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Summary 

Antithrombin (AT), a member of the serine protease inhibitor family, is the key regulator of 

thrombin activity in vivo. Thrombin inhibition is accomplished by the formation of a covalent 

thrombin-antithrombin (TAT) complex. The rate of inhibition is accelerated by heparin, 

which also leads to formation of a substantial amount of cleaved AT. We have made a murine 

monoclonal antibody (M9) that is specific for the two forms of AT, in which the reactive 

center loop is inserted into β-sheet A, i.e. cleaved and latent AT. The antibody has no 

measurable affinity for native AT. Using M9 as a catcher antibody in conjunction with a 

monoclonal antibody (M27), that does not bind latent AT, we have developed a sandwich 

assay that measures cleaved AT without interference from latent and native AT. The 

concentration in healthy subjects was determined to 1.3 (1.0-1.9) mg/L, which is about 100-

fold lower than the plasma concentration of native AT and 1000-fold higher than the 

concentration of the TAT complex. The cleaved AT concentration is higher than what would 

be expected from the rate of formation of cleaved AT in vitro in conjunction with TAT 

complex formation in the presence of heparin. The concentration of cleaved AT did not 

correlate with the TAT concentration in plasma from patients with venous thrombosis. 

 

Keywords: antithrombin, cleaved antithrombin, DELFIA-assay, latent antithrombin, 

monoclonal antibody, thrombin-antithrombin complex 

  



 3

 

Introduction 
 
Antithrombin (AT)1 belongs to the serine protease inhibitor family (serpin) and is by way of 

inhibition of especially thrombin (T) and activated factor X an important regulator of blood 

coagulation [1]. A characteristic structural feature of AT and of other members of the serpin 

family is the five stranded β-sheet A, and the mobile reactive center loop (RCL), which 

contains the reactive P1–P´1 Arg-Ser bond in AT [2].  

Complex formation between a serpin and a protease induces profound structural changes in 

the inhibitor. An initially formed Michaelis complex is transformed to a covalent acyl ester 

intermediate between the P1 residue in the inhibitor and the protease active site serine residue 

by cleavage of the RCL. The cleaved RCL, with attached protease, is inserted as strand four 

in β-sheet A with translocation of the protease to the opposite pole of the inhibitor [3]. The 

inhibitory reaction follows a branched pathway with the final formation of a stable protease-

inhibitor complex as well as a small amount of cleaved inhibitor [4]. The crystal structure of 

the trypsin-antitrypsin complex reveals that the active site of the protease is distorted, thus 

precluding cleavage of the acyl bond between the inhibitor and the protease [5].  

In contrast to most other serpins, native AT has the residues at positions P15 and P14 in 

the so-called hinge region of the RCL inserted into β-sheet A [6]. By heparin binding this 

region is expelled from sheet A, contributing to an increased flexibility of the exposed RCL 

[7]. This not only accelerates the rate of protease inhibition but also promotes the pathway 

leading to cleavage of the acyl intermediate between AT and T. In the presence of heparin 

about 30 % of the reaction products are cleaved AT as compared to 7 % in the absence of 

heparin [8,9].  

A common feature for inhibitory serpins is the stability of the cleaved, loop-inserted form 

in even 6 M Guanidine-HCl, conditions under which the native serpin is denatured. An 

alternative stable structure of AT is the so-called latent form (L-AT), in which the RCL has 

been inserted into β-sheet A without previous cleavage of the reactive P1-P´1 bond [10]. A 

similar conformational variant has been reported for plasminogen activator inhibitor 1, α1-

antitrypsin and α1-antichymotrypsin [11-13]. Formation of L-AT is induced by incubation of 

purified native AT at 50-60°C or of plasma at 37°C, which may explain the contamination of 

commercial AT preparations by L-AT [14,15]. Both cleaved and latent AT inhibit tumor 

angiogenesis [16,17].  
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As a result of the drastic conformational changes in the serpin structure, following loop 

insertion into β-sheet A, new epitopes appear. Monoclonal antibodies (mabs) have been 

described reacting with such neoepitopes in cleaved free and protease complexed 

plasminogen activator inhibitor type-1 and typ-2, in C1-inhibitor, and in protein C inhibitor 

[18-22]. Protein C inhibitor in complex with activated protein C has been found to be a 

marker for venous thrombosis [23,24]. 

In the present study we describe a high affinity murine mab, M9, selected to be specific for 

loop inserted cleaved and latent AT. No binding was observed to native AT. Using M9 

together with a second monoclonal antibody against AT, which does not recognize L-AT, we 

have devised a sandwich assay to measure the plasma concentration of cleaved AT. 
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Materials and Methods 
 

Proteins and peptides 

Native AT was purified from human plasma as described [25]. Cleaved AT was produced by 

the incubation of native AT with porcine elastase (Sigma-Aldrich, Stockholm, Sweden) at a 

100:1 molar ratio [26]. After 2 h at 37°C, α1-antitrypsin was added to inhibit the elastase. The 

cleaved AT was purified on a 5 ml HiTrap Heparin HP Column (Amersham Biosciences, 

Uppsala, Sweden), equlibrated with 50 mM Tris, 0.1 M NaCl pH 7.5. A NaCl-gradient of 50 

ml (0.1-1 M) eluted cleaved AT at 0.4 M NaCl. L-AT was produced by incubating native AT 

(10 mg) at 50°C for 72 h in 50 mM Tris, 0.1 M NaCl pH 7.4, containing 20% glycerol [17]. 

The L-AT was purified using the same method as for cleaved AT. TAT complexes were 

formed in 50 mM Tris, 0.1 M NaCl pH 7.4. Native AT (52 nmol) was mixed with 30 nmol T, 

incubated at room temperature for 4 min after which 20 nmol PPACK (Calbiochem-

Novabiochem Corporation, La Jolla, CA, USA) was added. TAT was purified on a Heparin 

HiTrap column as described above. SDS-PAGE showed one major band corresponding to 

TAT and two minor bands corresponding to cleaved AT and T. Protein concentrations were 

determined by amino acid analysis after acid hydrolysis. Prothrombin was purified using a 

standard procedure [27]. The protein was activated as described [28]. 

The RCL-peptide was synthesized on a Milligen 9050 Plus instrument (Perkin-Elmer, 

Stockholm, Sweden), and purified by reverse-phase HPLC. Insertion of the RCL into native 

AT was performed, by incubating 6.9 nmol native AT with 690 nmol of a synthetic RCL-

peptide at 37°C for 20 h [29]. The RCL-complexed AT (RCL-AT) was then purified on a 

Heparin HiTrap Sepharose Column. The RCL insertion was confirmed by protein sequencing. 

 

Monoclonal antibodies 

Murine mabs were produced as described [22]. Mice were immunized with TAT. To find 

mabs specific for cleaved AT, an ELISA screening method was used, based upon the 

formation of complexes between biotinylated bovine activated factor X and AT (BXa-AT) in 

human heparin plasma. The BXa-AT containing plasma was diluted 1/50 with plasma diluted 

1/5 in 50 mM Tris, 0.1 M NaCl, 0.1 % (w/v) bovine serum albumin (BSA), 0.05 % (v/v) 

TWEEN 20, pH 7.4 (ELISA buffer). The final concentration of BXa-AT was 0.6 µg/ml. Cell 

supernatants were added to microtiterplates (Costar®, Corning Incorporated, Corning, NY) 

coated with 50 µl Rabbit Anti Mouse Immunoglobulins (10 µg/ml) (DAKO, A/S Denmark). 

After 30 min incubation at room temperature followed by washing, 50 µl BXa-AT was added. 
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The plate was incubated for 30 min at room temperature and washed, followed by the addition 

of 50 µl horseradish peroxidase-conjugated streptavidin (DAKO) diluted 1/50. After another 

incubation of 30 min and washing, 100 µl 1.2-phenylenediamine dihydrochloride (OPD) 

(DAKO) was added and the absorbance at 490 nm was measured. The mabs recognizing 

BXa-AT were selected. Positive clones were recloned twice. Mab-containing media from 

cells, cultured in an INTEGRA CELLine CL1000 flask (INTEGRA Biosciences AG, 

Wallisellen, Switzerland), were purified by Protein A-Sepharose chromatography. One of the 

mabs, M9-4 (M9), was investigated for its specificity to cleaved and latent AT. 

Mab M27, specific for native and cleaved AT, has been described earlier and mab M38 

recognizes all forms of AT [30]. 

 

Affinity chromatography 

Mixtures of equal amounts (50 µg) of purified native and latent as well as native and cleaved 

AT were applied at a flow rate of 0.5 ml/min to a 1 ml HiTrap Heparin HP Column, 

equlibrated with 50 mM Tris-HCl, 0.1 M NaCl, pH 7.4 (TBS). The proteins were eluted with 

a NaCl-gradient (0.1-1.5 M, 25 ml). The absorbance of the effluent was monitored at 280 nm. 

For measurements of inhibitory activity 100 µl of the fractions, diluted 1/25 in TBS 

containing 0.1 % BSA (w/v) and heparin, 4 U/ml, (Lövens Kemiske Fabrik, Ballerup, 

Denmark), were transferred to microtiter plates and supplemented with 100 µl T (0.2 µg/ml) 

diluted in the same buffer. After 15 min incubation at room temperature, 50 µl T substrate S-

2238 (Chromogenix, Gothenburg, Sweden) was added, and the absorbance at 405 nm was 

recorded for 10 minutes. Binding to M9 was analyzed in an ELISA as follows: In non-

adsorptive microtiter plates (Bibby Sterilin Ltd., Staffs, UK) 50 µl of the fractions, diluted 

1/80 in ELISA buffer, were mixed with 50 µl biotinylated M9 (4 µg/ml). After incubation for 

15 min at room temperature the samples were transferred to Streptavidin coated plates 

(Wallac, Turku, Finland) and incubated for 1 h, followed by washing with ELISA buffer and 

subsequent incubation with 100 µl of a rabbit polyclonal immunoglobulin fraction against 

human AT (PabAT) for 1 h. After washing, 100 µl of a horseradish peroxidase conjugated 

goat-anti-rabbit antibody (DAKO), diluted 1/1500 in ELISA buffer without BSA was added 

to each well and the plate was incubated for 1 h followed by washing. OPD substrate was 

added (100µl) and absorbance recorded at 490 nm. 

A 1 ml HiTrap NHS-activated HP Column was coupled with 10 mg M9 following the 

instructions of the manufacturer. After equilibration with TBS, 5 ml human blood plasma was 

applied. The column was washed with 50 mM Tris-HCl, 0.5 M NaCl, pH 7.4 and bound 
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proteins were eluted with 0.1 M glycine, 0.5 M NaCl pH 3.0. The eluate was analyzed 

employing PabAT or M9 as catcher antibodies and Eu3+-labeled M38 as reporter mab. 

Microtiterplates were coated with 100 µl PabAT (20 µg/ml in 0.15 M NaCl), incubated over 

night at +4°C and washed with Wash solution (Wallac). After blocking with 200 µl 1 % BSA 

in Assay Buffer (Wallac) for 1 h followed by washing, 100 µl of fractions diluted 1/200 in 

Assay Buffer were added. The plates were incubated shaking for 1 h. After washing, 100 µl of 

Eu3+-labeled mab M38 (0.2 µg/ml) was added and the plate was again incubated shaking for 1 

h, followed by washing, subsequent addition of 200 µl Enhancement Solution (Wallac) and 

measurement in a DELFIA plate fluorometer (Wallac). The eluted fractions (50 µl) diluted 

1/200 in Assay Buffer were mixed with 50 µl biotinylated M9 in a non-adsorptive microtiter 

plate. After 15 min the solution from each well was transferred to a streptavidin coated plate 

and incubated for 1 h followed by washing. Then 100 µl of a Eu3+-labeled mab M38 (0.2 

µg/ml) was added. The plate was incubated for 1 h, followed by washing, addition of 

Enhancement Solution and fluorescence measurement. Pooled eluted fractions were run on 

SDS-PAGE (12 %). 

To estimate the amounts of latent and cleaved AT in plasma and to confirm that no protein 

cleavage occured after blood collection, 50 ml blood from two persons was drawn in tubes 

containing 50 mM benzamidin (ACROS, New Jersey, US), 41 µM Leupeptin (Sigma Aldrich 

Chemie GmbH, Germany), 0.42 µM DEGR (Calbiochem), 4.3 µM PPACK (Calbiocem), 1 

mM AEBSF (Boehringer Mannheim GmbH, Germany) and 50 µM Chymostatin (Peptide 

Institute Inc.). The plasma was applied to the M9 Sepharose column as described above. The 

eluted proteins were sequenced on a Perkin-Elmer ABI Procise 494-pulsed liquid-phase 

sequencer.  

 

Competitive binding 

Different formations of AT competed with Eu3+-labeled cleaved AT for the binding to M9 or 

M27. Native, latent, and cleaved AT, TAT, incubated native AT and RCL-AT in 25 µl Assay 

Buffer (0-400 µg/ml) were added to 25 µl Eu3+-labeled cleaved AT (10 ng/ml) in a non-

adsorptive microtiterplate. The solutions were supplemented with 50 µl biotinylated M9 or 

M27 (0.5 µg/ml). After 15 min of incubation the samples were transferred to a streptavidin 

plate and incubated for 1 h. The plate was washed with Wash solution. Enhancement Solution 

was added and the fluorescence measured.  
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Biacore studies 

The affinity of M9 for different forms of AT was determined by surface plasmon resonance 

(BIACORE 2000, Biacore AB, Uppsala, Sweden). M9 was diluted in 10 mM Na-acetate pH 

4.8 and coupled to a CM5 sensor chip to about 4000 response units (RU). Latent, cleaved and 

thrombin complexed AT were diluted to 3.38, 6.75, 13.5, 27, 54 nM, 3.75, 7.5, 15, 30, 60 nM, 

and 4.5, 9, 18, 36, 74 nM respectively in 10 mM Hepes, 0.15 M NaCl, 3 mM EDTA, 0.005 % 

(v/v) TWEEN 20 pH 7.4 and injected at 30 µl/min with an association time of 180 s and 

dissociation time of 600 s. The sensor chip was regenerated with 2 x 5µl 0.1 M glycine-HCl, 

0.5 M NaCl pH 3.0 at a flow rate 5 µl/min. The results were evaluated by the use of 

Biaevaluation 3.0 software program. 

 

Determination of cleaved AT and TAT in human plasma 

Samples from 75 female and 35 male healthy individuals were collected in 5 ml tubes 

containing 0.5 ml 0.129 M Na-citrate. Cleaved AT was analyzed in a DELFIA by the use of 

biotinylated M9 as catcher antibody and Eu3+-labeled M27 as reporter antibody. Cleaved AT 

standard solutions of 50 µl (0-40 ng/ml), diluted in Assay Buffer or in latent AT/cleaved AT 

deficient plasma, and 50 µl blood plasma diluted 1/200 in Assay Buffer were mixed with 50 

µl biotinylated M9 (2 µg/ml) in non-adsorptive microtiter plates. After 15 min at room 

temperature the samples were transferred to streptavidin coated plates and incubated for 1 h 

on a plate shaker and washed four times with Wash solution. Eu3+-labeled M27, (20 µg/ml in 

100 µl Assay Buffer), was added followed by shaking for 1 h and washing, after which 200 µl 

Enhancement Solution was added and fluorescence measured as described above. 

Cleaved AT and TAT were measured in plasma from 38 patients with DVT diagnosed by 

phlebography. Blood was collected before pharmaceutical treatment and phlebography. 

Control samples were from 51 patients with negative phlebography. The measurement of 

TAT was performed by the use of Enzygnost® TAT micro (Dade Behring Marburg GmbH, 

Germany). Cleaved AT was measured in plasma samples from 20 patients treated with 

Warfarin and controlled by a functional Prothrombin assay, PK(INR= International 

Normalized Ratio). Patients with PK(INR) values between 3.5 and 6.4 were chosen. 

Blood samples were drawn from 9 patients before and 15 h after administration of a single 

dose of 40 mg low molecular weight heparin (Klexane®) prior to hip surgery.  
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Stability of cleaved AT and TAT in citrated and heparinised plasma 

Blood from a healthy person was drawn in tubes containing either 0.5 ml 0.129 M Na-citrate 

or heparin. The tubes were immediately centrifuged at 1500 g for 10 min, after which the 

plasma was incubated at room temperature. Aliquots were taken after 0, 1, 2, 4, 6, 24, and 52 

h and frozen at –70°C. Cleaved AT and TAT were measured as described above.  

 

Other methods 

Eu3+-DTTA chelate labeling (Wallac) and biotinylation with NHS-LC-biotin (Pierce, 

Rockford, IL) were performed as described by the manufacturers. SDS-PAGE was carried out 

using a standard method.  
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Results 
 

Properties of mab M9 specific for the cleaved and latent forms of AT 

The monoclonal antibody, M9, was obtained by immunizing mice with the TAT complex. 

The screening procedure was designed to ensure that only mabs specific for the loop-inserted 

form of the inhibitor were identified. Thus, biotinylated bovine factor Xa was added to human 

plasma to obtain BXa-AT complexes. The substitution of thrombin for factor Xa in complex 

with AT ensured that mabs reacting with the protease were not detected. Moreover, due to the 

large molar excess of free, uncleaved AT in plasma over the forms with the RCL inserted in 

β-sheet A, only mabs with the desired specificity were identified. Two mabs were selected 

and one of them, M9, was characterized in detail.  

In a first test of the specificity of M9, mixtures of native and cleaved and of native and 

latent AT were chromatographed on a HiTrap heparin HP column that was eluted with a NaCl 

gradient (Fig. 1). The eluate was analyzed for its ability to inhibit thrombin in an amidolytic 

assay and for its ability to bind to M9 in a sandwich assay as described in Materials and 

Methods. Cleaved and latent AT, which have lower affinity for heparin than native AT, eluted 

in the first peak at about 0.4 M NaCl. They had no thrombin inhibitory activity but both were 

recognized by M9. Native AT eluted in the second peak at about 0.9 M NaCl. It inhibited 

thrombin but did not bind M9.  

The three forms of AT were also analyzed in competitive binding experiments. 

Competition with Eu3+-labeled cleaved AT for binding to biotinylated M9 was measured. 

Cleaved and latent AT and the TAT complex competed equally well for binding to the mab 

(Fig. 2A). In contrast, native AT had no discernible affinity for the mab. There appeared to be 

a weak competition with RCL-AT. This type of loop-inserted AT is obtained by incubation 

with a large molar excess of the synthetic loop at 37°C. However control AT, incubated 

without RCL, displayed the same degree of competition. We therefore infer that the 

displacement was due to a conversion of about 1% of the native AT to the latent conformation 

during the incubation rather than competition by the form with inserted synthetic peptide. 

The affinity of different forms of AT for M9 was also studied by surface plasmon 

resonance using a Biacore 2000 instrument. Binding of different concentrations of AT to the 

immobilized mab was analyzed using the Biaevaluation 3.0 software package. The KDs of 

cleaved and latent AT and of the TAT complex were from 0.96 x 10-9 M to 3.07 x 10-9 M with 

the complex having the highest affinity (Table 1). The differences were accounted for by 
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differences in the rate of dissociation. The affinity of the native/stressed form of AT could not 

be measured as it was too low to give a signal. 

 

Isolation of cleaved/latent AT from plasma using M9 

As cleaved/latent AT has been found to contaminate commercial AT concentrates used in 

clinical medicine we investigated whether the mab could be used to isolate the two species of 

AT by immunoaffinity chromatography. To that end 5 ml of undiluted citrated plasma was 

applied to a M9-conjugated Sepharose column and after washing, the bound AT was eluted at 

a low pH (Fig. 3). With PabAT as catcher and Eu3+-labeled mab M38 as reporter mab, AT in 

the flow through was identified as well as a small amount of immunoreactive material that 

had been bound to the column. With biotinylated M9 as a catcher no signal was observed 

from native/stressed AT in the flow through, whereas the material eluted at low pH contained 

immunoreactive material, i.e. cleaved and/or latent AT. SDS-PAGE and sequence analysis 

showed that the eluted material contained both latent and cleaved AT. To estimate the relative 

amounts of cleaved and latent AT in the eluate, 25 ml plasma from two persons was 

chromatographed and sequenced. In addition to the N-terminal His-Gly-Ser-Pro-Val the 

sequence Ser-Leu-Asn-Pro-Asn was obtained, consistent with cleavage of AT at the thrombin 

cleavage site. The latent AT accounted for ~75% of the loop-inserted forms in both plasmas.  

 

Properties of mab M27, specific for the cleaved and native forms of AT 

An assay that measures cleaved AT and utilizes a catcher mab specific for the loop-inserted 

forms of AT requires that the reporter mab binds to cleaved AT and has no affinity for latent 

AT. We have previously characterized a monoclonal antibody, mab M27, with these 

properties [30]. The epitope of this mab involves the sequence Phe-Ile-Arg-Glu-Val-Pro 

(residues 411-416). The affinity of the mab for latent AT is more than 200-fold lower than it 

is for cleaved AT making it useful as a reporter mab in a sandwich assay (Fig. 2B).  

 

A sandwich assay for measurements of cleaved AT in plasma 

A sandwich assay for cleaved AT was devised using M9 as catcher mab and Eu3+-labeled 

M27 as reporter mab. Due to the high affinity of the mabs the assay gives linear dose-

response curves (Fig. 4). The assay measures cleaved AT in the physiological range (see 

below) as well as at subnormal levels. The standard curves in buffer and in plasma deficient 

in cleaved AT are identical within experimental error. The standard curve with plasma 
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supplemented with purified cleaved AT has the same slope as the curve in buffer and has an 

intercept corresponding to the plasma concentration of cleaved AT.  

The intra (10 measurements) and inter (14 measurements) assay variations of a sample 

within the normal range of cleaved AT (1.7 mg/L) were 4.7 and 6.2%, respectively (CV). The 

lowest detection limit of the assay was defined by five measurements of cleaved AT 

performed on a plasma sample depleted of this analyte and diluted 1/200. The mean value + 3 

SD was 0.05 mg/L. The recovery obtained from 5 determinations of two normal plasma 

samples supplemented with 1 and 2 mg/L cleaved AT was found to be 94% (±3) and 95% 

(±1), respectively. 

The frequency distribution curve of cleaved AT measured in 75 female and 35 male 

healthy adults was positively skewed (Fig. 5). The median was calculated to 1.3 mg/L (range 

1.0-1.9). There was no difference in the concentration of cleaved AT between males and 

females. 

The medians of cleaved AT of 38 patients with DVT and 51 control patients were 1.3 

mg/L (range 0.9-2.2) and 1.3 mg/L (range 0.9-2.5), respectively. TAT, measured in the same 

samples gave median values of 12.5 µg/L (range 0.1-61.0) and 3.0 µg/L (range 0.1-53.0), 

respectively. No correlation was found between cleaved AT and TAT, as tested by the 

calculation of Pearson correlation coefficient (r) (Fig. 6). We also measured the concentration 

of cleaved AT in patients treated with Warfarin. There was no correlation with the PK(INR) 

(not shown). The concentration of cleaved AT was not influenced by the administration of 

low molecular weight heparin (not shown). 

 

Generation of cleaved AT in citrated and heparinised plasma 

Normal heparinised and citrated plasmas were incubated at room temperature for 52 h and the 

formation of cleaved AT and TAT was examined. There was no change in the concentration 

of either cleaved AT or TAT in the citrated plasma within the incubation time. In the 

heparinised plasma both TAT and cleaved AT increased with time, resulting in an approximal 

duplication of the concentrations in 52 h (Fig. 7).  
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Discussion 
 

Unlike the native form of AT both the cleaved and latent forms have antiangiogenic 

properties |16,17]. Recently, it was shown by densitometric scanning that both these forms of 

AT are trace components in human plasma [31]. The latent form has also been found to 

constitute a significant part of AT preparations that are used therapeutically [14]. Latent AT 

does not inhibit T or active factor X but forms a non-covalent, inactive dimer with the native 

form of AT [15]. For these reasons high concentrations of latent AT are linked to an increased 

risk to develope venous thrombosis [32].  

It is of potential clinical interest to be able to measure both cleaved and latent AT in 

plasma, for instance, in patients with malignancies and/or with pathologic proteolysis. It is 

also important to be able to measure these forms of AT in concentrates intended for clinical 

use. Two methods have been devised to measure cleaved/latent AT. They depend on 

preanalytic removal of native AT either by thermal or SDS-mediated denaturation, which is 

followed by ELISA. Both methods presumably measure the sum of the cleaved and latent 

forms of AT [33,34]. Therefore, we have developed a sandwich assay that specifically 

measures cleaved AT without interference from the native or latent forms. The method 

depends on a very high affinity catcher mab that binds AT with the RCL inserted into β-sheet 

A, i.e. AT in complex with T/factor Xa as well as the cleaved and latent forms, but has no 

measurable affinity for the native form. The reporter mab binds cleaved AT but has a ~200-

fold lower affinity for the latent form. 

The location of the epitope of mab M9 has not been defined. A mab (M36) against protein 

C inhibitor has properties similar to those of mab M9, i.e. it is specific for the loop-inserted 

form of the inhibitor [22]. This mab has the epitope in the vicinity of residue P13 of the loop 

inserted into β-sheet A. It could be induced by insertion of the RCL into β-sheet A of the 

protein C inhibitor. However, insertion of the corresponding synthetic reactive site loop into 

β-sheet A of AT did not induce the epitope. 

We found the median concentration of cleaved AT in plasma to be 1.3 mg/L. The TAT 

complex is codetermined, but since its concentration is ~103-fold lower (1.0-4.1 µg/L in 

adults), it does not pose a problem even in pathological conditions. 

The pathway for inhibition of T by AT is branched, leading to complex formation and 

inhibition of T as well as to cleavage of AT and liberation of active T due to cleavage of the 

acyl-enzyme intermediate. It has been observed in vitro that TAT formation in the presence of 

heparin is accompanied by the formation of about 30% of cleaved AT relative to TAT, and 



 14

that the amount of cleaved AT produced under physiological conditions is independent of the 

AT/T ratio in the reaction [8,9]. In vivo, the complex between T and AT is formed under 

heparinised conditions due to heparin-like substances, which are bound to the surface of 

capillary endothelial cells [35]. This poses the question whether the cleaved AT in plasma can 

be accounted for solely by the cleavage of AT that is coupled to complex formation with T, or 

if there are other sources, for instance AT cleavage mediated by enzyme(s) other than 

thrombin [33,36]. In humans the half-life of native AT is ~64 h, whereas the half-lives of 

cleaved and latent AT have not been determined, nor has that of the TAT complex [37]. In 

rabbits the half-life of native as well as cleaved and latent AT is 20 h and that of the TAT 

complex is 18 min [31]. We assume that the three-fold longer half-life of native AT in 

humans than in rabbits and presumably also of cleaved and latent AT is accompanied by a 

similar elongation of the half-life of the TAT complex, i.e. to ~54 min, even if there is no 

experimental evidence to support this notion. Under those premises and assuming a first order 

rate of elimination, steady state conditions and equal distribution volumes of 3 L (plasma 

volume) for the TAT complex and cleaved AT, 0.6 pM/min of TAT and 12.1 pM/min of 

cleaved AT would be formed. More cleaved AT is thus generated than would be expected 

from the in vitro measurements performed in buffers of different ionic strengths. At 

physiological ionic strength about 30 % cleaved AT was generated relative to TAT (9). This 

conclusion is supported by the fact that there was no correlation either between cleaved AT 

and TAT in DVT patients or between cleaved AT and PK(INR) in patients treated with 

Warfarin. 

Elastase might be involved in the production of cleaved AT, as it binds to 

glycosaminoglycans like AT and has been reported to cleave AT effectively in vitro in the 

presence of heparin [38]. However, the elastase cleavage of AT is at the Ile390–Ala391 

peptide bond, whereas we only have observed the thrombin Arg393-Ser394 cleavage in AT 

purified from plasma by affinity chromatography utilizing mab M9. The production of 

cleaved AT in the microvasculature thus exceeds that observed in vitro under heparinised 

condition and the mechanism is unclear.  
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mabs, monoclonal antibodies; OPD, 1,2-phenylenediamine dihydrochloride; PabAT, rabbit 

polyclonal immunoglobulin fraction against human AT; RCL, reactive center loop; RCL-AT, 

RCL-complexed AT; TAT, thrombin-antithrombin complex; SDS-PAGE, sodium dodecyl 

sulphate-polyacrylamide electrophoresis; TBS, 50 mM Tris, 0.1 M NaCl pH 7.4. 

 

 

 

 

 

 

 

 



 16

References 
 

1. Gettins PGW., Patston PA, Olson ST. Serpins: Structure, Function and Biology. 1996. 

Springer-Verlag, Heidelberg, Germany. 

2. Gettins PGW. Serpin structure, mechanism, and function. Chem Rev 2002; 102: 4751-

4803. Carrell RW, Stein PE.  

3. Stratikos E, Gettins PGW. Formation of the covalent serpin-proteinase complex 

involves translocation of the proteinase by more than 70 Å and full insertion of the 

reactive center loop into β-sheet A. Proc Natl Acad Sci USA 1999; 96: 4808-4813.  

4. Lawrence DA, Olson ST, Muhammad S, Day DE, Kvassman JO, Ginsburg D, Shore 

JD. Partitioning of serpin-proteinase reactions between stable inhibition and substrate 

cleavage is regulated by the rate of serpin reactive center loop insertion into β-sheet A. 

J Biol Chem 2000; 275: 5839-5844. 

5. Huntington JA, Read RJ, Carrell RW. Structure of a serpin-protease complex shows 

inhibition by deformation. Nature 2000; 407: 923-926.  

6. Schreuder HA, de Boer B, Dijkema R, Mulders J, Theunissen HJM, Grootenhuis PDJ, 

Hol WGJ. The intact and cleaved human antithrombin III complex as a model for 

serin-proteinase interactions. Nat Struct Biol 1994; 1: 48-54. 

7. Jin L, Abrahams JP, Skinner R, Petitou M, Pike RN, Carrell RW. The anticoagulant 

activation of antithrombin by heparin. Proc Natl Acad Sci USA 1997; 94: 14683-

14688.  

8. Björk I, Fish WW. Production in Vitro and properties of a modified form of bovine 

antithrombin, cleaved at the active site by thrombin. J Biol Chem 1982; 257: 9487-

9493. 

9. Olson, S. T. Heparin and ionic strength-dependent conversion of antithrombin III from 

an inhibitor to a substrate of α-thrombin. J Biol Chem 1985; 260: 10153-10160.  

10. Wardell MR, Chang W-SW, Bruce D, Skinner R, Lesk AM, Carrell RW. Preparative 

induction and characterization of L-Antithrombin: A structural homologue of latent 

plasminogen activator inhibitor 1. Biochemistry 1997; 36: 13133-13142. 

11. Hekman CM, Loskutoff DJ. Endothelial cells produce a latent inhibitor of 

plasminogen activators that can be activated by denaturants. J Biol Chem 1985; 260: 

11581-11587. 

12. Lomas DA, Elliott PR, Chang W-SW, Wardell MR, Carrell RW. Preparation and 

characterization of latent α1-antitrypsin. J Biol Chem 1995; 270: 5282-5288. 



 17

13. Chang W-SW, Lomas DA. Latent α1-antichymotrypsin. A molecular explanation for 

the inactivation of α1-antichymotrypsin in chronic bronchitis and emphysema. J Biol 

Chem 1998; 273: 3695-3701. 

14. Chang W-SW, Harper PL. Commercial antithrombin concentrate contains inactive L-

forms of antithrombin. Thromb Haemost 1997; 77: 323-328. 

15. Zhou A, Huntington JA, Carrell RW. Formation of the antithrombin heterodimer in 

vivo and the onset of thrombosis. Blood 1999; 94: 3388-3396. 

16. O´Reilly MS, Pirie-Shepherd S, Lane WS, Folkman J. Antiangiogenic activity of the 

cleaved conformation of the serpin antithrombin. Science 1999; 285: 1926-1928.  

17. Larsson H, Sjöblom T, Dixelius J, Östman A, Ylinenjärvi K, Björk I, Claesson-Welsh 

L. Antiangiogenic effects of latent anti-thrombin through perturbed cell-matrix 

interactions and apoptosis of endothelial cells. Cancer Res 2000; 60: 6723-6729.  

18. Saunders DN, Buttigieg KML, Gould A, McPhun V, Baker MS. Immunological 

detection of conformational neoepitopes associated with the serpin activity of 

plasminogen activator inhibitor type-2. J Biol Chem 1998; 273: 10965-10971. 

19. Debrock S, Declerck PJ. Characterization of common neoantigenic epitopes generated 

in plasminogen activator inhibitor-1 after cleavage of the reactive center loop or after 

complex formation with various serine proteinases. FEBS Letters 1995; 376: 243-246. 

20. Nuijens JH, Huijbregts CCM, van Mierlo GM, Hack CE. Inactivation of C-1 inhibitor 

by proteases: demonstration by a monoclonal antibody of a neodeterminant on 

inactivated, non-complexed C-1 inhibitor. Immunology 1987; 61: 387-389. 

21. de Agostini A, Patston PA, Marottoli V, Carrel S, Harpel PC, Schapira M. A common 

neoepitope is created when the reactive center of C1-inhibitor is cleaved by plasma 

kallikrein, activated factor XII fragment, C1 esterase, or neutrophil elastase. J Clin 

Invest 1988; 82: 700-705. 

22. Strandberg K, Kjellberg M, Erb E-M, Persson U, Mosher DF, Villoutreix B, Stenflo J. 

Activated protein C-protein C inhibitor complex formation: Characterization of a 

neoepitope provides evidence for extensive insertion of the reactive center loop. 

Biochemistry 2000; 39: 15713-15720. 

23. Strandberg K, Kjellberg M, Knebel R, Lilja H, Stenflo J. A sensitive immunochemical 

assay for measuring the concentration of the activated protein C-protein C inhibitor 

complex in plasma: Use of a catcher antibody specific for the complexed/cleaved form 

of the inhibitor. Thromb Haemost 2001; 86: 604-610. 



 18

24. Strandberg K, Astermark J, Björgell O, Becker C, Nilsson PE, Stenflo J. Complexes 

between activated protein C and protein C inhibitor measured with a new method. 

Comparison of performance with other markers of hypercoagulability in the diagnosis 

of deep vein thrombosis. Thromb Haemost 2001; 86: 1400-1408. 

25. McKay JE. A simple two-step procedure for the isolation of antithrombin III from 

biological fluids. Thromb Res 1981; 21: 375-382. 

26. Picard V, Marque P-E, Paolucci F, Aiach M, Le Bonniec BF. Topology of the stable 

serpin-protease complexes revealed by an autoantibody that fails to react with the 

monomeric conformers of antithrombin. J Biol Chem 1999; 274: 4586-4593. 

27. Bajaj SP, Mann KG. Simultaneous purification of bovine prothrombin and factor X. 

Activation of prothrombin by trypsin-activated factor X. J Biol Chem 1973; 248: 

7729-7741. 

28. Speijer H, Govers-Reimslag JWP, Zwaal RFA, Rosing J. Prothrombin activation by 

an activator from the venom of Oxyuranus Scutellatus (Taipan Snake). J Biol Chem 

1986; 261: 13258-13267. 

29. Björk I, Ylinenjärvi K, Olson ST, Bock PE. Conversion of antithrombin from an 

inhibitor of thrombin to a substrate with reduced heparin affinity and enhanced 

conformational stability by binding of a teradecapeptide corresponding to the P1 to 

P14 region of the putative reactive bond loop of the inhibitor. J Biol Chem 1992; 267: 

1976-1982. 

30. Long GL, Kjellberg M, Villoutreix BO, Stenflo J. Probing plasma clearance of the 

thrombin-antithrombin complex with a monoclonal antibody against the putative 

serpin-enzyme complex receptor-binding site. Eur J Biochem 2003; 270: 4059-4069. 

31. Mushunje A, Evans G, Brennan SO, Carrell RW, Zhou A. Latent antithrombin and its 

detection, formation and turnover in the circulation. J Thromb Haemost 2004; 2: 

2170-2177. 

32. Carrell RW, Huntington JA, Mushunje A, Zhou A. The conformational basis of 

thrombosis. Thromb Haemost 2001; 86: 14-22. 

33. Esmon PC, Yee E. Enzyme-linked immunosorbent assay for proteolytically 

inactivated antithrombin-III: use of sodium dodecyl sulfate to eliminate signal due to 

intact antithrombin-III. Anal Biochem 1992; 202: 344-347. 

34. Lindo VS, Kakkar VV, Melissari E. Cleaved antithrombin (ATc): a new marker for 

thrombin generation and activation of the coagulation system. Br J Haematol 1995; 

89: 157-162. 



 19

35. Marcum JA, McKenney JB, Rosenberg RD. Acceleration of thrombin-antithrombin 

complex formation in rat hindquarters via heparinlike molecules bound to the 

endothelium. J Clin Invest 1984; 74: 341-350. 

36. Desrochers PE, Jeffrey JJ, Weiss SJ. Interstitial collagenase (matrix metalloproteinase-

1) expresses serpinase avtivity. J Clin Invest 1991; 87: 2258-2265. 

37. Collen D, Schetz J, de Cock F, Holmer F, Verstraete M. Metabolism of antithrombin 

III (heparin cofactor) in man: effects of venous thrombosis and of heparin 

administration. Eur J Clin Invest 1977; 7: 27-35. 

38. Jordan RE, Nelson RM., Kilpatrick J, Newgren JO, Esmon PC, Fournel MA. 

Inactivation of human antithrombin by neutrophil elastase. Kinetics of the heparin-

dependent reaction. J Biol Chem 1989; 264: 10493-10500. 



 20

Table 1. Binding constants of M9 for the interaction with L-AT, 

cleaved AT and TAT, measured on a Biacore 2000. 

Analyte ka (M-1.s-1)  kd (s-1) kD (M) 

latent AT 3.13 x 104  (±0.04) 9.61 x 10–5 (±0.27) 3.07 x 10-9 (±0.11) 

cleaved AT 2.13 x 104 (±0.14) 5.94 x 10–5 (±0.26) 2.79 x 10-9 (±0.07) 

TAT 2.94 x 104 (±0.54) 2.76 x 10-5 (±0.33) 0.96 x 10-9 (±0.23) 

Values represent the mean value (±SD). 
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Legends to figures 

 

Fig. 1. Affinity chromatography of mixtures of purified latent, cleaved and native AT on 

a HiTrap Heparin HP Column. A. A mixture of equal amounts of native and cleaved AT 

was applied on a HiTrap Heparin HP Column of 1 ml and eluted with a NaCl-gradient (0.15-

1.5 M, 25 ml). The effluent was monitored at 280 nm (⎯). The eluate was analyzed with an 

ELISA by the use of biotinylated M9 as a catcher and PabAT as reporter antibody, followed 

by horseradish peroxidase conjugated goat-anti-rabbit antibody as detector (Ο). An amidolytic 

assay was used to measure the ability of the eluate to inhibit T. The results are presented as 

the relative inhibition, where the inhibition by an equimolar amount of native AT towards 

thrombin was set to 100 % (∆). B. The same as in A performed with a mixture of latent and 

native AT. 

 

Fig. 2. Competition of different forms of AT with Eu3+-labeled cleaved AT for binding to 

M9 and M27. A. Competition of native AT ( ), native AT incubated for 20 h at 37°C ( ), 

cleaved AT ( ), RCL-AT, attained by incubating native AT with 100-fold molar excess of a 

synthetic RCL for 20 h at 37°C (∆), latent AT (♦) and TAT (Ο) for binding to M9 as 

described in Materials and Methods. B. Competition of native AT (∆), latent AT ( ), and 

cleaved AT (Ο) for binding to M27. The y-axis shows the binding of Eu3+-labeled cleaved AT 

to M9 or M27 relative to its binding with no competitor present.  

 

Fig. 3. Affinity chromatography on a M9 coupled Hi Trap column. Human normal plasma 

(5 ml) was applied to a M9 conjugated Sepharose. The effluent was monitored at 280 nm 

( ). Elution of the bound material is indicated with an arrow. The eluate was analyzed for 

binding to PabAT ( ) in A and to M9 (Ο) in B. Eu3+-labeled M38 was used as reporter mab 

in both assays. C. SDS-PAGE (12%) of eluate. Lane 1: molecular markers 94, 67 and 43 kDa, 

lane 2: cleaved AT, lane 3: native AT, lane 4: latent AT, and lane 5: eluted bound material. 

 

Fig. 4. Dose response curves for cleaved AT. Increasing concentrations of cleaved AT were 

diluted in Assay buffer (Ο), human blood plasma ( ), latent and cleaved AT-deficient human 

blood plasma (∆). Latent and cleaved AT-deficient human blood plasma was supplemented 

with 6 mg/L latent AT ( ). The assay was performed with biotinylated M9 as a catcher and 

Eu3+-labeled M27 as a reporter mab.  
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Fig. 5. Frequency histogram of cleaved AT in healthy adults (n=110).  

 

Fig. 6. Plot diagram of the concentrations of TAT and cleaved AT measured in 17 patients 

with DVT and positive in phlebography (Ο) and in 13 control patients with negative 

phlebography ( ). A correlation (Pearsons r) is shown as the coefficient of determination, R2 

= 0.0689. 

 

Fig. 7. Comparison of the generation of cleaved AT and TAT in citrated plasma and in 

heparinised plasma incubated at room temperature. (O) cleaved AT and (◊) TAT in citrated 

plasma, ( ) cleaved AT and ( ) TAT in heparin plasma. 
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Fig. 2 
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Fig. 6 
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