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Abstract

Antibody inhibitors against human thrombin are rare and have
remained poorly characterized. We report the case of a 40-yr-
old patient who developed a potent thrombin inhibitor revealed
by mild bleeding symptoms and marked prolongation of most
laboratory clotting times. After two years of evolution, he died
from cerebral hemorrhage. The inhibitor, a polyclonal IgG, was
associated with hematological and immunological criteria of
autoimmune disorder. Antithrombin IgG was isolated from the
patient’s plasma by protein A- and thrombin-affinity chroma-
tography. Fab fragments inhibited amidolytic activity of «
thrombin, and thrombin-thrombomodulin catalyzed protein C
activation with a K; of ~ 10™® M in a noncompetitive manner.
Alpha to gamma conversion of thrombin resulted in a moderate
loss of affinity for the inhibitor. Upon complex formation of
thrombin with staphylocoagulase or a2-macroglobulin (a2M),
inhibition was decreased by two orders of magnitude and ac-
quired an apparent competitive character. In Western blot ex-
periments, the antibody reacted with active alpha-thrombin,
did not react with chloromethylketone-inhibited thrombin and
reacted with a lower affinity with iPr2P-thrombin. The inhibi-
tor did not block thrombin binding to benzamidine-, heparin-,
or fibrin-Sepharose, but displaced proflavin from its complex
with thrombin. Taken together, these results indicate that the
patient’s autoantibody recognized a conformational structure
which includes, at least in part, the apolar binding site adjacent
to the catalytic site of thrombin. (J. Clin. Invest. 1991. 88:290-
296.) Key words: antithrombin » anticoagulant « serine protease
 autoimmunity ¢ hirudin » hemorrhage

Introduction

Nonneutralizing antiprothrombin antibodies are the most
common inhibitors, associated with the lupus anticoagulant in
patients with systemic lupus erythematosus and various dis-
eases (1). In contrast, neutralizing thrombin antibodies rarely
occur. In addition to the antibodies induced by the exposure to
bovine topical thrombin during surgical procedure (see refer-
ence 2 for a review), isolated cases of antithrombin autoantibod-
ies have been reported in patients with systemic lupus erythe-
matosus (3), liver cirrhosis (4), duodenal ulcer treated with ci-
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metidine and antiacids (5), or without apparent disease (6). In
some instances, these inhibitors have been associated with
bleeding symptoms. The specificity of these antibodies has
never been extensively investigated.

We report the case of a patient who developed a very potent
human thrombin inhibitor in the apparent absence of underly-
ing disease. He experienced mild bleeding symptoms for two
years and eventually died from cerebral hemorrhage. The inhib-
itor, a polyclonal IgG, was purified and characterized. It recog-
nized antigenic determinants closely associated with the cata-
lytic site of the enzyme.

The present observation is the first example of an autoanti-
body directed towards the catalytic center of a plasma serine-
protease. Although the mechanism of selective production of
such an inhibitor is unknown, its pathogenic consequence, i.e.,
the inhibition of the full spectrum of enzymatic activities of
thrombin, is clearly evidenced.

Methods

Case Report

The patient was a 40-yr-old man who began to bleed in April 1986
(subcutaneous hematoma, gum bleeding, and microhematuria). At this
stage, plasma was unclottable by any routine clotting assay (prothrom-
bin time [PT],' activated partial thromboplastin time [APTT], and
thrombin time [TT]). Platelet count was 135,000/ul. There was a slight
hypergammaglobulinemia (IgG, 18 g/liter) without monoclonal abnor-
mality. Investigation for malignancy remained negative. Bone marrow
examination demonstrated an increased number of megakaryocytes,
with no evidence of myeloma or lymphoma. The Coombs’ test re-
vealed the presence of anticomplement antibodies. The search for anti-
DNA and antinuclear antibodies was negative. As the hemorrhagic
symptoms were minor and as there was no clinical evidence of autoim-
mune disease, the patient was not treated.

The patient was referred to us two years later, in April 1988. At this
stage, the physical examination was normal, except for the presence of
large subcutaneous hematoma. There was no clinical evidence of sys-
temic lupus erythematosus (7), but the following were suggestive of an
autoimmune disease: (a) false positive serologic tests for syphilis with a
negative test of Treponema pallidum immobilization; (b) antinuclear
antibodies at titer 1/32 by immunofluorescence assay; (c) anti-double-
strand DNA were at 11% (Farr’s test); however, the search for anti-
DNA by immunofluorescence on Crithidia luciliae was negative; (d)
platelet count was 65,000/ul and antiplatelet antibodies were detected
by indirectimmunofluorescence; (¢) antiphospholipid antibodies evalu-
ated by two ELISA procedures (Asserachrom APA, Diagnostica Stago,
Asnieres, France, and Malakit cardiolipin, Biolab, Limal, Belgium)
were strongly positive. There was no biological evidence of myeloma or

1. Abbreviations used in this paper: APTT, activated partial thrombo-
plastin time; iPr,P-F, diisopropylfluorophosphate; a2M, «2-macro-
globulin; PPACK, D-phenylalanyl-L-prolyl-L-arginine chloromethyl
ketone; PT, prothrombin time; TLCK, N-a-tosyl-L-lysine chloro-
methyl ketone; TT, thrombin time.



lymphoma. Immunoglobulin levels and serum immunoelectrophore-
sis were normal. IgG electrofocalization did not reveal any monoclonal
or oligoclonal production. Serologic tests for hepatitis B and human
immunodeficiency virus were negative.

The results of the investigation of hemostasis at this time are shown
in Table I. Simplate bleeding time was not performed for fear of exces-
sive bleeding. By using the puncture method of Ivy, bleeding time was 9
min (normal value, < 5 min), i.e., moderately prolonged, in relation
with thrombocytopenia. Thrombin time was out of limits but snake
venom times were normal, suggesting the presence of a thrombin inhib-
itor. The antithrombin activity was quantitated by measuring the TT of
serial dilutions of patient’s plasma in normal plasma. It was found to be
equivalent to 3 IU/ml of unfractionated heparin or 24 ug/ml of recom-
binant hirudin (r-Hv2-Lys 47, 15,858 ATU/mg, a gift from Mr. G.
Defreyn, Sanofi-Recherche, Toulouse) in normal human plasma.
There was no anti—factor Xa activity measurable by amidolytic assay
(Stachrom heparin, Diagnostica Stago). Addition of patient’s plasma
(or purified Fab solution, see below) to normal platelet-rich plasma
completely inhibited thrombin-induced platelet aggregation but did
not change the response to collagen or ADP.

The clotting factor levels were normal except for prothrombin. Low
levels of prothrombin activity and, to a lesser extent, of prothrombin
antigen were associated with the presence of prothrombin-anti-
prothrombin antibody complexes in the patient’s plasma as demon-
strated by crossed immunoelectrophoresis (not shown).

The immunological nature of the thrombin inhibitor was con-
firmed and a treatment with prednisolone and azathioprine was
started. 4 d after, the patient developed a cerebral hemorrhage and died
in spite of transfusion with prothrombin concentrates and plasma ex-
change therapy. An autopsy could not be performed.

Experimental Procedures
Isolation of the thrombin inhibitor. Just before starting the immunosup-
pressive therapy, a plasmapheresis was performed and the plasma col-

Table I. Hemostasis Parameters, April 1988

Reference Patient’s
values values
APTT (s) 32-36 >300
PT (s) 10-12 >300
TT (s) 18-20 >300
TT + protamine (s) 16-20 >300
Reptilase time (s) 16-20 18
Ancrod time (s) 10-16 12
Staphylothrombin time (s) 18-20 21
Fibrinogen (g/liter) 24 4.5
Prothrombin (%) 70-100
Clotting assay <5
Electroimmunoassay 40

Blood was collected on citrated vacutainers (Becton-Dickinson, refer-
ence 60 6608). Clotting times were recorded on a KC 10 automat
(AHS-DADE). Assays were performed on citrated plasma by conven-
tional procedures using the following reagents: automated APTT
(Organon Teknika, Durham, NC), rabbit brain thromboplastin (Bio-
Merieux, Marcy-I’Etoile, France), reptilase (Diagnostica Stago), an-
crod (Boehringer Mannheim) and staphylothrombin (Diagnostica
Stago). TT was out of limits, irrespective of the origin of thrombin:
equine (Houdé, Puteau, France), bovine (Hoffman-LaRoche Co.,
Nutley, NJ) or human (Ortho, Diagnostic Systems, Raritan, NJ). Fi-
brinogen was measured by a clotting assay after 1:20 plasma dilution
in buffer (Fibriprest Stago). Levels of factors V, VII, VIIL IX, X, XI,
and XII (one-stage assays) and antithrombin III antigen were in the
normal range.

lected on citrate/citric acid/dextrose (Haemonetics, Braintree, MA)
was stored in aliquots at —70°C until use.

During the purification procedure, IgG concentration was mea-
sured by radial immunodiffusion (Nor Partigen IgG, Calbiochem-
Behring Corp., La Jolla, CA). The thrombin inhibitory activity was
estimated as the reciprocal of the sample dilution which doubled the
TT of a normal plasma in mixing experiments.

As preliminary experiments indicated that the inhibitor was an IgG,
we chose to isolate the inhibitor by a combination of protein A- and
thrombin-affinity chromatographic steps.

Human thrombin, purchased from the Centre National de Trans-
fusion Sanguine (Paris) was coupled to CNBr-activated Sepharose
(Pharmacia Fine Chemicals AB, Uppsala, Sweden) according to the
manufacturer’s instructions. The material eluted from protein A-Se-
pharose (Pharmacia Fine Chemicals AB) with 0.1 M Gly-HCI, pH 2.5,
was dialyzed against PBS (0.15 M NaCl, 0.1 M phosphate buffer, pH
7.00), and run down a column of 20 ml of thrombin-Sepharose equili-
brated with the same buffer. The column was washed with 0.5 M NaCl,
0.1 M phosphate buffer, pH 7.00. The flowthrough fraction and the
washes were pooled and dialyzed against PBS, whereas bound material
was eluted with 3 M ammonium thiocyanate. Three chromatographic
runs were required to completely deplete the antithrombin activity of
the IgG isolated from 100 ml of patient’s plasma. Finally, the an-
tithrombin IgG was concentrated by precipitation with saturated am-
monium sulfate and extensively dialyzed against PBS. In the following,
this material will be referred to as “high-affinity IgG” (HA-IgG).

The IgG subclasses were quantitated in plasma, eluates of protein
A-Sepharose and eluates of thrombin-Sepharose using an ELISA pro-
cedure (Biomakor, Rehovot, Israel). Gm typing was performed by inhi-
bition of hemagglutination (8).

Kinetic analysis of thrombin inhibition. Fab fragments of HA-IgG
were prepared by papain digestion to enable kinetic analysis with mono-
valent species.

Purified human a thrombin (3,000 NIH U/mg), 8 thrombin (60
NIH U/mg), gamma thrombin (30 NIH U/mg), protein C, and throm-
bomodulin were prepared and quantitated as previously described (9-
12). The synthetic substrates of thrombin and activated protein C, CBS
34.47 and CBS 65.25, respectively, were purchased from Diagnostica
Stago. Staphylocoagulase was also from Diagnostica Stago. Human
a2-macroglobulin («2M) was from Boehringer Mannheim, Mann-
heim, FRG. Proteins were stored frozen in concentrated solutions and
diluted before use in 50 mM NaCl, 100 mM Tris-HCI (pH 7.5) buffer
containing 2 g/liter human albumin (HA; Sigma Chemical Co., St.
Louis, MO) and 2.5 mM CaCl2.

Preliminary experiments indicated that the antibody not only inhib-
ited the clotting activity of thrombin but also its amidolytic activity
towards a synthetic substrate. We therefore investigated the inhibition
of a thrombin and of related enzymes or enzyme complexes which
display a similar amidolytic activity, i.e., gamma-thrombin, thrombo-
modulin-thrombin, staphylocoagulase-thrombin (staphylothrombin),
and a2M-thrombin complexes. Thrombomodulin-thrombin and
staphylothrombin were formed by incubating for 5 min at 37°C, a-
thrombin with twice-saturating amounts of thrombomodulin or
staphylocoagulase as determined by titration experiments (9, 13). To
prepare a2M-thrombin complexes, twice saturating amounts of a2M
(mol:mol) were reacted with a-thrombin overnight at 4°C. Clotting
activity of staphylothrombin was ~ 50% of that of thrombin, whereas

.a2M-thrombin had no clotting activity. The kinetic parameters (K,

K.,,) of each enzymic reaction were estimated before inhibition experi-
ments.

The inhibition of a-thrombin or related enzyme was measured at a
fixed low concentration of enzyme in the presence of varying concen-
trations of Fab fragments. All assays were carried out in propylene
tubes at 37°C. Enzyme (0.5 nM) was incubated with Fab fragments
(0-100 nM) for 5 min. CBS 34.47 was then added at various concentra-
tions between 25 and 500 uM and the mixture further incubated for 10
min (the rate of paranitroaniline release was linear over 10 min at any
substrate concentration). Substrate hydrolysis was stopped by addition
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of diluted acetic acid and the absorbance at 405 nm was measured in a
spectrophotometer (LKB Instruments, Inc., Gaithersburg, MD). The
values of a blank containing the same reagents and processed in an
identical way but with prior addition of acetic acid were subtracted
from each experimental value. Data were analyzed as illustrated in Fig.
1 and kinetic constants determined according to Dixon (14).

Inhibition of thrombin-catalyzed protein C activation was investi-
gated in two different ways. First, thrombomodulin-thrombin com-
plexes (1 nM) were incubated as described above with Fab fragments
(0-25 nM) for 5 min at 37°C before addition of protein C (0.36, 0.48,
and 0.72 uM). After 15 min, thrombin was inhibited by hirudin (0.2
U/ml) and 0.2 mM CBS 65.25 was added. The reaction was terminated
2 min later with diluted acetic acid. Blank values were determined as
above. In preliminary experiments, it was established that (@) the K, of
protein C for the enzyme was 1.6 uM; () only a small proportion of
protein C (< 20%) was activated; (¢) amidolytic reaction proceeded
linearly over at least 2 min at the highest concentration of protein C;
and (d) Fab fragments did not modify the amidolytic activity of protein
C once it had been activated by the thrombomodulin-thrombin com-
plex.

Inhibition of thrombin-catalyzed protein C activation was also
measured at the surface of endothelial cells. The cells were obtained
from human saphenous vein (15). The activation of protein C and the
appropriate controls were allowed to take place in 200 ul/well of M199/
RPMI 1640 (1:1) for 2 h at 37°C. The final concentrations were 2.4 nM
for thrombin, 50 and 200 nM for protein C, and 0-1 uM for Fab
fragments. The reaction was stopped with hirudin, and activated pro-
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Figure 1. Inhibition of thrombin and related enzymes by Fab frag-
ments of HA-IgG. Enzyme concentration was 0.5 nM, whereas Fab
concentrations varied as indicated in abcissa. Reactions were started
by addition of CBS 34.47: (e) 25 uM; (0) 50 uM; (a) 100 xM; (O) 500
uM, and paranitroaniline formation was measured after 10 min of
incubation at 37°C. The 1/V vs. [Fab] plots gave common intercepts
on the abscissa in the cases of a-thrombin, thrombomodulin-throm-
bin, and gamma-thrombin at extrapolated values for K; of 11.4, 10.6,
and 47 nM, respectively. For staphylothrombin and «2M thrombin,
the intercepts were above the abscissa at extrapolated values for K; of
2.7 and 2.5 uM, respectively, in this typical experiment.
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tein C was measured using the chromogenic substrate S 23.66 from
Kabi (Diagnostica, Mdlndal, Sweden).

Thrombin affinity for benzamidine, heparin, and fibrin. Small plas-
tic columns were packed (0.9 X 1 cm) with benzamidine-Sepharose,
heparin-Sepharose CL6B (both from Pharmacia Fine Chemicals AB)
or fibrin-Sepharose, prepared as described by Berliner et al. (16). After
equilibration, the matrices were loaded with a mixture of 0.1 ug '*I-a-
thrombin, iodinated as described in reference 17 and 10 ug cold a-
thrombin, and washed with eight column volumes of equilibrating
buffer. Bound thrombin was then eluted with a gradient of benzami-
dine (for benzamidine-Sepharose column) and a gradient of NaCl (for
heparin- and fibrin-Sepharose columns). The experiments were re-
peated after preincubation of thrombin with the Fab fragments of the
patient’s HA-IgG and addition of Fab fragments to the washing and
eluting buffers. Concentrations of Fab used were 107 M.

Proflavin binding spectral measurements. The spectral data were
collected at 20°C with a model DU70 spectrophotometer (Beckman
Instruments, Inc., Fullerton, CA). Proflavin was from Aldrich Chemi-
cal Co., Milwaukee, WI. Proflavin and thrombin stock solutions were
made up fresh in 20 mM Tris, pH 7.5, 0.3 M NaCl, and kept at +4°C
until use. Difference spectra for thrombin-proflavin complex were
measured essentially as described by Berliner and Shen (18). Various
concentrations of control or patient’s Fab (0-1.6 uM) were incubated
with a-thrombin before the addition of proflavin.

Immunoblotting. Native a-thrombin and modified forms of throm-
bin (15 ug) were subjected to electrophoresis on 10% polyacrylamide-
0.1% SDS gels, before electroblotting to nitrocellulose paper (Bio-Rad
Laboratories, Richmond, CA). Modified forms of thrombin included
B- and gamma-thrombins and thrombins irreversibly blocked at the
catalytic site with diisopropylfluorophosphate (iPr,P-F), N-a-tosyl-L-
lysine chloromethyl ketone (TLCK) or D-phenylalanyl-L-prolyl-L-ar-
ginine chloromethyl ketone (PPACK). The residual amidolytic activity
of blocked thrombins was < 0.1% of native a-thrombin. The nitrocel-
lulose paper was incubated for 2 h with the Fab fragments of the patient
HA-IgG (44 nM final concentration) and the blots were revealed with
125]labeled sheep F(ab'), fragments against human IgG (Amersham
International, Amersham, UK).

Results

About 140 mg of immunopurified IgG were recovered from
100 ml of patient’s plasma which contained 14 mg/ml of IgG.
Thus, ~ 10% of total IgG was able to bind thrombin with high
affinity. This value corresponds to 1.4 g/liter or 9.4 uM (M,,
150,000) HA-IgG in the patient’s plasma. In a control experi-
ment using a pool of normal plasma processed in a similar way,
no measurable IgG was eluted from the thrombin-Sepharose
column. The recovery of thrombin inhibitory activity in HA-
IgG was 54% of the activity initially present in the patient’s
plasma. As the recovery was complete after protein A affinity
chromatography, it is likely that the loss of activity was due to
partial denaturation during the elution with 3 M ammonium
thiocyanate, and/or to incomplete recovery during the concen-
tration step.

The proportions of each IgG subclass in HA-IgG were 45,
42, and 13% for IgG 1, 2, and 4 respectively. IgG 3 was lost
during the protein A-Sepharose chromatography. The initial
proportions of IgG subclasses in the patient’s plasma were 60,
35, 2.5, and 2.5% for IgG 1, 2, 3, and 4, respectively. The
patient was heterozygous for Gm markers of IgG1: Gm(1,17)/
(3). These markers were found in balanced proportions in HA-
IgG. Further arguments for the polyclonal nature of HA-IgG
were the presence of both kappa and lambda light chains in the
Fab fragments, and an even distribution of these fragments
upon electrofocalization (data not shown).



The kinetic parameters of CBS 34.47 hydrolysis by a-
thrombin and related enzymes such as gamma-thrombin or
thrombin bound to thrombomodulin, staphylocoagulase, or
a,M were similar (Table II). The Fab fragments of the patient’s
HA-IgG inhibited both a-thrombin and the other forms of
thrombin (Fig. 1 and Table II). The mechanism of inhibition
was noncompetitive, except for staphylothrombin and a,M-
thrombin. The inhibition constants (X;) for gamma-thrombin
and thrombomodulin-thrombin were similar to the K for a-
thrombin. In contrast, the K; for staphylothrombin and a,M-
thrombin were two orders of magnitude higher compared with
free a-thrombin.

Protein C activation by thrombin-thrombomodulin in so-
lution was inhibited by Fab fragments with a constant of 8.2
nM, very close to the value of 11 nM previously found with the
tripeptide CBS 34.47. Half-maximum inhibition of protein C
activation on the endothelial cells surface was obtained with
Fab concentrations of 45 nM for 200 nM protein C and 53 nM
for 50 nM protein C (Fig. 2). These values were five- to sixfold
the K, determined with solubilized thrombomodulin.

We examined the effect of the antibody on thrombin bind-
ing to ligands such as benzamidine, heparin, or fibrin, by com-
paring the elution profiles of thrombin from benzamidine-,
heparin-, or fibrin-Sepharose in the absence or presence of Fab
fragments from the patient HA-IgG. The Fab fragments did
not prevent the binding of thrombin to insolubilized benzami-
dine, heparin, or fibrin and did not modify the elution profiles
(not shown). To save material, the concentration of Fab used
was slightly lower than thrombin concentration (ratio 1:3).
However, because of the sensitivity of the method, which is
able to resolve trace amounts of thrombin derivatives with
lower affinity as compared with a-thrombin (12), a decrease in
affinity could not have been missed.

Proflavin binds to thrombin with an optically detectable
absorption at 468 nm, which may be measured by difference
spectroscopy. The competitive binding of another ligand re-
sults spectrally in a decrease in the thrombin proflavin complex
(18). Fig. 3 shows difference spectra for alpha-thrombin-profla-
vin complex in the presence of control or patient’s Fab. The
peak at 468 nm represents the complex, whereas the trough

Table II. Hydrolysis of the Chromogenic Substrate CBS 34-47
by Thrombin and Related Enzymes: Kinetic Parameters
of the Reaction and Inhibition by Fab Fragments

of Immunopurified IgG
Type of
Enzyme K, K K; inhibition
uM 5! M

Alpha-thrombin 20 125 09x10® NC
Gamma-thrombin 25 150 53x10® NC
Thrombomodulin-thrombin 20 135 1.1x10°® NC
Staphylocoagulase-thrombin 21 83 30x10°% C
Alpha-2-macroglobulin-thrombin 18 68 25x10°% C

NC, noncompetitive; C, competitive.

Conditions are given in Experimental Procedures. The formula of
CBS 34-47 is H-D-cyclohexylglycyl-L-alpha-aminobutyryl-L-arginine-
paranitroanilide. Enzymatic activity was calculated by using an ab-
sorption coefficient of 10,400 cm™'. M~! for paranitroaniline at 405
nm.

Figure 2. Inhibition of
protein C activation by
thrombin on the surface
° of cultured endothelial
cells. The method is de-
scribed in Experimental
Procedures. In the ab-
sence of Fab, maximal
values of activated pro-
tein C (APC) were 28
mOD/min with 200 nM
protein C (0) and 11
mOD/min with 50 nM protein C (0). Fab concentration giving half-
maximal inhibition were determined from a fit of the data using the
equation for sigmoid curves.
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near 430 nm accounts for free proflavin. Control Fab had no
effect upon thrombin-proflavin interaction, whereas addition
of the patient’s Fab resulted in a partial displacement of profla-
vin from the thrombin-proflavin complex. Displacement of
proflavin was dependent upon the patient’s Fab concentration,
reaching a plateau for Fab concentrations above 2 uM.

The Fab fragments of the patient’s HA-IgG were examined
for epitope specificity by immunoblotting (Fig. 4). The anti-
body reacted with a-thrombin, but only in nonreducing condi-
tions. It did not react with prothrombin nor with 8- or gamma-
thrombin. Inactivation of a-thrombin with various catalytic
center-directed irreversible inhibitors modified the interaction
with the inhibitor (Fig. 4, lanes /~4). Binding to iPr2P-throm-
bin was decreased as compared with active a-thrombin. Radio-
activity of the corresponding bands was counted: binding of the
Fab fragments to iPr2P-thrombin was 20% of the binding to
active a-thrombin. As active thrombin was < 0.1% in our prep-
aration of iPr2P-thrombin, the antibody interaction with
iPr2P-thrombin could not be ascribed to binding this very
small amount of active thrombin. It was more likely that the
linkage of the iPr2P-group to Ser 205 in the thrombin B chain
actually decreased the affinity of the antibody for the enzyme.
The antibody did not react with TLCK- or PPACK-thrombin.

Discussion

This report describes a patient with a fatal bleeding disorder
associated with an acquired potent thrombin inhibitor directed
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Figure 3. Difference absorption spectra of proflavin solutions. Refer-
ence curvette contains 10 uM proflavin in 20 mM Tris, pH 7.5, 0.3 M
NaCl. Samples contain 10 uM proflavin, 10 kM human alpha-
thrombin, and various concentrations of control Fab (4) or patient’s
antithrombin Fab (B) in the same buffer. Final concentrations of Fab
were (1) 0, (2) 0.4 uM, (3) 0.9 uM, (4) 1.6 uM.

An Autoantibody to Thrombin-active Site 293



Figure 4. Immunoblot
analysis of the reactivity
of the patient’s anti-
body with prothrombin
-94  and various forms of
-¢7  thrombin. 15 ug of a-
-43  thrombin (a and e), -
~°°  thrombin (b), gamma-
thrombin (c),
prothrombin (d), iPr2P-
thrombin (f), TLCK-
thrombin (g), PPACK-
thrombin (%) were elec-
trophoresed in
nonreducing conditions on SDS-PAGE slab gels, and the proteins
were transferred to a nitrocellulose membrane. Strips of the mem-
brane were processed for immunoblotting using Fab from the pa-
tient’s HA-IgG (44 nM final concentrations) as the primary antibody
followed by !**I sheep F(ab'), fragments against human IgG.

- 20
-14

a b c d efg‘h

against the catalytic center of the enzyme. The inhibitory activ-
ity in plasma was approximately equivalent to 3 IU/ml of stan-
dard heparin when we saw the patient for the first time but
APTT, PT, and TT had been out of limits for at least two years
before.

The thrombin inhibitor was isolated from the patient’s
plasma by affinity chromatography using insolubilized throm-
bin and consisted of a population of polyclonal IgG. Because
the proportion of thrombin-neutralizing antibodies in this pop-
ulation is unknown, the apparent inhibition constants deter-
mined in the kinetic experiments should be regarded as maxi-
mal values for the true constants of neutralizing antibodies.

Thrombin is a serine-protease with unique interactions
with various substrates or ligands, in plasma or cell mem-
branes. The thrombin active site confers its unique properties
to the enzyme (19). The three residues His 43, Asp 99, Ser 205
constitute the catalytic site per se, with Asp 199 as the counter
ion at the bottom of the arginine side chain pocket. Adjacent to
the catalytic site is a prominent apolar binding site which ap-
pears to be of major importance in determining thrombin speci-
ficity with peptide and protein substrates (18, 20, 21). In addi-
tion, proper accommodation of macromolecular substrates or
ligands requires recognition site(s) which are remote from the
catalytic site (16, 19). The neutralizing activity of the inhibitor
was demonstrated whatever the thrombin substrate used: fi-
brinogen, protein C, or the small peptide CBS 34.47. Because
the structures of the active site involved in the hydrolysis of
small peptides are limited to the catalytic triad, the arginine
side chain pocket and the adjacent apolar binding site, we hy-
pothesized that the antibody was directed against epitopes
closely associated with the catalytic site, rather than located in
the protein recognition site(s).

To confirm this hypothesis, we measured the affinity of the
antibody for various forms of thrombin, which are all charac-
terized by minimal modifications in the catalytic site and adja-
cent structures, contrasting with large alterations in the recogni-
tion of macromolecular substrates or ligands. These forms in-
cluded gamma-thrombin which derives from a-thrombin by
limited proteolysis, and a-thrombin bound to human throm-
bomodulin, staphylocoagulase or a,M. The inhibitor retained
the ability to neutralize the amidolytic activity of all these
thrombin forms. Thrombomodulin binds thrombin to a site
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that probably overlaps a site required for binding or steric ac-
commodation of fibrin(ogen) (12, 22, 23). The conformational
change in the active site of thrombin that results from this
binding (24) did not mask the epitopes because the inhibition
constant of the antibody was unchanged upon binding of a-
thrombin to soluble thrombomodulin. The affinity of the anti-
body for a-thrombin bound to cellular thrombomodulin was
slightly weaker when compared with a-thrombin bound to solu-
bilized thrombomodulin. This could be explained by steric hin-
drance because the active center of thrombin is separated from
the membrane surface by a distance of only 66 A (25).

As compared to a-thrombin, the affinity of the antibody for
gamma-thrombin was also slightly weaker (sixfold). Although
the cleavages responsible for a- to gamma-thrombin conver-
sion affect regions of the thrombin B chain that are remote
from the catalytic site (26-28), they induce a slight constraint
in the environment of the catalytic site (12, 29) which may
have been detected by the antibody. The proteolytic cleavages
that convert a- to gamma-thrombin affect the anion binding
exosite (26, 27, 30) involved in fibrin (12, 22, 30) and heparin
(19) binding. The lack of effect of our antibody on the affinity
of a-thrombin for either fibrin or heparin is an additional evi-
dence that the epitopes recognized by the antibody are not
located in the anion binding exosite.

The inhibition of staphylothrombin and a,M-thrombin by
the antibody proceeded with a lower affinity (two orders of
magnitude) compared with free a-thrombin, and was competi-
tive. Staphylocoagulase interacts with a-thrombin through the
COOH-terminal region of the thrombin B chain and alters the
microenvironment of the catalytic site (13). These changes
could account for the reduced affinity of the antibody for sta-
phylothrombin. Alternatively, staphylocoagulase bound to
thrombin could sterically hinder the access of the antibody to
the epitopes. The catalytic site of thrombin remains intact in
the irreversible a,M-thrombin complex as judged by the ability
to hydrolyze small substrates, but the enzyme is sterically hin-
dered by entrapment within a,M and hydrolysis of large pro-
teins is inhibited (31, 32). There is general agreement that the
antigenicity of most proteinases bound to a,M is greatly re-
duced (33) although the extent of reduction varies with the
proteinase involved. The internal dimensions of the a,M cylin-
der (34) would allow total entrapment of thrombin. However,
our antibody gained access to thrombin complexed with a,M,
suggesting that the epitopes, and consequently the catalytic site
and adjacent structures, are not buried deep in the center of the
a,M cylinder.

Immunoblot experiments provide further evidence that the
antibody is directed against a conformational structure closely
associated with the catalytic site. The antibody reacted with
active a-thrombin but did not react with TLCK- or PPACK-
thrombin. In contrast, it reacted with iPr2P-thrombin although
with a lower affinity as compared with active a-thrombin. Pep-
tidyl chloromethyl ketones attached to the catalytic histidine
(His 43) accommodate tightly with neighboring sites (arginine
side-chain pocket and apolar binding site). iPr2PF binds irre-
versibly to the catalytic serine (Ser 205) without binding neigh-
boring sites, although the access to these sites may be impaired
by the very sterically hindering iPr2P-group. The result of the
immunoblots obtained with active and inactivated a-throm-
bins indicates that the epitopes do not include Ser 205, but are
located close enough to be partially masked by the iPr2P-group
attached to Ser 205. Benzamidine is a small cationic com-
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significant extension beyond this pocket (35). The antibody did
not alter the affinity of thrombin for benzamidine-Sepharose,
giving indirect evidence that the apolar binding site rather than
the arginine side chain pocket contains the antigenic determi-
nants.

The acridine dye, proflavin, has previously been shown to
bind to an apolar binding site adjacent to the catalytic site,
distinct from hydrophobic regions of the arginine side chain
pocket (18) and extending into the fibrinopeptide groove (21).
Displacement of proflavin from the thrombin-proflavin com-
plex by the patient’s Fab confirmed that the structure recog-
nized by the antibody includes, at least in part, the apolar bind-
ing site (Fig. 5).

The epitopes were not detected by immunoblotting in 8- or
gamma-thrombin, although kinetic experiments showed that
the affinity of the antibody was similar for a- and gamma-
thrombin. Although the catalytic site is functional in 8- and
gamma-thrombins, the structural determinants reside on non-
covalently associated fragments. The lack of reactivity of the
antibody with 8- and gamma-thrombins indicates that the epi-
topes are destroyed by dissociation of the fragments in SDS
gels. Further evidence that the epitopes are conformation-de-
pendent is given by the absence of reactivity of the antibody
with prothrombin and the suppression of reactivity with a-
thrombin upon disulfide bonds reduction.

Considering the plasma concentrations of thrombin-bind-
ing IgG (10~* M), the concentration of prothrombin, the anti-
gen precursor (1076 M), and the low inhibition constant of the
interaction (108 M), free thrombin could not escape inhibition
even in the case of complete and rapid prothrombin activation
at vascular wounds. Thrombin bound to macromolecules (e.g.,
thrombomodaulin, fibrin, etc.) could be protected from intact
IgG by steric hindrance if in these particular environments the
access of the antibody to the catalytic center of the enzyme is
impaired. In this respect, it is important to recall that the pa-
tient had the antibody for at least two years without evidence of
major bleeding and that the terminal event may have been
precipitated by other hemostatic defects such as thrombocyto-
penia and hypoprothrombinemia.

Although the criteria required for the diagnosis of systemic
lupus erythematosus were not fulfilled (7), the evidence of au-
toimmune disease was strong. However, the production of an
autoantibody with such precise specificity is intriguing. Expo-
sure of the intrinsic antigen to B lymphocytes may have oc-

antibody
target

——primary specificity pocket

catalytic triad
(His 43,Asp 99,Ser 205

protein recognition site(s)

apolar binding
site

Figure 5. Schematic map of thrombin active site region (adapted from
reference 36). Besides the catalytic triad, recognition sites include the
primary specificity pocket and a secondary binding area subdivided
into one or several protein recognition site(s) and an apolar binding
site, which is the proposed target of the patient’s antibody.

curred because low levels of thrombin production have been
indirectly demonstrated in normal subjects (37). Alternatively,
exposure to cross-reactive enzymes in the external environ-
ment cannot be excluded but nothing in patient’s medical his-
tory was indicative in this regard. The antibody found in our
patient joins the class of antienzyme autoantibodies which
have been reported in various human diseases (38—44). In some
instances (38-41), functional studies have suggested that the
autoantibodies may be directed against a site essential for catal-
ysis. The present observation raises the important consider-
ation that autoantibodies against the catalytic site of serine pro-
teases may be found during autoimmune processes.
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