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Abstract

Tannerella forsythia is a periodontopathogen that expresses miropin, a protease inhibitor in the 

serpin superfamily. In this study, we show that miropin is also a specific and efficient inhibitor of 

plasmin; thus it represents the first proteinaceous plasmin inhibitor of prokaryotic origin described 

to date. Miropin inhibits plasmin through the formation of a stable covalent complex triggered 

by cleavage of the Lys368-Thr369 (P2-P1) reactive site bond with a stoichiometry of inhibition of 

3.8 and an association rate constant (kass) of 3.3×105 M−1s-1. The inhibition of the fibrinolytic 

activity of plasmin was nearly as effective as that exerted by α2-antiplasmin. Miropin also acted 

in vivo by reducing blood loss in a mice tail bleeding assay. Importantly, intact T. forsythia cells 

or outer membrane vesicles, both of which carry surface-associated miropin, strongly inhibited 

plasmin. In intact bacterial cells, the antiplasmin activity of miropin protects envelope proteins 

from plasmin-mediated degradation. In summary, in the environment of periodontal pockets, 

which are bathed in gingival crevicular fluid consisting of 70% of blood plasma, an abundance 

of T. forsythia in the bacterial biofilm can cause local inhibition of fibrinolysis, which could have 

possible deleterious effects on the tooth-supporting structures of the periodontium.
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INTRODUCTION

The plasminogen activation system plays essential roles in blood clot dissolution, wound 

healing, cell migration, tissue formation and regeneration, angiogenesis, and embryogenesis, 

as well as in the initiation and resolution of inflammatory reactions (1). To a large extent, 

these functions depend on the fibrin mesh generated via the coagulation cascade, which 

provides a scaffold for the remodeling and restoration of damaged tissue architecture by 

inflammatory cells (2), and this process requires very precise control of plasmin activity.

Plasmin is formed from plasminogen, its inactive precursor that is produced by the liver and 

circulates in plasma at a concentration of 1.5–2 μM (3). Only plasminogen bound to fibrin 

or immobilized on the cell surface, but not soluble zymogen, can be proteolytically activated 

under pathophysiological conditions by tissue plasminogen activator (tPA) and urokinase 

plasminogen activator (uPA) (4). Active plasmin is composed of two polypeptide chains 

that are joined by a disulfide bridge: a heavy chain (~60 kDa), which contains Kringle 

domains responsible for interactions with lysine residues on protein receptors, and a light 

chain (23 kDa) that includes a serine protease domain (1). In vivo, plasminogen activation 

via tPA and uPA is regulated by the PAI-1 and PAI-2 serpins, while the activity of soluble 

activated plasmin, but not fibrin- or receptor-bound plasmin, is strictly controlled by the 

serpin, α2-antiplasmin and pan-proteinase inhibitor, α2-macroglobulin (5, 6).

Another important function of fibrin deposits is to trap bacteria to prevent their spread 

(7). Therefore, it is no surprise that bacterial pathogens evolved strategies not only to 

avoid entrapment in the fibrin mesh but also to use the powerful proteolytic activity of 

plasmin to their own advantage. These strategies include direct activation of plasminogen 

via streptokinases produced by group A, C, and G streptococci, staphylokinase produced 

by Staphylococcus aureus, and the Pla protease expressed by Yersinia pestis (7, 8). A 

more universal approach for hijacking the host plasmin system is to express plasmin(ogen) 

receptors on the bacterial cell surface, and such receptors can be either specialized 

proteins or glycolytic enzymes that are released to the bacterial surface (9). These 

receptors bind plasminogen, facilitate its activation, and protect surface-bound plasmin from 

inactivation. In this way, bacteria acquire the pericellular proteolytic activity necessary for 

the dissemination and/or deterrence of host immune system attacks (7).

In humans, a rare (1 out of 1 million births) congenital plasminogen deficiency, referred to 

as type 1 plasminogen deficiency or hypoplasminogenemia, is defined by reduced levels of 

functional plasminogen in the circulation and is clinically manifested by mucous membrane 

thickening (10). The gingival mucosa is the site most often involved in the development of 

ligneous periodontitis characterized by extensive alveolar bone resorption and eventual tooth 

loss (11). Furthermore, antifibrinolytic therapy based on the use of tranexemic acid to block 

the binding of plasminogen to fibrin can occasionally lead to progressive periodontitis (12). 

These observations suggest that plasmin(ogen) is essential for maintaining periodontium 

homeostasis in humans (as it is in mice), where it is crucial for preventing the spontaneous 

development of periodontitis (13).
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Chronic periodontitis, the most severe form of gum disease, involves chronic inflammation 

that results in the erosion of tooth-supporting tissues, including the periodontal ligament 

and the alveolar bone. It affects up to 50% of the adult population worldwide and is 

the major cause of tooth loss (14). To make matters worse, periodontitis is clinically 

and epidemiologically associated with multiple systemic diseases, including atherosclerotic 

cardiovascular disease (15), diabetes (16, 17), adverse pregnancy outcomes (18), chronic 

kidney disease (19), aspiration pneumonia (20, 21), rheumatoid arthritis (22), and 

neurodegenerative diseases (23).

Although chronic periodontitis is driven by a polymicrobial biofilm on the tooth surface 

below the gum line, species such as Porphyromonas gingivalis, Treponema denticola, and 

Tannerella forsythia play the most important roles in disease initiation and its progression 

to tooth loss (24). Colonization of bacterial biofilms by P. gingivalis not only directly 

stimulates a local inflammatory reaction, it also leads to a restructuring of the biofilm 

composition to favor dysbiotic inflammophilic (= loving or attracted to inflammation) 

pathobionts, which have evolved to not only endure inflammation but also to take advantage 

of it. (25). Neutrophils and macrophages, in futile attempts to eliminate the invaders, release 

copious amounts of proinflammatory factors that act together with cytokines released by 

other cells to drive the chronic inflammation-driven disintegration of the tooth-supporting 

structures (26, 27).

Except for T. denticola, which expresses two plasminogen-binding proteins (28), the other 

major periodontal pathogens do not capture nor activate plasminogen. Apparently, both P. 
gingivalis and T. forsythia rely on a broad array of secreted, cell surface-associated proteases 

for deterring, corrupting or hijacking the host immune system to their own advantage (29, 

30). Surprisingly, in addition to several proteases, T. forsythia also expresses a serpin called 

miropin, a very potent, broad-specificity protease inhibitor (31, 32). Here, we show that 

soluble miropin and miropin associated with intact bacteria or outer membrane vesicles 

can very efficiently inhibit plasmin via the formation of a covalent complex. By contrast, 

miropin could not inhibit thrombin activity, nor did it exert any effect on plasma clotting 

dynamics. Importantly, miropin inhibited the fibrinolytic activity of plasmin in whole human 

plasma and was effective at reducing blood loss in an in vivo mouse model. To our 

knowledge, miropin is the first proteinaceous plasmin inhibitor found in prokaryotes that 

protects bacterial surface proteins from damage by plasmin.

MATERIALS AND METHODS

Materials, enzymes, and inhibitors

A rabbit polyclonal anti-miropin antibody was generated by Kaneka Eurogentec S.A. 

(Seraing, Belgium) using recombinant miropin as an antigen. Human plasmin, α2-

antiplasmin (α2AP), and α2-macroglobulin (α2M) were from Athens Research & 

Technology, Inc. (Athens, GA, USA). Human thrombin was purchased from Haematologic 

Technologies, Inc. (Essex Junction, VT, USA). Plasmin was titrated with α2M, and its active 

concentration was determined using 4-nitrophenyl 4-guanidinobenzoate active site-titrated 

porcine trypsin. Therefore, the concentrations of plasmin used in this work refer not to 
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protein concentration, but to the concentration of active enzyme. All other reagents, if not 

mentioned otherwise, were from Sigma-Aldrich (St. Louis, MO, USA).

Bacterial growth and culture fractionation

WT and Δmiropin (5 μg/ml chloramphenicol in medium) strains of T. forysthia ATCC 

43037 were grown until they reached mid-exponential phase (OD600 0.4–0.6) or early 

stationary growth phase (OD600 1.2–1.5), as described previously (31, 33). For T. forsythia 
culture partitioning, 25 ml T. forsythia (WT and Δmiropin) culture was supplemented with 

cOmplete Mini, EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland) at a 

1× final concentration. Next, the T. forsythia cultures were fractionated into whole cells 

(WC), a “cell envelope” fraction (CE) containing the outer and inner membrane and the 

peptidoglycan, and the outer membrane vesicles (OMVs), as described previously (31, 34), 

but using TNC (50 mM Tris, 150 mM NaCl, 5 mM CaCl2, pH 7.5) instead of PBS.

Expression and purification of recombinant proteins

MiropinK368A was generated by modifying the miropin-encoding plasmid 

pGEX-6P-1 with the QuikChange Lightning Site-Directed Mutagenesis 

Kit (Agilent, Santa Clara, CA, USA) using the oligonucleotides 

MK171 (5’-CCGTAGAAATGGTAGCAACGTCATCCCCCTC-3’) and MK173 (5’-

GAGGGGGATGACGTTGCTACCATTTCTACGG-3’). Tag-free homogenous recombinant 

proteins were obtained via an Escherichia coli expression system and affinity (glutathione-

Sepharose) and size-exclusion chromatography (HiLoad 16/60 Superdex 75 pg), as 

described previously (31).

Plasmin inhibition

Human plasmin (40 or 0.5 nM) was mixed with increasing concentrations of miropin in 

assay buffer (0.1 M Tris, 150 mM NaCl, 5 mM CaCl2, 0.02% NaN3, pH 7.5) or with 

increasing volumes of T. forsythia WC and OMV fractions in assay buffer with 0.05% 

Pluronic F-127 in the wells of a microtitration plate (total volume 100 μl). After 15 or 30 

min of incubation at 37 °C, 100 μl of 120 or 200 μM Boc-QAR-AMC substrate solution, 

respectively, was added, and the enzymatic hydrolysis of the substrate was monitored at 

37 °C via fluorescence measurement (exc/em = 380/460 nm) with a SpectraMax Gemini 

XS microplate reader (Molecular Devices, San Jose, CA, USA). The residual activity was 

plotted as a function of the miropin:plasmin molar ratio or volumes of T. forsythia fractions. 

The stoichiometry of inhibition (SI) was defined as the value where the linear curve fitted 

to the data points crossed the x-axis. Alternatively, 10 ng plasmin was mixed in assay buffer 

with 2-fold serial dilutions of the WC and OMV fractions in a total volume of 20 μl. After 

incubation for 30 min at 37 °C, the samples were left for 5 min at RT and then subjected to 

Western blot analysis using miropin antibodies.

Progress curve analysis

The association rate constant (kass) was determined as described previously (31) by 

measuring the plasmin activity in assay buffer in the presence of increasing miropin 
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concentrations (0–500 nM), as described above. Plasmin was used at final concentrations 

of 1 nM, and the KM for substrate turnover by plasmin was determined at 46 μM.

SDS-PAGE analysis and Western blotting

Samples were resolved via 10% or 18% (only for the reactive site determination) SDS-

PAGE (T:C ratio 33:1) using a Tris-HCl/Tricine buffer system under reducing or non-

reducing (without 5% w/v DTT) conditions (35). For the Western blot analysis, resolved 

proteins were subsequently electrotransferred (1 h/100 V at 4 °C in 25 mM Tris, 192 mM 

glycine, 20% methanol) onto 0.22 μm pore-size PVDF membranes and blocked overnight in 

blocking solution (TTBS, 20 mM Tris, 0.5 M NaCl, 0.1% Tween-20; pH 7.5) with 5% (w/v) 

skim milk. Next, the membranes were probed with a 1:1,000 dilution (0.6 μg/ml) of the 

anti-miropin antibody in blocking solution for 1 h, washed four times with TTBS, and then 

incubated for 1 h with a 1:15,000 dilution of an HRP-conjugated goat anti-rabbit polyclonal 

secondary antibody. Development was performed using the ECL Western blotting substrate 

kit (Pierce, Thermo Scientific, Waltham, MA, USA).

Covalent complex detection

To detect covalent plasmin-miropin complexes, increasing concentrations of plasmin (0–2.4 

μM) were incubated in assay buffer (0.1 M Tris, 150 mM NaCl, 5 mM CaCl2, 0.02% NaN3, 

pH 7.5) with 4.8 μM miropin for 15 min at 37 °C in a total volume of 20 μl, and the proteins 

were then resolved via SDS-PAGE. The identities of the proteins in the bands of interest 

were determined via mass spectroscopy as described previously (31).

Determination of the cleavage sites in the Miropin reactive center loop (RCL)

Miropin (12 μM) and plasmin (3 μM) were mixed in a total volume of 20 μl in assay 

buffer and incubated for 15 min at 37 °C. The mixtures were resolved on 18% gels and 

electrotransferred onto a PVDF membrane (Bio-Rad, Hercules, CA, USA). The N-terminal 

sequences of stained peptides with a molecular weight of ~4.5 kDa were obtained via 

automated Edman degradation using a Procise 494HT amino acid sequencer (Applied 

Biosystems, Carlsbad, CA, USA), as described previously (31).

Determination of clotting time

Human blood plasma (25 μl) containing sodium citrate as an anticoagulant was mixed with 

miropin (final concentration: 10 μM) or assay buffer (control), and incubated for 30 min at 

37 °C. Next, 25 μl Thromboplastin LI Reagent or APTT Si L Minus Reagent containing 

25 mM CaCl2 and prothrombin time (PT) or activated partial thromboplastin time (APTT), 

respectively, were added to the samples. The clotting time was measured using C-2 dual 

channel coagulometer and the HEM-AN LITE software (Helena Biosciences, Gateshead, 

United Kingdom).

Fibrinolytic turbidity assay

To form fibrin clots, 10 μl thrombin (100 U/ml) and 90 μl fibrinogen (1 mg/ml) or 10% 

human plasma in 25 mM Tris, pH 7.5, were mixed in the wells of microplates and then 

incubated for 30 min at RT. Next, 25 μl buffer only or inhibitor solution (antiplasmin or 
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miropin or miropinK368A) was added to the clots, and the contents of the wells were mixed. 

Finally, 25 μl buffer (25 mM Tris, 0.05% Pluronic F-127) or plasmin solution (0.1 or 0.05 

μM, respectively) was added. The fibrinolytic activity was measured for 1.5 h as a decrease 

in the absorbance at 350 nm. In this experiment and in the supplementation of antiplasmin-

deficient plasma, the amounts of active inhibitor in the miropin and α2AP preparations were 

determined via titration using active site-titrated plasmin. The concentration of the K368A 

mutant protein was calculated based on the protein content.

Proteolytic cell envelope degradation

The protein concentrations in the CE fractions isolated from WT and Δmiropin T. forsythia 
were determined via BCA assays strictly according to the manufacturer’s instructions. CE 

suspension (50 μl) at concentration 1.8 mg/ml in assay buffer with Pluronic F-127 was 

pipetted into wells of 96-well clear microplates. Next, 25 μl assay buffer or a 0.4 μM 

solution of recombinant miropin or its inactive variant K368A in assay buffer was added 

followed by addition of 25 μl of 0.4 μM solution of human plasmin in assay buffer. Assay 

buffer without plasmin was used as a negative control. Time-dependent degradation of the 

CE proteins was monitored via measurement of the absorbance at 578 nm, as described 

previously (36).

Animal care and mouse tail vein bleeding model

All animal experimental procedures were performed according to the guidelines of 

the Institutional Animal Care and Use I Regional Ethics Committee on Animal 

Experimentation, Krakow, Poland (Decision No. 249/2017). Eight-week-old specific 

pathogen-free (SPF) female C57BL/6 mice were purchased from The Jackson Laboratory 

(USA). Mice were housed under standard conditions within the animal care facility at 

the Jagiellonian University, Krakow, in positively-ventilated microisolator cages, fed a 

standard laboratory diet, and allowed water ad libitum. Before the experimental procedures, 

the mice were sedated via intraperitoneal injection of a mixture of ketamine (22 mg/kg; 

VetaKetam, Vet-Agro, Poland) and xylazine (2 mg/kg; Sedasin, Biowet, Poland). While 

under anesthesia, the mice were intravenously injected (tail vein) with 100 μl of a solution 

containing 15 nmol of active miropin or aprotinin or 100 μl PBS, and the tail excision 

was performed 2 min later for each mouse. Blood loss was measured by weighing the 

blood collected into pre-weighed 288 Eppendorf tubes. After the procedure, all mice were 

euthanized via cervical dislocation. The procedure was 289 repeated in three independent 

experiments.

Inhibition of SK-activated plasmin

The activity of streptokinase (SK)-activated plasmin in human plasma was determined 

with human fibrinogen (Merck KGaA, Darmstadt, Germany) as the substrate following 

a previously described method with one modification (37). Increasing concentrations 

of recombinant miropin were added to mixtures containing SK-activated plasmin. 

Alternatively, after addition of recombinant miropin, samples were subjected to Western 

297 blot analysis using miropin antibodies. The kass of SK-activated plasminogen in 

human antiplasmin-deficient 298 plasma was determined as described above using inhibition 

progress curves.
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Supplementation of antiplasmin-deficient plasma

Human α2AP-deficient plasma (ANIARA, West Chester, OH, USA) was supplemented with 

human antiplasmin or miropin (WT or K368A) to reach final concentrations equivalent to 

1 μM active inhibitor. In the wells of microtiter plates, plasmin (10 nM) in assay buffer 

containing Pluronic F-127 was mixed with increasing volumes of plasma to reach a final 

volume of 100 μl followed by incubation for 30 min at 37 °C. Next, 100 μl of 0.2 mM 

substrate (Boc-QAR-AMC) solution was added, and the proteolytic activity was measured 

as the 307 fluorescence increase (exc/em = 380/460 nm).

RESULTS

Miropin is a specific plasmin inhibitor

Unique to serpins, miropin inhibits serine and cysteine proteases of various specificities 

(trypsin, elastase, subtilisin, and papain) using at least three reactive sites (Val*Lys*Thr*Ser) 

within the RCL (31, 32). Its 315 inhibition of trypsin at the Lys-Thr active site prompted 

us to investigate the ability of miropin to inhibit thrombin and plasmin, the key proteases 

in the coagulation and fibrinolysis cascades, respectively. At a 10-molar excess, miropin 

totally abrogated plasmin activity but had no effect on the amidolytic activity of thrombin 

on a synthetic substrate (Fig. 1A). It also appears that miropin does not inhibit other clotting 

factors since it did not affect PT and APTT even at a concentration of 10 μM (Fig. 1B). 

Together, these results indicate that miropin targets plasmin but none of the coagulation 

factors (thrombin, VIIa, IXa, Xa, XIa, and XIIa); thus its specificity is limited to clotting 

factors with Lys-Xaa peptide bonds.

Miropin inhibited plasmin in a concentration-dependent manner with a stoichiometry of 

inhibition (SI) of 3.8 (Fig. 2A) and a second-order association rate constant (kass) of 3.3×105 

M−1 s−1, as determined via progresscurve analysis (Fig. 2B). Under the same experimental 

conditions, human α2-antiplasmin (α2AP) targeted plasmin with a SI of 1.1 and a kass 

of 1.3×106 M−1 s−1 (data not shown). Importantly, miropin effectively inhibited both the 

amidolytic and fibrinolytic activities of plasmin. In this assay, 0.4 μM miropin slowed down 

the solubilization of a fibrin clot by plasmin with a level of effectiveness comparable to 

that of α2AP at the same concentration. At 1.6 μM, miropin totally abrogated the clot 

dissolving ability of plasmin (Fig. 2C). Importantly, a miropin mutant with a substitution of 

the reactive site Lys residue with an Ala residue (miropinK368A) had no effect, even at high 

concentrations. This result unambiguously rules out any other mode 331 of interference in 

clot resolution except for inhibitory complex formation.

A unique feature of protease inhibition by serpins is the formation of covalent complexes in 

which the targeted serine protease is tethered to the serpin via an ester bond formed between 

the catalytic serine hydroxyl group of the protease and the released carbonyl group at the C-

terminus of the serpin cleaved at the active site (38). To determine whether miropin inhibits 

plasmin in the same manner, a constant amount of miropin was incubated with increasing 

plasmin concentrations. Afterwards, the proteins were subjected to SDS-PAGE analysis 

under reducing and non-reducing conditions. With increasing protease concentrations, the 

intensity of the band corresponding to miropin (~42 kDa) decreased with a simultaneous 
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increase in the intensity of new bands with higher molecular masses of ~60 kDa and ~120 

kDa under reducing and non-reducing conditions, respectively (Fig. 3A). These new bands 

correspond to covalent complexes of miropin cleaved at the RCL (~37 341 kDa) and the 

light chain of plasmin (~24 kDa), and the light and heavy chains of plasmin linked by 

disulfide bridges (~80 kDa), respectively. To unambiguously confirm the apparent formation 

of a denaturation-stable covalent complex between miropin and plasmin, we performed mass 

spectrometry analysis. This experiment confirmed the presence of both miropin and plasmin 

in the bands assumed to contain complexes (Table 1).Finally, to identify the reactive site 

(i.e., the cleavage site within the miropin RCL) for plasmin inhibition, the 346 proteins in a 

reaction mixture of plasmin and miropin were resolved via SDS-PAGE and transferred to a 

PVDF 347 membrane. Next, the N-terminal sequence of a ~5 kDa peptide was determined 

via Edman degradation (Fig. 3B). As expected, plasmin attacked the miropin RCL at only 

one position, i.e., the Lys-Thr (P2-P1) peptide 349 bond, which corresponds exactly to the 

substrate specificity of plasmin.

Both T. forsythia cell-associated and OMV-released miropin can inhibit plasmin

Miropin is translated with a signal peptide that leads to its export to the periplasm via the 

Sec system (31, 39). To investigate the ability of miropin to interact with proteases in the 

extracellular environment, we preincubated plasmin with increasing amounts of washed T. 
forsythia cell suspension and OMVs, and then measured the residual activity. Both the cells 

and OMVs of the wild-type T. forsythia strain, but not those of its isogenic miropin-null 

mutant, inhibited plasmin in a concentration-dependent manner (Fig. 4A,B). As in the case 

of recombinant miropin, plasmin inhibition by intact cells and OMV-associated miropin 

occurred via covalent complex formation (Fig. 4C,D).

The linear decrease in the plasmin activity as a function of the cell suspension volume 

allowed titration of the miropin associated with intact bacteria cells and OMVs, which 

revealed that there were 640 copies of inhibitor per T. forsythia cell and 50 fmol per 

1 μg protein in the OMV fraction. Importantly, the miropin-null mutant did not affect 

plasmin activity, arguing that T. forsythia does not express any other inhibitor capable 

of 364 inhibiting plasmin. Finally, the lack of any significant plasmin inhibition by non-

concentrated culture medium 365 indicates that most of the miropin is associated with 

bacterial cells.

Miropin is the effective plasmin inhibitor in human plasma

In vivo, miropin interacts with human plasmin in gingival crevicular fluid (GCF) or in blood 

plasma (when T. forsythia penetrates into the circulation) in the presence of many other 

proteins, including proteolytic enzymes, zymogens, and protease inhibitors. Consequently, 

plasma proteins could interfere with the inhibitory activity of miropin against plasmin. Thus, 

to verify the ability of miropin to target plasmin in complex pathophysiological fluids, we 

titrated the effect of miropin on plasmin activity in whole human blood plasma in which 

plasminogen was converted to plasmin via preincubation with streptokinase. As shown 

in Fig. 5A, miropin inhibited plasmin activity in a concentration-dependent manner via 

formation of covalent inhibitory complexes (Fig. 5B). Of note, complexes were not detected 

in samples lacking streptokinase or containing inactive against plasmin miropin mutant, 
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miropinK368A. The inhibition occurred with a kass of 1.1 × 103 M−1 s−1 (Fig. 5C), which is 

almost the same as value of kass (1.2×103 M−1 s−1) determined under the same experimental 

conditions for α2AP (data not shown).

To further investigate the potency of miropin to inhibit plasmin fibrinolytic activity ex 
vivo, thrombin-clotted human plasma was treated first with miropin or α2AP and then 

with plasmin, and clot solubilization was recorded as a function of time. As shown in Fig. 

5D, miropin prevented clot lysis in a concentration-dependent manner with an efficiency 

only slightly lower than that of α2AP. To make a final comparison between the potencies 

of miropin and α2AP to inhibit plasmin under pathophysiologically relevant conditions, 

we supplemented human α2AP-deficient plasma with purified α2AP or miropin at molar 

concentrations equivalent to the physiological concentration of α2AP and used such plasma 

to inhibit plasmin. Supplementation with miropin significantly increased the potency of 

the inhibitory effect of plasma on plasmin to a level only slightly lower than that in α2AP-

supplemented sample. The inactive miropin variant (miropinK368A) was used as a control, 

and it did not affect the inhibitory effect of plasma on plasmin beyond the inhibition level 

due to other plasmin inhibitors than α2AP present in human plasma (Fig. 5E).

Collectively, our data showed that miropin, both in vitro and ex vivo, is a potent plasmin 

inhibitor with an efficiency comparable to that of α2AP, the major physiological plasmin 

inhibitor.

Miropin reduces blood loss in mice and protects T. forsythia cell envelope proteins against 
plasmin

In periodontal pockets, subgingival dysbiotic microbial biofilms are immersed in a GCF 

consisting of ~70% 397 blood plasma and are exposed to the pro-clotting activity of 

gingipains (40), which is produced by P. gingivalis, 398 the major periodontal pathogen 

always found together with T. forsythia (41). By slowing the GCF flow and 399 trapping 

erythrocytes, local coagulation can be envisioned as being beneficial for the asaccharolytic 

P. gingivalis, which requires heme and peptides for its growth. In this context, inhibition 

of fibrinolysis by miropin could benefit the entire community of subgingival bacteria. To 

demonstrate miropin activity in vivo, we compared levels of blood loss from the excised tail 

veins of mice intravenously injected with miropin, aprotinin, or a vehicle, and we found that 

miropin reduced blood loss by 30% (Fig. 6A). At the same molar concentration, aprotinin, 

a plasmin inhibitor approved for the reduction of blood loss during major surgeries (42), 

prevented blood loss by 45%. Together, these findings confirmed that miropin is active in the 

blood and may reduce clot lysis in periodontal pockets.

The subcellular localization of miropin suggests that this serpin could protect cell envelope 

proteins against degradation by proteolytic enzymes, including plasmin. To verify this 

hypothesis, we incubated the CE fraction derived from the WT and Δmiropin T. forsythia 
strains with plasmin and found that the CE proteins of the WT cells were degraded 

at a significantly lower rate than those of the Δmiropin cells. Importantly, this protein 

degradation was prevented by external addition of native miropin but not miropinK368A (Fig. 

6B).
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DISCUSSION

Plasminogen is the key component of the plasminogen activation system and is one of the 

proteins essential for homeostasis maintenance in the mouse periodontium (13). In humans, 

genetic (43) or induced (12) deficiencies in plasmin activity often (34% in congenital type 

I plasminogen deficiency) lead to ligneous conjunctivitis in most cases associated with 

periodontium destruction (ligneous periodontitis). Interestingly, spontaneous development 

of periodontitis in plasminogen-null and tPA/uPA double-deficient mice closely resembles 

the 420 pathological progression of the human disease (13). Furthermore, polymorphisms 

in the genes encoding uPA 421 and PAI-1 are associated with periodontal bone loss (44). 

These observations strongly suggest that plasmin activity is essential for periodontal health 

in humans. In this context, the discovery that T. forsythia, the major periodontal pathogen in 

humans, produces the very efficient serpin-type plasmin inhibitor miropin is fascinating.

Miropin inhibited human plasmin with an SI = 3.8 and a kass of 3.3×105 M−1 s−1, while the 

same parameters for antiplasmin are 1.1 and 1.3×106 M−1 s−1, respectively. Using 25-times 

higher plasmin concentration (1 μM) than in Fig. 2A decreased the value of SI to 2.3 

(data not shown). Of note, miropin inhibits with SI higher than unity, in sharp contrast to 

the majority of described prokaryotic and human serpins, not only plasmin, but also all 

other target proteases (31,32). Detailed crystallographic analysis of both native and induced, 

cleaved by target proteases, miropin (32) could exclude the possibility that higher SI resulted 

from the fact that recombinant miropin used in the experiments had already undergone 

structural transition analogous to PAI-1 or been cleaved within RCL. Moreover, incubation 

of miropin with target proteases always yielded the inhibitor conversion to inhibitory 

complexes or the RCL cleaved form, which is a characteristic feature exclusive for native 

inhibitory serpins (31). Higher SI could also be explained by cleavage of miropin by plasmin 

at different positions than RSB, which will lead not to inhibition but inactivation of the 

serpin molecule. This hypothesis could be excluded by the observation that N-terminal 

sequencing revealed the presence of only a single sequence (Fig. 3B). This finding is also 

corroborated by the fact that miropinK368A, mutant not inhibiting plasmin, was not cleaved 

at all by plasmin (data not shown). Apparently, it looks like that higher SI, together with 

possessing three equivalent RSBs (32), is a unique feature of miropin distinguishing it from 

other characterized serpins. The plasmin inhibition occurred via the formation of a stable 

covalent complex following proteolytic cleavage of the Lys368-Thr369 (P2-P1) RSB. A 

comparison of the RCL sequences of various serpins revealed that this site lies one residue 

upstream from the canonical RSB at P1-P1’ that is used for protease inhibition by nearly all 

serpins. Of note, the P1-P1’ RSB of miropin is used to inhibit subtilisin (31). Interestingly, 

a similar situation was described in the case of α2-antiplasmin, in which the canonical 

RSB (Met365-Ser366) is used for chymotrypsin inhibition, while plasmin is inhibited at the 

P2-P1 RBS (Arg364-Met365). However, in stark contrast to α2AP, miropin possesses a third 

RBS (Val367-Lys368) and inhibits neutrophil elastase, while antiplasmin is inactivated by 

this protease. Thus, it is possible that the lower kass for plasmin inhibition is an evolutionary 

price paid to possess the third RSB.

Miropin inhibited not only purified human plasmin but also substituted for the α2AP 

inhibitory function in antiplasmin-deficient plasma; it also inhibited streptokinase-activated 
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plasminogen directly in human plasma and blocked degradation of fibrin clots. In all of 

these assays, the efficiencies of miropin were comparable to those of α2AP, as only a 2-fold 

higher miropin concentration was required to match the α2AP inhibitory performance. This 

property is apparently related to the lower kass values for plasmin inhibition by miropin 

relative to those of α2AP. Furthermore, miropin was shown to be active in vivo, as it 

reduced blood loss in a mouse tail bleeding assay. Finally, and importantly in light of in vivo 
pathobiological interactions, both miropin associated with intact T. forsythia cells and that 

released into the environment on the surface of outer membrane vesicles were fully active 

against plasmin to the point that it was possible to titrate bacterial cell- and OMV-associated 

miropin. Apparently, high levels of miropin on the cell surface protect CE proteins of 

T. forsythia, from proteolytic degradation not only by plasmin, but also other proteases, 

especially neutrophil elastase.

Collectively, these data clearly show that miropin can interfere with plasmin activity at 

bleeding-prone T. forsythia-infected periodontitis sites soaked with GCF, which contains 

70% blood plasma. The high in vivo expression of miropin at periodontitis sites (45) 

further argues that miropin may have significant effects on the pathobiological events 

during the initiation and progression of periodontitis. First, it can interfere directly with 

the main physiological functions of plasmin: to degrade fibrin in blood clots and fibrin 

deposits in periodontal tissue. Pathological fibrin deposits in plasmin activity-deficient mice 

(13) and in cases of ligneous periodontitis in humans (11) suggest that these activities of 

miropin would have deleterious effects. Second, inhibition of direct and indirect interactions 

between plasmin and the host immune response against pathogens may lead to detrimental 

effects on periodontal health. This role of plasmin was confirmed by the observation that 

Staphylococcus aureus clearance was impaired in mice lacking plasmin in comparison to 

the clearance in wild-type mice (46). Thus, miropin-mediated plasmin inhibition may result 

in protection not only of T. forsythia but also of other bacteria dwelling in the dental 

plaque against host immune defense mechanisms, which may be crucial especially during 

the initiation of periodontitis. Third, plasmin interacting with uPA and PAR-1 activates a 

pathway that attenuates inflammatory osteoclastogenesis in LPS-stimulated macrophages 

(47). Considering the heavy load of LPS-releasing Gram-negative bacteria in the periodontal 

pockets, inhibition of this pathway by miropin may contribute to alveolar bone resorption.

Considering the potential effects of miropin on the virulence of T. forsythia, we must keep 

in mind that T. forsythia is part of a complex microbiome in the subgingival dental plaque in 

which it exists in very close association with P. gingivalis (41). Interestingly, via its arginine-

specific factor gingipain, P. gingivalis can 484 activate many factors in the coagulation 

cascade, including thrombin (40), thus leading to fibrin deposit 485 accumulation in the 

proximity of the biofilm. Plasmin-dependent degradation of fibrin meshes containing 486 

entrapped erythrocytes may constitute a sustained source of peptides and heme for the 

entire bacterial community, but especially for P. gingivalis, whose proliferation depends 

on heme as an essential growth factor and peptides as a carbon and energy source. On 

the other hand, plasminogen capture and activation by periodontal pathogens such as T. 
denticola and F. nucleatum, which express plasminogen receptors, should create zones of 

increased peribacterial proteolytic activity that are spatially separated from P. gingivalis and 

T. forsythia, which occupy a different niche in the plaque (28, 48).
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The above discussion illustrates a problem with assigning a virulence function to miropin, 

which might actually help to protect periodontal tissues from damage by plasmin-dependent 

host responses. Control of plasmin activity may prevent excessive activation of matrix 

metalloproteases (11), which can degrade the collagen in periodontal ligament fibers. uPA−/− 

mice are resistant to P. gingivalis oral gavage-induced periodontitis (49) via a macrophage-

dependent mechanism (47). Apparently, the P. gingivalis gingipain complex potentiates 

matrix degradation by macrophages in a uPA- and plasmin activity-dependent manner. 

Therefore, it is tempting to speculate that periodontal plaques containing a higher number of 

T. forsythia cells than P. gingivalis cells may cause less damage.

Taken together, our results reveal miropin as the first bacterial proteinaceous plasmin 

inhibitor. It is produced by the periodontal pathogen T. forsythia, and its antiplasmin 

inhibitory efficiency is comparable to that of α2AP, the main human plasmin inhibitor. Due 

to its secretory characteristics, miropin may contribute to the development of periodontitis 

by interfering with plasmin-mediated degradation of fibrin deposits in periodontal tissue in 

a similar manner as described for plasmin activity-deficient patients. Alternatively, miropin 

could interfere with plasmin functions in the immune system. Verification of the impact of 

miropin on the pathobiology of the periodontium requires additional mouse model studies, 

which are the focus of our ongoing research.
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ABBREVIATIONS:

α2AP α2-antiplasmin

α2M α2-macroglobulin

AMC 7-Amino-4-methylcoumarin

APTT partial thromboplastin time

Boc t-butoxycarbonyl

CE cell envelope

GCF gingival crevicular fluid

kass the second-order association rate constant

KM the Michaelis-Menten constant

LPS Lipopolisacharyd

OMVs outer membrane vesicles

PAI-1/2 plasminogen activator inhibitor-1/2
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PAR-1 protease-activated receptor-1

PT prothrombin time

RCL reactive center loop

RSB reactive site bond

SD standard deviation

SI stoichiometry of inhibition

SK streptokinase

tPA tissue plasminogen activator

uPA urokinase plasminogen activator

WCs whole cells
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Figure 1: 
Miropin inhibits plasmin but not coagulation cascade proteases. A) Human plasmin and 

thrombin were incubated with a 10-molar excess of miropin, and their residual activitieswere 

determined. B) Plasma was preincubated with miropin, and the prothrombin time (PT) 

and activated partial thromboplastin time (APTT) were evaluated using a C-2 dual channel 

coagulometer. In both panels, the data shown are the means and standard deviations of the 

means from three replicates.
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Figure 2: 
Miropin is an efficient inhibitor of human plasmin as indicated by its stoichiometry of 

inhibition (SI) (A), association rate constant (kass) (B), and ability to inhibit the fibrinolytic 

activity of plasmin (C). A) Plasmin was preincubated with increasing miropin concentrations 

for 15 min, and the residual enzymaticactivity was measured and plotted against the 

miropin:plasmin molar ratio. B) Plasmin was added to mixtures 6 containing a constant 

amount of substrate and increasing miropin concentrations. Changes in fluorescence (RFU) 

were then recorded. Based on progress curve analysis, the kobs values were plotted as a 

function of the miropin concentration, and the kass was determined from the slope of the 

linear curve fit to the data points and corrected for the stoichiometry factor and KM. C) 

α2AP and miropin were added to thrombin-induced fibrin mesh, and the plasmin-mediated 

clot degradation was monitored by measuring the absorbance at 350 nm. The miropin 

K368A mutant (miropinK368A), which is inactive against plasmin, was used as a control. The 

results presented (A, B) are the mean ± SD.
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Figure 3: 
Miropin forms stable covalent complexes after cleavage of the Lys368(P2)-Ala(P1) reactive 

site 675 peptide bond. A) The protease and inhibitor were incubated together at different 

molar ratios or alone, and then separated by SDS-PAGE under reducing (upper gel) and 

non-reducing (lower gel) conditions. Selected bands were excised and subjected to mass 

spectrometry analysis to identify the proteins in the bands (Table 1). B) Miropin was 

incubated with plasmin until the reaction was stopped via addition of reducing sample 

buffer. The proteins were then resolved via SDS-PAGE and electrotransferred onto a PVDF 

membrane. The stained protein bands with a molecular weight of ~5 kDa (framed) were 

excised and subjected to N-terminal sequence analysis, which allowed identification of the 

RBS, K368 (P2)-Ala (P1), for plasmin within the miropin reactive center loop.
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Figure 4: 
Plasmin is inhibited by whole, intact T. forsythia cells and by outer membrane vesicles 

(OMVs) Increasing volumes of suspensions of whole cells (A, B) and OMVs (B, D) 

from wild-type and miropin-null 686 T. forsythia strains were added to human plasmin 

in microtitration plates. Residual plasmin activity was measured by employing Boc-QAR-

AMC as a substrate (A, B). Covalent complex formation was verified via 688 Western 

blotting with anti-miropin antibodies (C, D). The data shown are the means and standard 

deviations of 689 the means from three replicates.
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Figure 5: 
Miropin is the effective plasmin inhibitor under ex vivo conditions A) Human plasma 

was treated with SK and then incubated with increasing miropin concentrations. Residual 

plasmin activity was measured using fibrinogen as a substrate, and (B) the formation of 

covalent complexes was verified via Western blotting with anti-miropin antibodies. In panel 

A, the mean ± SD from three experiments is presented. C) Determination of the kass for 

the inhibition of SK-activated plasminogen in human α2AP-deficient plasma (Δα2AP) by 

miropin using inhibition progress curve analysis. D) Miropin was added to coagulated 

plasma at two different concentrations followed by plasmin addition, and the time-dependent 

clot degradation was monitored by measuring the absorbance at 350 nm. E) Human Δα2AP 

plasma was supplemented with 1 μM miropin, and increasing volumes of the supplemented 

plasma were then incubated with plasmin. The plasmin residual activity was measured using 

fluorogenic substrates (Boc-QAR-AMC). In all experiments, where indicated, α2AP and 

miropin K368A were used as positive and negative controls, respectively.

Sochaj-Gregorczyk et al. Page 20

FASEB J. Author manuscript; available in PMC 2022 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
Miropin reduces blood loss in a mouse tail bleeding model and protects T. forsythia cell 

envelope (CE) proteins against degradation by human plasmin. A) Under anesthesia, mice 

were intravenously injected (tail vein) with 100 μl PBS alone (control) or PBS containing 

15 nmol bovine aprotinin or miropin. After 2 min, the tails were excised, and the blood 

was collected and weighed. The results presented as the mean ± SD (N = 8). B) The cell 

envelope (CE) fraction containing the inner and outer membranes and peptidoglycan were 

isolated from T. forsythia wild-type (WT) and Δmiropin mutant cells, and incubated with 

human plasmin. Protein degradation was monitored via measurement of the absorbance at 

578 nm. To compensate for the missing inhibitory activity in the CE fraction from the 

T. forshythia Δmiropin mutant strain, either recombinant native miropin or the K368A 

antiplasmin-inactive variant was added prior to plasmin treatment.
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Table 1:

Results from mass spectrometry analysis of putative complexes of miropin with plasmin.

The table shows the names of matched proteins and protein score. The protein score is the best total MS/MS 

718 score obtained for the indicated protein by LC-MALDI of SDS-PAGE bands (Fig. 3A).

Band Protein ID by MS-MS Protein score

1 Miropin (T. forsythia) 7464

2 Plasmin (H. sapiens) 1859

3 Miropin (T. forsythia) Plasmin (H. sapiens) 1324 1458

4 Miropin (T. forsythia) Plasmin (H. sapiens) 2016 1672

5 Miropin (T. forsythia) Plasmin (H. sapiens) 2560 2183

6 Plasmin (H. sapiens) 3987
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