effects compared
with the intact antibody both in the fluid phase (Fig. 6 A) as

well as in the presence of the surface (Fig. 6 B). However, Fab'
fragments of the light chain-specific antibody (5F4), although
they inhibited fluid phase activation (Fig. 7 A) similar to intact
antibody (Figs. and 2), had no effect on the rate of Factor XI
activation by Factor XIIa in the presence of kaolin and HMW
kininogen (Fig. 6), whereas the intact monoclonal antibody (SF4)
was inhibitory (Figs. 4 and 5).

Effects of monoclonal antibodies on the binding of Factor XI
to HMWkininogen. Previous studies suggest that the heavy chain
region of Factor XI contains binding sites for HMWkininogen
(29). Because the heavy chain specific monoclonal antibody
(3C 1) significantly inhibited the rate of Factor XI activation by
Factor XIIa in the presence of HMWkininogen and kaolin (Figs.
4 and 5), we postulated that the heavy chain-specific antibody
(3C 1) might be interfering with the binding of Factor XI to HMW
kininogen and thereby preventing surface assembly of the Factor
XI-HMW kininogen complex for efficient activation by Factor
XIIa. To explore this possibility, the effects of our monoclonal
antibodies on the binding of Factor XI to HMWkininogen were

examined. Using '25I-Factor XI we first attempted to study the
effects of the antibodies on the binding of Factor XI to kaolin
through HMWkininogen. However, we found that even in the
absence of HMWkininogen 30-40% of Factor XI binds to kaolin
and this could not be prevented even in the presence of BSA
(20 mg/ml). It is quite possible, therefore, that in the presence

of HMWkininogen, binding of Factor XI to kaolin occurs both
directly as well as through HMWkininogen. In the absence of
detailed knowledge of these two separate equilibrium processes,

interpretation of the effects of the antibodies became extremely
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Figure 6. Effects of Fab' fragments of the monoclonal antibodies on
the activation of Factor XI by Factor XIIa. The experiment was car-
ried out with unlabeled Factor XI exactly as described in the legend to
Figs. 1 and 4 except that Fab' fragments of the monoclonal antibodies
were substituted for intact antibodies and were used at the same molar
concentrations as noted for Figs. 1 and 4. Data shown in A are for
fluid phase activation (i.e., in the absence of kaolin and HMWkinino-
gen). B, data collected in the presence of kaolin and HMWkininogen.
Results shown are those for additions of PBS (open circles); the heavy
chain-specific antibody, 3C1 (open triangles); and the light chain-spe-
cific antibody, 5F4 (open squares).

difficult. Wetherefore chose a different procedure to study the
effects of the antibodies on the binding of Factor XI to HMW
kininogen. HMWkininogen was bound to the wells of polyvinyl
chloride microtiter plates, and after blocking residual sites with
BSA, '251-Factor XI preincubated with either buffer or antibody
was added to the wells. Details of the procedure are given in
Methods. Under these conditions the binding of '25I-Factor XI
to microtiter plates containing no bound HMWkininogen was
negligible in the presence of 5 mg/ml BSA (see Table I). Spe-
cifically, when the microtiter wells were coated with BSAalone
without precoating with HMWkininogen, < 1.5 ng of 1251I-labeled
Factor XI was bound to the wells, whereas when wells were
coated with HMWkininogen, 51 ng of '251-labeled Factor XI
were bound. Table I gives the amounts of Factor XI bound to
HMWkininogen in the presence and absence of the antibodies.

Table I. Effects of Monoclonal Antibodies on the Binding
of 25I-Labeled Factor XI to HMWKininogen

Factor XI bound in
presence of:

Concentration of antibody 5F4 3C1

ag/ml ng ng

0 51.0 51.0
13.3 73.6 16.5
33.3 87.9 10.3

132.0 91.4 5.3
333.0 55.6 2.6

The binding of '251-labeled Factor XI to HMWkininogen bound to
the wells of microtiter plates in the presence of BSA (5 mg/ml) was
studied. Details of the experiment are given in the Methods and Re-
sults sections. WhenHMWkininogen was not bound to the wells of
the microtiter plate, the amount of '21I-labeled Factor XI bound was
<1.5 ng, i.e., <3%of the control Value. The maximum variation of
CPMbound for each experimental observation was <2% of total CPM
bound.
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In the case of the heavy chain-specific antibody, 3X1, there was
a progressive decrease in the binding of Factor XI to HMW
kininogen with increased concentrations of the antibody, whereas
control murine IgG had no effect on binding (data not shown).
In contrast, the light chain-specific antibody, 5F4, did not inhibit
the binding at any of the concentrations studied. In fact, a sig-
nificant (80%) increase in the binding of Factor XI to HMW
kininogen was observed, an effect that most likely arises from
the bivalent nature of the antibody. Thus, we suggest that an-
tibody 5F4 binds to the light chain of '25I-labeled Factor XI
bound through its heavy chain to HMWkininogen, and then
additional '251-Factor XI molecules are bound to the immobi-
lized antibody. In support of this explanation are the facts that:
(a) Fab' fragments of antibody 5F4 did not increase the binding
of 1251I-Factor XI to HMWkininogen in this experiment (data
not shown); and (b) at high concentration of antibody 5F4 (333
lug/ml) the increased binding was abolished (Table I) possibly
because the fluid phase antibody competes with antibody bound
to immobilized Factor XI, thereby effectively sequestering ad-
ditional Factor XI molecules in solution by saturating fluid phase
Factor XI with light chain-specific antibody. Whatever the ex-
planation, however, it is clear that only the heavy chain-specific
antibody inhibits the interaction of Factor XI and HMWkinin-
ogen, most likely because it recognizes an epitope in the heavy
chain close to the HMWkininogen-binding site.

Discussion

Negatively charged substances have been reported to accelerate
the rate of activation of Factor XI by Factor XIIa in the presence
of HMWkininogen (17). The mechanism by which a negatively
charged surface and HMWkininogen facilitate the interaction
of Factor XIIa with its substrate Factor XI is not clearly known.
The present study was undertaken to gain an insight into the
nature of interaction between Factor XI and Factor XIIa during
activation and to determine whether domains present on the
heavy chain or the light chain or both are involved in the fluid
phase and surface-mediated reactions. We have utilized two
monoclonal antibodies directed against different epitopes of
Factor XI as structure-function probes for this purpose. Figs. 1
and 2 illustrate the effects of the two antibodies on the activation
of Factor XI by Factor XIIa in the fluid phase. Because the
heavy chain-specific antibody 3C1 enhances the rate of acti-
vation of Factor XI in the fluid phase, it is reasonable to assume
that in the fluid phase the heavy chain region of Factor XI (or
at least the domain on the heavy chain region recognized by
3C1) is not essential for interaction with Factor XIIa. The en-
hancement by 3C1 of the Factor XIIa-catalyzed activation of
Factor XI can be rationalized as due to an alteration in confor-
mation of the Factor XI molecule when 3C1 binds to the heavy
chain to make it a better substrate for Factor XIIa. That the rate
of fluid phase activation of Factor XI by Factor XIIa in the
presence of the 3C1 antibody (Figs. 1 and 2) was similar to that
occurring without antibody in the presence of kaolin and HMW
kininogen (Figs. 4 and 5), indicates that the heavy chain-specific
antibody can substitute for both HMWkininogen and kaolin.

HMWkininogen did not have any effect on the activation
of Factor XI by Factor XIIa when the reaction was carried out
in the fluid phase (Fig. 3 and Results), in agreement with results
previously reported (17). In contrast, it had a major effect when
the activation was carried out in the presence of kaolin. Factor
XI is known to circulate in plasma in a noncovalent complex

with HMWkininogen (14-16), and since in the presence of a
negatively charged surface, HMWkininogen enhances the rate
of activation of Factor XI by Factor XIIa, it has been postulated
that the three proteins form a ternary complex on the surface
during contact activation (5). It is not known exactly how these
three proteins interact with each other. If it is essential that Factor
XI binds to the surface via HMWkininogen for its efficient
cleavage by Factor XIIa, then we should see an inhibition of the
rate of activation if its binding to HMWkininogen is somehow
blocked. The observation (29) that the isolated heavy chain of
Factor XIa binds to HMWkininogen whereas the isolated light
chain does not suggests that the binding site on Factor XI for
HMWkininogen is located on the heavy chain region. However,
it is possible that the proteolytic cleavage, reduction, and alkyl-
ation of Factor XI required for these studies (29) might alter the
binding capacities of the isolated polypeptide chains. Therefore,
we chose to investigate this question using intact native Factor
XI and monoclonal antibodies directed against chain-specific
epitopes. Our data (Table I) demonstrate that while the light
chain-specific antibody 5F4 does not inhibit the binding of
HMWkininogen to Factor XI, the heavy chain specific antibody
3C1 does. Figs. 4 and 5 show that the same antibody also inhibits
the rate of activation of Factor XI by Factor XIIa in the presence
of kaolin and HMWkininogen. This inhibition can, therefore,
be attributed to prevention of complex formation between HMW
kininogen and the heavy chain region of Factor XI.

The light chain-specific antibody SF4 inhibited the rate of
activation both in the fluid phase as well as in the presence of
the negatively charged surface and HMWkininogen. This in-
hibition suggests an interaction between the light chain region
of Factor XI and Factor XIIa, which is essential for efficient
activation. However, it does not rule out the possibility of a
steric inhibition caused by the binding of the antibody as a result
of which Factor XIIa cannot gain access to the cleavage site. To
investigate this possibility, experiments were carried out in the
presence of Fab' fragments of the antibodies (Fig. 6). The Fab'
fragment of the light chain-specific antibody (SF4) inhibited
only the fluid phase activation and not the surface-mediated
reaction. This suggests but does not prove the possibility that
the mechanism of surface-mediated activation is different from
that of fluid phase activation. In the fluid phase, Factor XIIa
possibly interacts with Factor XI through its light chain region.
In the surface-mediated reaction, in contrast, the interaction of
Factor XIIa with Factor XI in the ternary complex involving
HMWkininogen probably may occur through a different site
on the Factor XI molecule. Further studies will be required to
investigate these interesting possibilities. Finally, some consid-
eration should be given to the manner by which the bivalent
nature of Factor XI might influence the results of the studies
reported here. It is unclear what function can be attributed to
the unique dimeric structure of this coagulation protein. It has
been demonstrated that each subunit of Factor XIa binds one
molecule of HMWkininogen (30), which suggests that the stoi-
chiometry of binding of HMWkininogen to Factor XI in plasma
is 2:1. Although the stoichiometry of binding of our monoclonal
antibodies to Factor XI is uncertain, we do not believe it is likely
to influence the validity of the conclusions drawn from our pres-
ent findings.

In conclusion, our studies, interpreted in the context of ex-
isting knowledge about the biochemistry of Factor XI, provide
new insights concerning the relationship between the functional
properties and the structural domains of Factor XI. Since the
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light chain-specific antibody (5F4) inhibits both surface-me-
diated and fluid-phase proteolytic activation of Factor XI by
Factor XIIa without inhibiting either the binding of Factor XI
to HMWkininogen or the amidolytic activity of Factor XIa, we
suggest the possibility (which requires further study) that (a) site(s)
on the light chain of Factor XI may interact with Factor XIIa.
Moreover, since the heavy chain-specific antibody (3C 1) binds
to an epitope near the HMWkininogen binding site, accelerates
the rate of fluid-phase activation of Factor XI by Factor XIIa
and substitutes for the presence of both surface and HMWki-
ninogen, we suggest that this antibody may induce a confor-
mational alteration in Factor XI that renders it a more favorable
substrate for Factor XIIa. Finally, since this heavy chain-specific
antibody also inhibits surface-mediated activation and binding
of Factor XI to HMWkininogen, our studies strongly suggest
that the activation of Factor XI by Factor XIIa in the presence
of a surface is mediated by the binding to HMWkininogen of
Factor XI through a site on the heavy chain region.
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