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Abstract

Meizothrombin is an active intermediate generated during the proteolytic activation of 

prothrombin to thrombin in the penultimate step of the coagulation cascade. Structurally, 

meizothrombin differs from thrombin because it retains the auxiliary Gla domain and two kringles. 

Functionally, meizothrombin shares with thrombin the ability to cleave procoagulant (fibrinogen), 

prothrombotic (PAR1) and anticoagulant (protein C) substrates, although its specificity toward 

fibrinogen and PAR1 is less pronounced. In this study we report information on the structural 

architecture of meizothrombin resolved by SAXS and single molecule FRET as an elongated 

arrangement of its individual domains. In addition, we show the properties of a meizothrombin 

construct analogous to the anticoagulant thrombin mutant W215A/E217A currently in Phase I for 

the treatment of thrombotic complications and stroke. The findings reveal new structural and 

functional aspects of meizothrombin that advance our understanding of a key intermediate of the 

prothrombin activation pathway.
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Meizothrombin (Mz) is an important physiological intermediate generated during the 

proteolytic conversion of prothrombin into thrombin in the penultimate step of the 

coagulation cascade [1-7]. The prothrombinase complex composed of factor Xa, cofactor 

Va, Ca2+ and phospholipids cleaves prothrombin at two sites, R271 and R320, leading to 

formation of the inactive precursor prethrombin-2 and the active intermediate Mz, 

respectively [1, 8, 9]. Importantly, the cleavage at R271 sheds the auxiliary domains of 

prothrombin, i.e., the Gla domain and the two kringles. On the other hand, the alternative 

cleavage at R320 initiates folding of the protease domain leading to enzymatic activity but 

keeps the multidomain architecture of the product intact and similar to that of the zymogen 

precursor prothrombin. Hence, Mz carries an active protease domain equivalent to thrombin 

linked covalently to the auxiliary domains of prothrombin. As such, Mz is a most interesting 

intermediate of the prothrombin activation pathway and invites analysis of its multidomain 

architecture compared to prothrombin and of its enzymatic properties compared to thrombin.
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The three-dimensional architecture of full length Mz remains unknown and the only current 

structures are those of human [10] and bovine [11] Mz lacking the Gla domain and 

kringle-1. Recent advances on the structure of prothrombin [12-16] have revealed two major 

conformations in equilibrium, open and closed, whose distribution changes upon interaction 

with prothrombinase. Under physiological conditions, prothrombin circulates mainly in the 

closed conformation where kringle-1 docks onto the protease domain by intramolecular 

collapse. Binding of prothrombin to prothrombinase in the closed conformation exposes 

R320 for cleavage to generate meizothrombin, which then assumes an open conformation 

promoting cleavage at R271, shedding of the auxiliary domains and generation of thrombin 

[16]. Mz is not only a substrate of prothrombinase bearing the same multidomain 

architecture as prothrombin but also is an enzyme with functional properties similar to 

thrombin. Indeed, Mz cleaves fibrinogen to promote formation of a fibrin clot and triggers 

platelet aggregation by cleavage of PAR1, although the relative velocities measured for these 

procoagulant and prothrombotic substrates are significantly reduced when compared to 

thrombin [3, 5, 17-21]. In contrast, Mz initiates the anticoagulant pathway by activating 

protein C upon interaction with the endothelial receptor thrombomodulin more efficiently 

than thrombin due to the accelerating effect that phospholipids have on its anticoagulant 

function [18-20, 22]. Phospholipids also accelerate the activation of FV [23] and FXI [24] 

by Mz as well as its intermolecular autoconversion into thrombin [25]. Importantly, the 

aforementioned catalytic properties implicate that Mz may function as a better anticoagulant 

enzyme than thrombin due to reduced activity toward procoagulant (fibrinogen) and 

prothrombotic (PAR1) substrates, linked to a slightly more pronounced activity toward the 

anticoagulant protein C in the presence of phospholipids [18, 19]. In the mouse, direct 

infusion of a prothrombin variant activated to a stable form of Mz delays carotid artery 

thrombosis more efficiently than injection of wild-type prothrombin that ultimately converts 

to thrombin [20].

In this study, we report new details on the structure and function of Mz. We use small angle 

X-ray scattering (SAXS) and single molecule Förster resonance energy transfer (smFRET) 

to unravel features of the conformation of this intermediate that can be compared to those 

recently reported for prothrombin [12, 13, 15, 16]. In addition, we characterize an 

engineered mutant of Mz in the context of the anticoagulant W215A/E217A (WE) mutant of 

thrombin [26-28] currently in Phase I for the treatment of thrombotic complications and 

stroke.

RESULTS and DISCUSSION

Recent X-ray and smFRET measurements have revealed a pre-existing equilibrium between 

closed and open conformations of prothrombin [12, 13, 15, 16]. The closed form 

predominates under physiological conditions and features an intramolecular collapse of 

kringle-1 onto the active site of the protease domain. Analogous measurements of Mz 

confirm the existence of two forms in equilibrium but with the distribution shifted in favor of 

the open form. SAXS measurements of Mz in solution reveal an elongated shape (Figure 

1A), with a maximal particle size (Dmax) value of 160 Å, or 40 Å longer than that of 

prothrombin. Cleavage at R320 in the protease domain is therefore sufficient to weaken the 

intramolecular contact that stabilizes the closed form. This is consistent with recent findings 
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from rapid kinetics measurements of ligand binding to the active site of thrombin, Mz and 

their zymogen precursors prethrombin-2, prethrombin-1 and prothrombin [29]. Formation of 

the H-bond between the newly formed N-terminus at residue I321 and the highly conserved 

D524 next to the catalytic S525 proceeds according to the celebrated Huber-Bode 

mechanism of zymogen activation [30]. The mechanism promotes ligand binding to the 

active site by reducing the rate of dissociation and shifting the conformational ensemble in 

favor of the open form [29]. New smFRET measurements of Mz also support the 

predominance of the open form for this intermediate (Figure 1B). Binding of a ligand to the 

active site shifts the distribution further in favor of the open form, but without altering 

significantly the relative FRET efficiency (Figure 1C). This is in agreement with 

conformational transitions of Mz that precede rather than follow the binding step, as 

predicted by the binding mechanism of conformational selection [29, 31].

To characterize the catalytic properties of Mz, we have engineered a derivative of the 

enzyme where residues R55, R155, R271 and R284 known to be susceptible to proteolysis 

[18, 32] were replaced with Ala. The resulting quadruple mutant R55A/R155A/R271A/

R284A (MZ4R) differs from previously characterized variants [18-20] insofar as it includes 

the R55A mutation that enhances stability by preventing loss of the Gla domain by 

proteolytic cleavage [25, 32]. Mz4R cleaves fibrinogen and a fragment of PAR1 with 

specificity constants higher than that measured for cleavage of protein C in the presence of 

thrombomodulin (Table 1, Figure 2). The preference, however, is significantly smaller than 

that seen for thrombin [28], especially in the case of fibrinogen. The origin of this difference 

is likely due to occupancy of exosite II by kringle-2 in Mz [10, 11] that masks epitopes 

responsible for the interaction with fibrinogen [28]. Exosite II is also important for binding 

of thrombomodulin [33], which could explain the reduced specificity constant of Mz toward 

protein C in the presence of cofactor. The presence of Gla domain in Mz has been reported 

to have a profound effect on the activation of protein C [18, 19]. At saturating concentrations 

(0.5 mM) of phospholipids (Table 1, Figure 2) the value of kcat/Km for protein C activation 

increases nearly 50-fold (Figure 3) while no effect is observed for cleavage of fibrinogen or 

PAR1. Phospholipids select the substrate preference of Mz by favoring activation of protein 

C but have no significant effect on the activity of thrombin [18, 19] that lacks the Gla 

domain.

Unlike thrombin, Mz shows an intrinsic propensity to cleave protein C at rates comparable 

to those of fibrinogen and PAR1 (Table 1, Figure 2) and further enhanced by the presence of 

saturating concentrations of phospholipids (Figure 3). This prompted construction of the 

double mutant W547A/E549A in the Mz4R background. The equivalent double substitution 

in thrombin is W215A/E217A (WE) and drastically compromises fibrinogen and PAR1 

cleavage with minimal effects on the rate of protein C activation in the presence of 

thrombomodulin [34]. The WE mutant has been studied extensively [28, 35, 36], features 

effective anticoagulant and antithrombotic activities in vivo [37-39] and is currently in Phase 

I for the treatment of thrombotic complications and stroke. There is interest to further 

improve on the properties of WE under conditions that are clinically relevant and recent 

studies in the mouse supports Mz as a potential scaffold [20, 21]. As expected, the W547A/

E549A substitution in Mz4R (MZ4R/WE) shows a drastic loss of specificity toward fibrinogen 

and PAR1. The mutant also shows a significant (140-fold) loss of activity toward protein C 
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that, however, is corrected almost entirely in the presence of saturating concentrations of 

phospholipids (Table 1, Figures 2 and 3). Under these conditions, MZ4R/WE has highest 

specificity toward protein C with a value of kcat/Km that exceeds those of fibrinogen and 

PAR1 by 160-fold and nearly 10-fold, respectively. This is a notable difference over the WE 

mutant of thrombin that is borne out by the specific effect of phospholipids on the Gla 

domain of Mz. Forthcoming studies of MZ4R/WE in non human primates will reveal how 

effective this construct may be as an anticoagulant and antithrombotic agent in vivo.

MATERIALS and METHODS

PCR mutagenesis and Protein Overexpression and Purification

All mutations reported in this study were introduced into the human prothrombin gene 

subcloned in a pDEST40 vector using the Quick-Change Lightning site-directed 

mutagenesis kit (Agilent Technologies). Plasmids carrying the desired prothrombin 

mutations were transfected into baby hamster kidney (BHK) cells using Lipofectamine 3000 

(Invitrogen) according to a standard protocol supplied by the manufacturer. Stably 

expressing clones were selected by applying selection pressure with 1.5 mg/mL geneticin 

and once the expression was verified through Western blotting, the cells were transferred 

into large cell factories. Prothrombin was then purified using immuno- and ion-exchanged 

chromatography as described [40]. The selective conversion of prothrombin to Mz was 

accomplished by overnight incubation of the zymogen at room temperature in the presence 

of 2 units Ecarin (Sigma-Aldrich) per mg of protein, under experimental conditions : 80 mM 

NaCl, 5 mM CaCl2, 20 mM benzamidine, 20 mM Tris, pH 7.5. Formation of Mz was 

verified by SDS-PAGE analysis and the protease was then loaded on a Q-sepharose (GE 

Healthcare) column equilibrated with 80 mM NaCl, 5 mM CaCl2, 20 mM Tris, pH 7.5 and 

eluted with a 0-1 M NaCl gradient. This step was followed by size-exclusion 

chromatography on a Superdex 200 column (GE Healthcare).

Preparation of Phospholipid Vesicles

Phospholipid vesicles composed of phosphatidylcholine and phosphatidylserine (Avanti) at 

70:30 molar ratio were prepared using the extrusion method as described [41]. 

Phospholipids were suspended in a solution of 145 mM NaCl, 20 mM Tris, pH 7.5 to 

generate large multilamellar vesicles. After three cycles of repeated freezing and thawing, 

the vesicles were repeatedly extruded on a mini-extruder through a polycarbonate filter 

composed of 100 nm pores to create uniformly sized unilamellar vesicles.

Kinetic Assays

Formation of activated protein C was monitored by a continuous assay using the 

chromogenic substrate, H-D-Asp-Arg-Arg-p-nitroanilide as described [28]. The 

concentration of human protein C (HaemTech) was maintained at 50 nM, well below the Km 

value, to ensure accurate measurement of the kcat/Km ratio from progress curves analysis. 

The concentration of rabbit thrombomodulin (HaemTech) was 200 nM. Values of kcat/Km 

for the release of fibrinopeptide A from fibrinogen and PAR1 activation were determined as 

reported elsewhere [28]. Depending on the concentration of phospholipids and enzymatic 

activity, the final concentration of enzyme ranged from 0.1 to 3 nM for Mz4R and from 10 to 
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250 nM for MZ4R/WE. All kinetic measurements were carried out under experimental 

conditions: 145 mM NaCl, 5 mM CaCl2, 0.1% PEG 8000, 20 mM Tris, pH 7.4 at 37 °C.

smFRET Measurements

A proteolytically stable form of Mz carrying the S525A substitution was labeled at the 

engineered Cys residues in kringle-1 (S120C) and protease domain (S478C) with Alexa 

Flour 555-C2-maleamide as donor and Alexa Flour 647-C2 (Invitrogen) as acceptor, 

according to an established protocol [12]. Labeling at these positions has no effect on the 

structural integrity of the protein [12]. The successful incorporation of the probes at the 

correct positions was validated through proteolytic digestion with coagulation factor Xa, 

which cleaves at Arg271 and separates kringle-1 from the protease domain leading to loss of 

FRET signal. FRET measurements of freely diffusing single Mz molecules were carried out 

on a confocal microscope MicroTime200 using pulsed interleaved excitation (PIE). All 

measurements were performed at 18 °C for a time period of 40 min, using protein 

concentration of 150 pM under experimental conditions: 145 mM NaCl, 5 mM CaCl2, 

0.02% Tween 20, 20 mM Tris, pH 7.5. Titrations with increasing concentrations of 

substrates were carried out in 8 well chambered coverglasses with borosilicate glass. Raw 

data were initially processed with the PIE analysis with MATLAB (PAM) software [42]. 

Bursts with more than 35 photons were integrated into 0.5 ms time bins and histograms were 

constructed from molecules with labeling stoichiometry (S) in the 0.3-0.7 range. 

Consequently, donor-only and acceptor-only labeled species, which are respectively 

characterized with S values of 1 and S values from about 0 to 0.25, were excluded from the 

final analyses. After applying the correct γ-factor and the appropriate correction factors for 

donor leakage and direct acceptor excitation, the data were exported and fitted to a double 

Gaussian function using the peak analyzer function in OriginPro 8.1. The fraction of 

molecules populating either the low or the intermediate FRET conformations at a specific 

substrate concentration was calculated by dividing the peak area of each FRET population 

derived from the double Gaussian fit over the sum of the total area of both peaks. The peak 

area fraction values were then plotted as a function of substrate concentration and fitted to a 

single site binding model using OriginPro 8.1.

SAXS Measurements

SAXS data were collected at the beamline 12-ID-B of the Advanced Photon Source at the 

Argonne National Laboratory (Argonne, IL, USA) on prothrombin and Mz. Both proteins 

carried the S525A substitution to prevent autoproteolytic digestion. Scattered X-rays at 14 

keV radiation energy were measured using a Pilatus 2 M detector with a sample-to-detector 

distance of 2 m. A flow cell was used to reduce radiation damage. Thirty images were 

collected for each sample and buffer blank. The scattering vector q=4πsin(θ/2)/λ is the 

momentum transfer defined by the scattering angle θ and X-ray wavelength λ. The isotropic 

2D images were converted to 1D SAXS profiles, i.e., intensity vs q, followed by averaging 

and background subtraction using software packages at the beamline. The radius of gyration, 

Rg, was determined using the Guinier approximation in the low q region (qRg<1.3) and its 

linearity served as an initial assessment of data and sample quality. Maximum particle 

dimension, Dmax, and distance distribution function, P(r), were calculated using GNOM 

[43]. The low resolution envelopes were produced using both GASBOR [43] (q up to 0.8 Å
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−1) and DAMMIN [44] (q up to 0.3 Å−1) by directly fitting the reciprocal space scattering 

profile. Twenty models were generated for every calculation and then aligned and averaged 

using DAMAVER [44]. The results of GASBOR and DAMMIN were very similar but only 

GASBOR results are reported here. The NSD (normalized spatial discrepancy) value of 

calculations for prothrombin is about 1.5, indicating good convergence for each twenty 

models. Convergence for Mz calculations had a NSD value of 2.0.
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Figure 1A-D. 
Solution structures of prothrombin and Mz revealed by SAXS and smFRET measurements. 

(A) Reconstructed 3D envelopes of prothrombin (red) and Mz (blue) calculated from their 

respective scattering profiles. The maximal particle sizes (Dmax) for prothrombin and Mz 

calculated from the pair distance distribution functions (not shown) are 120 Å and 160 Å, 

respectively. FRET efficiency histogram of Mz S525A labeled with the AF555/AF647 

fluorophores at positions S120C/S478C measured in the (B) absence or (C) presence of 

saturating concentrations of H-D-Phe-Pro-Arg-p-nitroanilide (FPR). (D) Fractions of Mz 

molecules populating either the open (closed circles) or closed (open circles) conformations 

calculated at different concentrations of FPR. The Kd value for the interaction of Mz with 

FPR obtained from fitting the data into a single site model was 90±10 nM.
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Figure 2A-B. 
Two dimensional plots of Mz and thrombin activities. Values of s=kcat/Km for cleavage of 

(A) fibrinogen (sFpA) or (B) PAR1 (sPAR1) are plotted vs those for protein C (sPC) activation. 

The region below the diagonal dotted line denotes activity toward protein C that exceeds that 

for fibrinogen (A) or PAR1 (B). The reverse is true for the region above the diagonal line. 

Phospholipids (PL) at a saturating concentration of 0.5 mM (see also Figure 3) selectively 

enhance the activity of Mz (Mz4R or Mz4R/WE) toward protein C, without affecting the rates 

of fibrinogen and PAR1 cleavage. The WE mutation profoundly decreases the activity of 

thrombin (WE) and Mz (Mz4R/WE) toward fibrinogen and PAR1. Addition of phospholipids 

completely restores the activity of Mz4R/WE toward protein C and produces a significant 

anticoagulant effect that slightly exceeds that of the thrombin mutant WE. Values for wild-

type (WT) and WE (WE) thrombin are from ref. [45].
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Figure 3. 
Effect of phospholipids on the rates of protein C activation. The fold increase of the kcat/Km 

value for activation of protein C by Mz4R (closed circles) or Mz4R/WE (open circles) relative 

to the absence of phospholipids is plotted as a function of phospholipid concentrations. The 

fold increase at saturating concentrations of phospholipids is 47±4 for Mz4R and 290±60 for 

Mz4R/WE, with apparent Kd values of 0.16±0.05 mM and 0.5±0.2 mM, respectively. 

Experimental conditions are: 145 mM NaCl, 5 mM CaCL2, 0.1% PEG8000, 20 mM Tris, 

pH 7.5 at 37 °C.
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Table1.

Specificity constants for the hydrolysis of natural substrates under physiological conditions

Enzyme Fibrinogen
kcat/Km (mM−1 s−1)

PAR1
kcat/Km (mM−1 s−1)

Protein C
1

kcat/Km (mM−1 s−1)

MZ4R 540 ± 48 5000 ± 210 65 ± 0.3

MZ4R (+PL)
2 400 ± 28 3700 ± 150 2400 ± 51

MZ4R/WE 0.23 ± 0.01 7 ± 0.3 0.45 ± 0.002

MZ4R/WE (+PL)
2 0.44 ± 0.04 11 ± 0.3 72 ± 1

Thrombin
3 17000 ± 1000 32000 ± 2000 220 ± 10

WE Thrombin
3 0.25 ± 0.02 10 ± 1 33 ± 2

1
In the presence of 200 nM rabbit thrombomodulin

2
0.5 mM phospholipids

3
Values from Ref. [45]
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