
Miropin, a Novel Bacterial Serpin from the Periodontopathogen
Tannerella forsythia, Inhibits a Broad Range of Proteases by
Using Different Peptide Bonds within the Reactive Center Loop*

Received for publication, July 31, 2014, and in revised form, October 24, 2014 Published, JBC Papers in Press, November 11, 2014, DOI 10.1074/jbc.M114.601716

Miroslaw Ksiazek‡1, Danuta Mizgalska‡, Jan J. Enghild§¶, Carsten Scavenius§¶, Ida B. Thogersen§¶,
and Jan Potempa‡�

From the ‡Department of Microbiology, Faculty of Biochemistry, Biophysics, and Biotechnology, Jagiellonian University, 30-387
Krakow, Poland, §Center for Insoluble Protein Structures (inSPIN) and ¶Interdisciplinary Nanoscience Center (iNANO) at the
Department of Molecular Biology and Genetics, Aarhus University, Aarhus DK-8000, Denmark, and �Department of Oral
Immunology and Infectious Diseases, University of Louisville School of Dentistry, Louisville, Kentucky 40202

Background: Serpins are uncommon in bacteria; little is known about their function.
Results: Serpin from T. forsythia (miropin) inhibits a broad array of proteases with divergent specificities.
Conclusion: Miropin may allow T. forsythia to dwell in a highly proteolytic environment.
Significance: Miropin is the first pathogen-derived serpin with the unusual ability to efficiently inhibit different proteases at
several active sites.

All prokaryotic genes encoding putative serpins identified to
date are found in environmental and commensal microorgan-
isms, and only very few prokaryotic serpins have been investi-
gated from a mechanistic standpoint. Herein, we characterized a
novel serpin (miropin) from the human pathogen Tannerella
forsythia, a bacterium implicated in initiation and progression
of human periodontitis. In contrast to other serpins, miropin
efficiently inhibited a broad range of proteases (neutrophil and
pancreatic elastases, cathepsin G, subtilisin, and trypsin) with a
stoichiometry of inhibition of around 3 and second-order asso-
ciation rate constants that ranged from 2.7 � 104 (cathepsin G)
to 7.1 � 105 M�1s�1 (subtilisin). Inhibition was associated with
the formation of complexes that were stable during SDS-PAGE.
The unusually broad specificity of miropin for target proteases
is achieved through different active sites within the reactive cen-
ter loop upstream of the P1-P1� site, which was predicted from
an alignment of the primary structure of miropin with those of
well studied human and prokaryotic serpins. Thus, miropin is
unique among inhibitory serpins, and it has apparently evolved
the ability to inhibit a multitude of proteases at the expense of a
high stoichiometry of inhibition and a low association rate con-
stant. These characteristics suggest that miropin arose as an
adaptation to the highly proteolytic environment of subgingival
plaque, which is exposed continually to an array of host pro-

teases in the inflammatory exudate. In such an environment,
miropin may function as an important virulence factor by pro-
tecting bacterium from the destructive activity of neutrophil
serine proteases. Alternatively, it may act as a housekeeping pro-
tein that regulates the activity of endogenous T. forsythia serine
proteases.

Serpins (serine protease inhibitors) are present in all multi-
cellular organisms analyzed to date and are abundant in plants
(wheat, rice), nematodes, insects, and vertebrates, especially in
mammals (1). Human serpins are the best characterized. Ser-
pins circulating in the blood are mainly responsible for the inhi-
bition of neutrophil-derived serine proteases and are involved
in the control of inflammation, coagulation, fibrinolysis, and
complement activation. On the other hand intracellular serpins
exert a cytoprotective effect by inhibiting lysosomal proteases
that diffuse into the cytoplasm and are also involved in host
defense against infection (2). Some serpins do not inhibit pro-
teases but instead function as storage proteins (ovalbumin),
molecular chaperones (Hsp47/SERPINH1), and hormone
transporting proteins (thyroxin-binding globulin, cortisol-
binding globulin) as a source of a bioactive peptide (angio-
tensinogen) and as regulators of chromatin compaction
(chicken serpin MENT). Serpins are also encoded by some
viruses where they function as virulence factors by targeting
proteases involved the host immune defense (1, 3).

In contrast to the wide distribution of serpins in eukaryotes,
serpins in prokaryotes are sporadically distributed. Indeed, for
many years serpins were considered not to be required for the
functioning of unicellular organisms and thus were considered
to be absent from prokaryotes. Large scale sequencing of bac-
terial genomes changed this misconception by revealing the
presence of open reading frames (ORFs) encoding putative ser-
pins (4, 5). The first bacterial serpin, thermopin, was expressed
and characterized in 2003 (6). Advances in sequencing of pro-
karyotic genomes revealed that ORFs encoding putative serpins

* This work was supported, in whole or in part, by National Institutes of Health
Grants DE 09761 and DE 022597). This work was also supported by Grants
2013/08/T/NZ1/00315 (a doctoral scholarship) and 2011/03/N/NZ1/00586
from the National Science Center (NCN, Krakow, Poland; to M. K.) and by
grants from the NCN (2012/04/A/NZ1/00051), European Commission (FP7-
HEALTH-2010-261460 “Gums and Joints,” FP7-PEOPLE-2011-ITN-290246
“RAPID,” and FP7-HEALTH-F3–2012-306029 “TRIGGER”), and Polish Minis-
try of Science and Higher Education (project 137/7.PR-EU/2011/2; to J. P.).
The Faculty of Biochemistry, Biophysics, and Biotechnology of the Jagiel-
lonian University is a beneficiary of structural funds from the European
Union (POIG.02.01.00-12-064/08).

1 To whom correspondence should be addressed: Dept. of Microbiology, Fac-
ulty of Biochemistry, Biophysics and Biotechnology, Jagiellonian Univer-
sity, ul. Gronostajowa 7, 30-387 Krakow, Poland. Tel.: 48-12-664-6387;
E-mail: ksiazek.miroslaw@gmail.com.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 1, pp. 658 –670, January 2, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

658 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 1 • JANUARY 2, 2015



are present in 31 and 13% of the fully sequenced genomes of
archaea and bacteria, respectively (7). Nevertheless, to date,
only a very limited number of prokaryotic serpins have been
functionally characterized. These include serpins from Clos-
tridium thermocellum (8) and Bifidobacterium longum (9),
thermopin and tengpin from the thermophilic bacteria Ther-
mobifida fusca (6) and Thermoanaerobacter tengcongensis (10),
respectively, as well as aeropin and Tk-serpin from the hyper-
thermophilic archaea Pyrobaculum aerophilum (11) and Ther-
mococcus kodakaraensis (12), respectively. At present, the pre-
cise role of most bacterial serpins remains obscure with the
exception of Tk-serpin from T. kodakaraensis and serpins from
C. thermocellum and B. longum. It is hypothesized that Tk-ser-
pin could protect T. kodakaraensis by inhibiting the secreted
protease Tk-subtilisin (12). Similarly, it is speculated that the
serpin from B. longum, a commensal gut bacterium, protects
against neutrophil and pancreatic elastases present in the gas-
trointestinal tract (9), and the serpin from C. thermocellum
protects the cellulosome from protease activity (8).

Bacterial serpins, with the exception of a few species of Bac-
teroidetes phylum (Prevotella buccae, Prevotella stercorea, Bac-
teroides ovatus, Bacteroides uniformis, and B. longum), are
found in environmental microbiota (7). All these species are
present in human gut microflora, and thus, these serpins may
help protect bacteria against the digestive proteases of the
host. In this context the presence of an ORF encoding a puta-
tive serpin (BFO_3114, GenBankTM accession number
CP003191; bfor_c_1_8111 in The Bioinformatics Resource for
Oral Pathogens database or TF0781 in Oralgen) in the
sequenced genome of Tannerella forsythia ATCC 43037 is of
particular interest (13).

T. forsythia is a Gram-negative, asaccharolytic, anaerobic
rod-shaped bacteria that together with Porphyromonas gingi-
valis and Treponema denticola forms the so-called “red com-
plex” (13) implicated in the development and progression of
periodontitis in humans (14). It can be argued that periodontitis
is the most prevalent infection-driven chronic inflammatory
disease in humans, and it is estimated that 10 –15% of the adult
population worldwide suffers from severe forms of periodonti-
tis (15). Progression of the disease is manifested by the loss of
attachment between teeth and periodontal tissues resulting in
formation of deep periodontal pockets. In severe cases the dis-
ease can lead to a loss of dentition (16). In addition, periodon-
titis is also associated with an increased risk of lung diseases
(17), preterm low birth weight (18), endocarditis (19), cardio-
vascular diseases (e.g. atherosclerosis and aneurysm) (20),
stroke, diabetes (21), and rheumatoid arthritis (22).

In periodontal pockets, subgingival dental plaque (a dwelling
place of T. forsythia) is bathed in gingival crevicular fluid. This
inflammatory exudate contains high levels of neutrophil-de-
rived serine proteases (e.g. neutrophil elastase and cathepsin G)
(23). By degrading bacterial proteins, these proteases play an
important role in the innate immune system of the host (24).
Therefore, we hypothesized that the serpin from T. forsythia,
referred to as miropin, may contribute to the virulence of peri-
odontal pathogens by inhibiting neutrophil serine proteases.
To investigate this hypothesis, we expressed, purified, and
characterized miropin. Miropin was found to be an efficient

inhibitor not only of elastase and cathepsin G but also of several
other serine proteases with vastly different specificities.

EXPERIMENTAL PROCEDURES

Enzymes, Inhibitors, Substrates, and Other Reagents—The
following enzymes and reagents were used: human neutrophil
elastase, cathepsin G, ecotin, and human �2-macroglobulin
(BioCentrum, Krakow, Poland; Athens Research and Technol-
ogy, Athens, GA); porcine pancreatic elastase (Promega,
Fitchburg, WI); bovine pancreatic �-chymotrypsin, bovine
pancreatic trypsin, thrombin from human plasma, subtilisin
Carlsberg, benzoyl-Arg-pNA,2 Boc-Val-Pro-Arg-aminofluo-
romethylcoumarin, Boc-Gln-Ala-Arg-7-amino-4-methylcou-
marin (AMC), and metoxysuccinyl-Ala-Ala-Pro-Val-pNA
(Sigma); succinyl-Ala-Ala-Pro-Phe-pNA and 7-methoxycoum-
arin-4-acetic acid (MCA)-FVT-4-guanidine-phenylalanine
(Gnf)-SW-Anb-NH2 (Anb is the amide of amino benzoic acid;
Merck). Three molecular weight markers were used: PageRuler
Unstained Low Range Protein Ladder (size range: 3.4 –100
kDa), PageRuler Prestained Protein Ladder (size range: 20 –75
kDa) from Thermo Scientific Fermentas (Vilnius, Lithuania),
and Precision Plus Protein Kaleidoscope (size range: 10 –250
kDa) from Bio-Rad. All other chemical reagents were obtained
from BioShop Canada (Burlington, ON, Canada).

Real Time PCR—T. forsythia RNA was isolated from 5-day-
old colonies on blood agar plates using innuPREP RNA Mini kit
(Analytic Jena, Jena, Germany). Obtained RNA was digested
with RQ1 RNase (Promega) and purified with TRI Reagent
(Ambion, Carlsbad, CA). RNA (1.6 �g) was then reverse-tran-
scribed using cDNA High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems, Carlsbad, CA). Real time PCR was
performed on CFX96 Touch machine (Bio-Rad). Single reac-
tion consisted of 7.5 �l of FastStart Essential DNA Green Mas-
ter mix (Roche Applied Science), 1 �l of 300 nM target-specific
primers for T. forsythia serpin (5�-ATGCCTTTGCCTTCGA-
TCTG-3�, 5�-CTTCCCGTAGTGAATGGCTG-3�), 5 �l of
100� diluted cDNA, and 1.5 �l of water. The PCR reaction
consisted of initial denaturation step at 95 °C for 10 min fol-
lowed by 40 cycles of 10 s at 95 °C, 30 s at 56 °C, and 30 s at 72 °C.

T. forsythia Growth and Screening for Inhibitory Activity—
T. forsythia ATCC 43037 was grown in Shaedler broth (Oxoid,
Hampshire, UK) supplemented with L-cysteine (0.5/liter), men-
adione (Sigma) (1 mg/liter), hemin (Sigma) (0.5 mg/liter), and
N-acetylmuramic acid (Sigma) (10 mg/liter) until an early sta-
tionary phase. Bacterial cells were pelleted by centrifugation (10
min, 5000 revolutions per minute, 4 °C) from 10 ml of culture,
washed 3 times in PBS, and resuspended in 1 ml of PBS. 100 �l
of suspension was withdrawn and designated as a “whole cell”
sample. The remaining 900-�l cell suspension was sonicated
using the Vibra-cell sonicator (Sonics and Materials, Newtown,
CT), and 100 �l of homogenate was withdrawn and labeled as
“cell homogenate.” Large cell debris in the remaining 800 �l of
homogenate was removed by low speed centrifugation (5000 �

2 The abbreviations used are: pNA, p-nitroanilide; SI, stoichiometry of inhi-
bition; CAPS, 3-(cyclohexylamino)propanesulfonic acid; RCL, reactive
center loop; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]gly-
cine; Boc, t-butoxycarbonyl.
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g, 10 min, 4 °C), and the supernatant was subjected to ultracen-
trifugation (100,000 � g, 1 h, 4 °C). The high speed supernatant
containing soluble intracellular proteins was referred to as the
“cytoplasm/periplasm” fraction. The pellet containing the cell
envelope components (the outer membrane, the inner mem-
brane, and peptidoglycan) was washed in PBS, resuspended in
800 �l of PBS, and designated as a “cell envelope” fraction.
Inhibitory activity of each fraction (8 �l) against neutrophil
elastase was determined as described under “Screening Miro-
pin Inhibitory Activity” below. Finally, in a separate experiment
bacterial cells from 50 ml of culture were collected by centrifu-
gation (4000 � g, 20 min, 4 °C), washed 3 times in PBS, resus-
pended in 2 ml of PBS, and frozen at �20 °C. Thawed cells
suspension was used to determine neutrophil elastase inhibi-
tion by T. forsythia as described below under “Stoichiometry of
Inhibition.”

Enzyme Titration and Measurement of Protein Concen-
tration—Trypsin was titrated with 4-nitrophenyl 4-guanidino-
benzoate (Sigma) (25). The titrated trypsin was subsequently
used to titrate ecotin and �-2-macroglobulin, which were later
used for active site titration of neutrophil elastase, pancreatic ela-
stase, chymotrypsin, cathepsin G (ecotin), thrombin, and subtilisin
(�2-macroglobulin). In all the calculations we assumed that prote-
ase inhibition by �-2-macroglobulin occurred with the 1:2 stoichi-
ometry (1 native molecule of an inhibitor inhibits 2 protease
molecules). A similar approximation was used for titration of
proteases with ecotin, which is known to occur as a dimer
presenting two independent active sites. Therefore, the con-
centrations of proteolytic enzymes used herein refer to the con-
centration of active enzymes and not to the protein concentra-
tion. The protein concentration of miropin was determined
using two methods: 1) UV absorption (A) at 280 nm measured
by a NanoDrop device (Thermo Fisher Scientific, Waltham,
MA) using an A280 value of 0.96 for a 0.1% (1 mg/ml) solution
and 2) BCA protein assay reagent (Pierce) according to the
manufacturer’s protocol. The mean values from both methods
were considered as the final result.

Resequencing of Locus TF0781 with Surrounding Regions—A
region encompassing the TF0781 gene (Oralgen) encoding the
T. forsythia serpin and the surrounding 5� and 3� regions was
amplified by PCR with Phusion DNA polymerase (Thermo
Fisher Scientific) and two sets of primers (abfAPCR1 (5�-GGT-
AACAGGGTGACATCAAAATCAC-3�) and abfAPCR2 (5�-
ACAAGGGAACGACTTTGGTGAG-3�) and exBBPCR1 (5�-
CCGTAACAGCCGTAGAAATGG-3�) and exBBPCR2 (5�-
GAACGAATGTGGATGTATCCTTACTG-3�), respectively.
PCR products were separated on a 1% agarose gel, and fragments
were excised from the gel and purified using the GeneJET Gel
Extraction kit (Thermo Fisher Scientific). The purified PCR prod-
uct was analyzed by DNA sequencing using the following primers:
abfA PCR product abfAseq1 (5�-TCGTCGTTCAAGCCGTTG-
TC-3�) and abfAseq2 (5�-GGAGAGATATAGCGATGATAGG-
AG-3�); exBB PCR product exBBseq1 (5�-GAATAGTACTTTC-
ACCTGTCATAC-3�) and exBBseq2 (5�-GCTCTTTTCGCGTA-
CAATTACTTG-3�); exBBseq3 (5�-CCGGCGTCATTCTGTTT-
ATCGG-3�).

Plasmid Construction—Genomic DNA was extracted from
T. forsythia strain ATCC 43037. Three putative variants of

T. forsythia serpin with different N termini were amplified by
PCR, purified, and cloned into the pGEX-6P-1 expression vec-
tor (GE Healthcare) using the BamHI/EcoRI restriction sites
and the following PCR primers (restriction sites are under-
lined): TFs62_F (5�-TCCGGATCCATGAAGTCACCGGCC-
GTTCC-3�) and TFs55_F (5�-GTCGGATCCGTGATTTTGA-
TGTCACCCTGTTAC-3�); TFs46_F (5�-GTCGGATCCATG-
AAAACACAATGGATGTGTATCG-3�) and TFsR (5�-CGT-
GAATTCTTATTCTTTCACTTCCCCGATCTC-3�).

The resulting recombinant hybrid proteins include an N-ter-
minal glutathione S-transferase (GST) tag and a PreScission
protease cleavage site followed by a serpin variant. Cleavage of
the GST moiety with PreScission protease leaves five residues
(Gly-Pro-Leu-Gly-Ser) before the N-terminal amino acid resi-
due; that is, Met (TFs62, TFs46) or Val (TFs55) variants of
T. forsythia serpin. The correct sequences of the expression
plasmids (pGEX-6P-1_Tfs62, pGEX-6P1_Tfs55 and pGEX-
6P1_Tfs46) were confirmed by DNA sequencing, transformed
into Escherichia coli strain Rosetta (DE3) (EMD Millipore, Bil-
lerica, MA), and expressed under the control of the T7
promoter.

Expression and Purification of Recombinant Proteins—
Transformed E. coli hosts were grown in LB (Lennox) media
containing ampicillin (100 �g/ml) and chloramphenicol (33
�g/ml) at 37 °C to an A600 of 0.75–1 and then incubated for 30
min at 4 °C. Expression of recombinant proteins was induced by
the addition of 0.25 mM isopropyl-1-thio-�-D-galactopyrano-
side. After 6 h at 21 °C, cells were harvested by centrifugation
(15 min, 6000 � g, 4 °C) and resuspended in PBS (15 ml/pellet
from 1 liter of culture) and subsequently lysed by sonication
(cycle of 30 � 0.5 s pulses at an amplitude of 70% per pellet from
1 liter of culture) using a Branson Digital 450 Sonifer (Branson
Ultrasonics, Danbury, CT). Cell lysates were clarified by cen-
trifugation (40 min, 40,000 � g, 4 °C), filtered through a
0.45-�m syringe filter (SARSTEDT, Nümbrecht, Germany),
and applied to a glutathione-Sepharose 4 Fast Flow (GE Health-
care) column (bed volume 5 ml) equilibrated with PBS at 4 °C.
Recombinant proteins were eluted using 50 mM Tris-HCl, pH
8.0, supplemented with fresh 10 mM reduced glutathione.
Alternatively, 10 ml of PBS containing 100 �l of PreScission
protease stock solution (1 units/ml) was applied to the column
and incubated for 40 h at 4 °C. Protein concentration was deter-
mined by measurement of absorbance at 280 nm using a Nano-
drop device. Purity of proteins was determined by SDS-PAGE.
Optionally, proteins were also purified by size exclusion chro-
matography. The protein sample was concentrated to 2 ml
using protein concentrators, 9000 molecular weight cutoff, 7 ml
(Thermo Scientific Fisher), and resolved by size exclusion chro-
matography on HiLoad 16/600 Superdex 75 pg column (GE
Healthcare) using an AKTA purifier 900 FPLC system (GE
Healthcare) at a flow rate of 1 ml/min in 20 mM Tris, 150 mM

NaCl, pH 8.0. The elution profile was monitored at 280 nm, and
1 ml fractions were collected. Samples containing the desired
protein were pooled.

Screening Miropin Inhibitory Activity—All reactions were
performed in 0.1 M Tris, 150 mM NaCl, 5 mM EDTA, 0.02%
Tween 20, pH 7.6, with the exception of trypsin and subtilisin,
which were assayed in 0.1 M Tris, 150 mM NaCl, 5 mM CaCl2,
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0.02% Tween 20, pH 7.6, and thrombin, which was assayed in
0.1 M Tris, 150 mM NaCl, 5 mM CaCl2, pH 7.6. Stock solutions of
substrates were prepared in DMSO and stored at �20 °C. Each
protease was mixed with a 10-fold molar excess of miropin in
assay buffer in a total volume of 100 �l in microtitration plates
(Nunc, Roskilde, Denmark) with clear or black bottoms for
chromogenic and fluorogenic substrates, respectively, and
incubated for 15 min at 37 °C followed by the addition of 100 �l
of substrate solution. Residual activity was monitored for 30
min at 37 °C using a SpectraMAX microplate reader (Molecular
Devices, Sunnyvale, CA) for pNA substrates (absorbance mea-
sured at 410 nm) and SpectraMax Gmini XS (Molecular
Devices) for Boc-Val-Pro-Arg-aminofluoromethylcoumarin
(excitation � 395 nm, emission � 500 nm). The final concen-
tration of enzyme was 1 nM for thrombin and subtilisin and 25
nM for all other enzymes. The following substrates were used:
succinyl-Ala-Ala-Pro-Phe-pNA (final concentration, 500 �M)
for cathepsin G, chymotrypsin, and subtilisin; methoxysucci-
nyl-Ala-Ala-Pro-Val-pNA (500 �M) for neutrophil and pancre-
atic elastases; benzoyl-Arg-pNA (500 �M) for trypsin; Boc-Val-
Pro-Arg-aminofluoromethylcoumarin (40 �M) for thrombin.

Stoichiometry of Inhibition—The number of molecules of
miropin needed to inhibit one molecule of target protease (stoi-
chiometry of inhibition (SI)) was determined by incubating
constant amounts of proteases with increasing concentrations
of miropin and measuring the residual enzyme activity. Briefly,
proteases at concentrations of 50 nM (cathepsin G, pancreatic
elastase), 10 nM (neutrophil elastase, trypsin), or 1 nM (subtili-
sin) were mixed with increasing concentrations of miropin in a
microtitration plate (total volume 100 �l) to yield molar ratios
of enzyme:inhibitor ranging from 0 to 5. After 15 or 45 min of
incubation (cathepsin G, pancreatic elastase) at 37 °C, 100 �l of
substrate solution was added, and enzymatic hydrolysis of sub-
strates was monitored for 30 min at 37 °C at 410 nm using a
SpectraMAX microplate reader. Residual activity was plotted
as a function of the molar ratio of miropin:protease. The SI was
considered to be the value where the linear curve fitted to the
data points crossed the x axis.

SDS-PAGE Analysis of the Interaction between Miropin and
Target Proteases—For detection of covalent protease-miropin
complexes, increasing concentrations of proteases (0 – 4 �M)
were incubated with 2 �M miropin for 30 min at 37 °C in a total
volume of 20 �l. The reaction was stopped by the addition of 20
�l of boiling reducing SDS-PAGE sample buffer followed by
incubation for 5 min at 100 °C. Samples were resolved by 10%
SDS-PAGE (acrylamide/bis-acrylamide ratio 33:1) using a Tris-
HCl/Tricine buffer system (26). Gels were stained with 0.1%
Coomassie Brilliant Blue R-250 in 10% acetic acid, destained in
30% methanol, 10% acetic acid, and stored in 1% acetic acid.
After washing gels in distilled water, protein bands of interest
were excised and subjected to mass spectroscopy. First, they
were washed in water and submerged in 50% H2O, 50% aceto-
nitrile for 15 min. After the addition of 50 �l acetonitrile, sam-
ples were incubated until the gel pieces shrunk in size. At this
point the gel slices were submerged in 50 �l of 0.1 M NH4HCO3
containing trypsin, and proteins were digested overnight at
37 °C. Peptides were extracted and analyzed by NanoLC-
MS/MS using an EASY-nLC II system (ThermoScientific) con-

nected to a TripleTOF 5600 mass spectrometer (AB SCIEX;
Framingham, MA). Peptides were dissolved in 5% formic acid
and then injected, trapped, and desalted on a Biosphere C18
column (5 �m, 2 cm � 100 �m inner diameter; Nano Separa-
tions). Next, peptides eluted from a trap column were separated
on a 15-cm analytical column (75 �m inner diameter) packed
in-house in a fritted silica tip (New Objectives; Woburn, MA)
with RP ReproSil-Pur C18-AQ 3 �m resin (Dr. Marisch GmbH,
Ammerbuch-Entringen, Germany) and connected in-line to
the mass spectrometer. Peptides were eluted at a flow rate of
250 nl/min using a 50-min gradient of 5% to 35% phase B (0.1%
formic acid and 90% acetonitrile). Mass spectrometry files were
converted to Mascot generic format (MGF) using the AB
SCIEX MS Data Converter beta 1.1 (AB SCIEX) and “Protein-
Pilot MGF” parameters. The generated peak lists were searched
against the Swiss-Prot database using an in-house Mascot
search engine (matrix science). Search parameters used for pro-
tein identification included trypsin, two missed cleavages, pro-
pionamide (Cys) as a fixed modification, and oxidation (Met) as
variable modification. Peptide tolerances were set to 10 ppm
and MS/MS tolerance to 0.6 Da.

Determination of Cleavage Sites in Reactive Center Loop
(RCL) of Miropin—Miropin (8 �M) and target proteases at
different enzyme/inhibitor ratios (0.1875 (subtilisin), 0.25
(cathepsin G, neutrophil elastase), and 0.375 (pancreatic elas-
tase, trypsin)) were mixed in a total volume of 20 �l and incu-
bated for 30 min at 37 °C. The reaction was stopped by the
addition of 20 �l of boiling reducing SDS-PAGE sample buffer
followed by incubation for 5 min at 100 °C. Proteins were
resolved by 18% SDS-PAGE (acrylamide/bis-acrylamide ratio
33:1) using a Tris-HCl/Tricine buffer system (26) and electro-
transferred onto a PVDF membrane (Bio-Rad) in 10 mM CAPS,
pH 11, and 10% methanol in a Semi-dry Transfer Cell (Bio-
Rad). Membranes were stained with 0.1% Coomassie Brilliant
Blue G-250 in 40% methanol, 1% acetic acid and destained in
50% methanol, 10% acetic acid. Peptide bands (molecular mass
�4.5 kDa) were excised and analyzed by automated Edman
degradation using a Procise 494HT amino acid sequencer
(Applied Biosystems).

Kinetics of Inhibition—The kinetic parameters of inhibition
of target proteases by miropin were determined by the progress
curve method (27). Mixtures containing constant concentra-
tions of substrate and increasing concentrations of miropin in a
total volume of 100 �l were prepared in microtitration plates.
Next, 100 �l of protease solutions were added, and the rate of
substrate hydrolysis was recorded. The final concentrations of
proteases (E), miropin, and substrates are listed below: cathepsin G
([E] � 1 nM; [miropin] � 0–120 nM; [7-methoxycoumarin-4-ace-
tic acid (MCA)-FVT-Gnf-SW-Anb-NH2] � 15 �M; Anb is the
amide of amino benzoic acid; Gnf is 4-guanidine-phenylalanine);
neutrophil elastase ([E] � 1 nM; [Miropin] � 0–200 nM; [metoxy-
succinyl-AAPV-pNA] � 250 �M); pancreatic elastase ([E] � 1 nM;
[Miropin] � 0–300 nM; [metoxysuccinyl-AAPV-pNA] � 1 mM);
subtilisin: ([E] � 0.05 nM; [miropin] � 0–15 nM; [Suc-AAPF-
pNA] � 1 mM); trypsin: ([E] � 0.1 mM; [miropin] � 0–30 nM;
[Boc-QAR-7-amino-4-methylcoumarin (AMC)] � 20 �M).
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The pseudo-first-order association rate constant, kobs, was
determined by nonlinear regression fitting of the progress
curve using Equation 1 (27):

P �
vz

kobs
� �1 � e�kobst� (Eq. 1)

where P is the amount of product formation, vz is the initial
velocity, and t is the reaction time. Kobs values determined for
each concentration of miropin were plotted against miropin
concentration. The slope of the fitted linear curve was equal to
the apparent association constant k�. Taking into account that
the serpin competes with a substrate for an active site of a pro-
tease, and the reaction velocity is affected by the enzyme-SI, the
k� was corrected using Equation 2 (27), which enables calcula-
tion of the second-order association rate constant (kass):

kass � k� � �1 �
	S


KM
� � SI (Eq. 2)

where Kmis the Michaelis-Menten constant determined from
hyperbolic fit using GraphPad Prism macro. The calculated val-
ues of Km were as follows: 3.8 �M (cathepsin G), 114 �M (neu-
trophil elastase), 3.7 mM (pancreatic elastase), 465 �M (subtili-
sin), and 10.5 �M (trypsin).

RESULTS

Analysis of Primary Structure, Expression, Purification, and
Determination of the Protease Inhibitory Activity of Miropin—
Despite low levels of overall amino acid sequence identity, the
tertiary structure of the inhibitory core of serpins is highly con-
served and composed of three �-sheets (A-C), eight to nine
�-helices, and an exposed RCL (1). These structural and
sequence motifs are clearly present in miropin (Fig. 1A), in
which expression by T. forsythia was confirmed by real time
PCR (data not shown). Furthermore, high conservation of res-
idues in the hinge region of the RCL predicts that this newly
identified serpin should possess protease inhibitory activity.
The Thr residue at the predicted P1 position together with the
presence of a typical signal peptide for lipoproteins (underlined
sequence in Fig. 1B) (28) suggests that miropin is the mem-
brane-attached secretory protein and neutrophil elastase its
likely target. To investigate this possibility we have preincu-
bated elastase with increasing amounts of T. forsythia cell sus-
pension and assay the residual activity of the enzyme, which
was reduced in the concentration-dependent manner (Fig. 1C).
Furthermore, comparative analysis of elastase inhibition by
suspension of T. forsythia cells (WC), bacterial cell crude
homogenate (CH), cell envelope (CE), and by a fraction of sol-
uble cytoplasm/periplasm-derived proteins (C/P) revealed the
highest inhibitory activity in intact bacterial cells and cell
homogenate (Fig. 1C, inset). The lower level of the inhibitory
activity was found in cytoplasm/periplasm and cell envelope
fractions. Together these results argue that miropin is exposed
to extracellular environment on the bacterial cell surface with a
fraction also present in the periplasm. Such a location is sup-
ported by the predicted lipoprotein nature of miropin. Of note,

no elastase inhibition was observed in any fraction of an iso-
genic TF0781 knock out mutant of T. forsythia.3

To further confirm the inhibitory activity of miropin, three
variants of the protein differing in the lengths of their N-termi-
nal extensions (predicted from the three putative translation
initiation sites) were expressed (Fig. 1B). The variants were
obtained as fusion proteins with GST, purified on glutathione-
Sepharose (Fig. 1D), and analyzed for inhibitory activity against
human neutrophil elastase. This analysis firmly confirmed that
miropin is an elastase inhibitor. Because the shortest variant of
the protein (Tfs46) was expressed with the highest yield and
greatest specific inhibitory activity (Fig. 1E), it was used to
purify native miropin. GST was removed from the fusion pro-
tein by in-column digestion of glutathione-Sepharose bound
GST-Tsf46 with PreScission protease (Fig. 2A), and the eluted
serpin was subjected to size exclusion chromatography. The
majority of miropin was found together with contaminating
proteins in the void volume of the column (peak 1), whereas
homogenous serpin eluted at the volume expected of a 40 –50-
kDa protein (peak 2) (Fig. 2, B and C). The total yield of purified
miropin was 25 �g per 1 liter of E. coli culture.

The presence of the serpin in peak 1 suggests that the protein
was present as an aggregate. Nevertheless, activity assays
revealed that this form of miropin retained some inhibitory
activity, albeit lower than that of the monomeric form (Fig. 2D).
This suggests that miropin aggregates must differ from other
serpin complexes, which lack protease inhibitory activity (29).

Because monomeric miropin aggregation and/or polymeri-
zation would affect stoichiometry of inhibition, we have inves-
tigated stability of the monomer. To this end miropin stored at
�20 °C and �4 °C for 6 months and 4 weeks, respectively, or
incubated at 37 °C for 6 h was subjected to gel filtration chro-
matography and found exclusively in the monomeric form. In
addition such treatment did not change the inhibitory capacity
of the purified protein, clearly indicating that miropin is stable
as the monomer (data not shown).

Specificity Spectrum and Stoichiometry of Inhibition of Pro-
teases by Miropin—The chemical characteristics of the amino
acid at the P1 position dictates the inhibitory spectrum of a
serpin (30, 31) and is only very occasionally conferred by adja-
cent residues (32). From an alignment of the primary structure
of miropin with those of well characterized serpins, we pre-
dicted that miropin would inhibit neutrophil elastase activity.
To further characterize the inhibitory spectrum of miropin, we
screened its inhibitory activity against six other serine proteases
including cathepsin G, porcine pancreatic elastase, thrombin,
trypsin, chymotrypsin, and the bacterial-derived protease sub-
tilisin Carlsberg. Except for thrombin and chymotrypsin, whose
activity was not affected by miropin even at a 10-fold molar
excess, all other proteases were inhibited in a concentration-de-
pendent manner. This allowed titration of the activity of five
different proteases with miropin and determination of the SI.
Surprisingly, all proteases, regardless of their specificity, were
inhibited with a similar SI that ranged from 2.8 for trypsin to 3.4
for elastases (Fig. 3).

3 M. Ksiazek, D. Mizgalska, J. J. Enghild, C. Scavenius, I. B. Thogersen, and J.
Potempa, manuscript in preparation.
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As inhibition of proteases by serpins is irreversible, the most
important kinetic parameter characterizing inhibitory complex
formation and efficiency of inhibition is the association rate
constant (kass). Therefore, the second-order association rate
constants for all target proteases were determined by progress
curve analysis (Fig. 4). The kass values obtained varied �1 order
of magnitude, from 2.7 
 0.4 � 104 M�1s�1 for cathepsin G to
7.1 
 0.3 � 105 M�1s�1 for subtilisin. These results show that
miropin interacts with proteases with different association rate

constants; miropin more effectively inhibited neutrophil elas-
tase, trypsin, and subtilisin than cathepsin G and pancreatic
elastase.

Miropin Forms a Covalent Complex with Target Proteases—
A covalent inhibitory complex with serpins is formed by an
ester bond between the C-terminal carbonyl group of the P1
residue and the hydroxyl group of the active site serine residue
of the target protease (33). Such a complex is resistant to dena-
turation. To determine if miropin interacts in the same manner,

FIGURE 1. T. forsythia open reading frame ID TF0781 (Oralgen) encodes an inhibitory active serpin. A, multisequence alignment of the inhibitory core of
T. forsythia serpin with squamous cell carcinoma antigen 1, SCCA1 (P29508), human �1-antitrypsin (UniProt accession number P01009) and B. longum serpin
(UniProt accession number Q8G7X7). The positions P1-P1� are framed. B, possible translation initiation sites of the serpin from T. forsythia. The T. forsythia serpin
locus TF0781 was resequenced together with the 5� and 3� flanking regions, and putative sites of initiation of translation (Tfs62, TFs55, and TFs46) according to
a non-classical mechanism operating in the Bacteroidetes phylum were determined. The underline sequence in TFs46 was predicted using LipoP 1.0 Server to
represent a signal peptide typical for lipoproteins. C, neutrophil elastase (NE) was preincubated with increasing amounts of T. forsythia cells suspension. The
residual enzyme activity was determined and plotted against the volume of suspension (average of two independent assays). The inset shows NE inhibition by
washed T. forsythia cells (WC), bacterial cells homogenate (CH), soluble cytoplasm/periplasm proteins (C/P), and cell envelope (CE) subcellular fractions
standardized to the same volume of the initial culture. The mean value from two independent experiments is presented. D, three putative variants of serpin
were cloned into the pGex-6P-1 vector, expressed as fusion proteins with GST in E. coli, and purified by affinity chromatography on glutathione-Sepharose. The
expressed proteins were analyzed by SDS-PAGE. E, inhibitory activity of the recombinant proteins was determined using neutrophil elastase as the target
protease.
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a constant amount of miropin was incubated with increasing
amounts of proteases, the reaction was stopped by boiling in
reducing sample buffer, and the mixture was separated by SDS-
PAGE. This analysis revealed the presence of a characteristic
pattern of bands. With increasing concentrations of protease,
the intensity of the band corresponding to miropin (�46 kDa)
decreased with the concomitant appearance of bands with
slightly lower (corresponding to RCL-cleaved serpin) and
higher molecular weights (Fig. 5). In all cases mass spectroscopy
analysis of bands in the range from 50 to 70 kDa revealed the
presence of both the protease and miropin (Table 1), indicating
that these bands represent covalent protease-inhibitor com-
plexes. Furthermore, the lower than expected molecular mass
of the complexes indicates partial degradation of the protease
in the complex as was observed previously for the interaction
between human serpins and target proteases (1). Interestingly,
miropin were also found in 120- and �170-kDa bands that
appeared after the interaction between miropin and either
cathepsin G (Fig. 5A) or subtilisin (Fig. 5D), respectively.
Because the molecular mass was much higher than the theoret-
ical mass of the complex, this suggests that these bands contain
multimers of miropin that cannot be dissociated by boiling in
SDS-PAGE sample buffer as observed previously for other ser-
pins (34). Such dimers/trimers or higher multimers must con-
tain a serpin molecule covalently attached to one end of the
protease. Finally, multimerization of miropin induced by

cathepsin G was also observed without miropin-cathepsin G
complex formation (band 1, Fig. 5A).

The ester bond responsible for the covalent complex
between serpin and a protease can be hydrolyzed at alkaline pH
(35). Therefore, to confirm that the same mechanism of prote-
ase inhibition is responsible for the complex between miropin
and a protease, a reaction mixture containing serpin and neu-
trophil elastase was treated with NaOH before SDS-PAGE
analysis. Indeed, after alkaline treatment, the covalent com-
plexes were no longer present, and the free enzyme was released
(Fig. 5F). Thus, miropin inhibits a broad array of target pro-
teases through formation of ester bond-linked covalent
complexes.

Inhibition of Proteases by Miropin Occurs at Multiple P1 Res-
idues in the RCL—Proteolytic cleavage of the P1-P1� peptide
bond within the RCL is a prerequisite for covalent complex
formation between a serpin and its target protease (36). Of note,
non-targeted proteases can cleave the RCL without being
trapped in the complex, thereby disabling the inhibitory poten-
tial of serpins (37, 38). In both cases N-terminal sequence anal-
ysis of the released peptide was performed to determine the
cleavage site recognized by the protease. Toward this end,
miropin was incubated with target proteases. Samples were
then resolved by SDS-PAGE and transferred to PVDF mem-
branes, and the N-terminal sequences of 4 –5-kDa peptides
were determined by Edman degradation (Fig. 6A). Trypsin,
subtilisin, and cathepsin G all cleaved miropin at only one posi-
tion within the RCL, at Lys-Thr, Glu-Met, and Lys-Thr, respec-
tively (Fig. 6B). Interestingly, the cleavage catalyzed by the latter
two proteases only marginally fitted their known specificities.
Two other proteases, neutrophil and porcine pancreatic elas-
tase, cleaved the RCL at two (Val-Thr and Val-Glu) and three
non-overlapping positions (Thr-Ala, Val-Lys, and Thr-Ser),
respectively (Fig. 6B). Neutrophil elastase cleavage sites at the
S1 subsite were in agreement with the specificity of this prote-
ase. In contrast, pancreatic elastase cleaved after two residues
(Thr and Val), which are not favored, whereas it ignored the
Ala-Val peptide bond that fits perfectly with its specificity.
Analysis of Edman degradation chromatograms (data not
shown) showed that the released peptides were in equimolar
concentrations. This suggests that cleavages at different sites of
the RCL occurred at a similar rate. Of note, no other serpin-
derived peptides, which would indicate miropin degradation by
target proteases, were detected, ruling out a possibility that
miropin was inactivated by proteolysis outside the RCL. In the
context of inhibitory complex formation, it is interesting that
cleavages were observed far upstream of the predicted reactive
bond P1-P1� (Thr-Ser), and only one cleavage was made at this
site by pancreatic elastase.

DISCUSSION

Because only a limited number of prokaryotic serpins have
been thoroughly investigated at the biochemical and kinetic
levels, the detailed characterization of another serpin could sig-
nificantly broaden current knowledge about the inhibitory and
physiological characteristics of bacterial serpins. Our findings
indicate that miropin from T. forsythia is an inhibitory serpin
that inhibits target proteases through formation of covalent

FIGURE 2. Expression and purification of recombinant miropin. A, SDS-
PAGE of E. coli extracts and tag-free miropin after purification on glutathione-
Sepharose and in-column digestion with the PreScission protease. Lane 1,
E. coli extracts before the addition of isopropyl-1-thio-�-D-galactopyrano-
side; lane 2, E. coli extracts at 6 h after isopropyl-1-thio-�-D-galactopyrano-
side-induced protein expression; lane 3, tag-free miropin (46.1 kDa). B, profile
of gel filtration chromatography of miropin on HiLoad 16/60 Superdex 75 pg
column. mAU, milliabsorbance units. C, SDS-PAGE of two miropin fractions
resolved in B: lane 1, miropin before gel filtration; lane 2, peak 1; lane 3, peak 2.
The presence of miropin in the major band was confirmed by N-terminal
sequence analysis. D, inhibitory activity against human neutrophil elastase
(NE) (0.1 �g) determined in the different gel filtration fractions.
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complexes via an ester bond. The physiological efficacy of ser-
pins as inhibitors is reflected in the kass of covalent complex
formation. The kass values for the miropin range from 2.7 � 104

to 7.1 � 105 M�1s�1 and are comparable with those reported for
other prokaryotic serpins: 8.4 � 104 M�1s�1 for thermopin-
chymotrypsin (6), 4.7 � 104 M�1s�1 for neutrophil elastase-
serpin from B. longum (9), 1.4 � 105 M�1s�1 for tengpin-elas-
tase (10), 1.8 � 105 M�1s�1 for aeropin-chymotrypsin (11), and
7.2 � 105 for subtilisin Carlsberg-Tk-serpin (12). These rates of
inhibition are similar to those of intracellular human serpins,
which react with their target proteases with kass values in the
range of 105-106 M�1s�1 (39, 40). Taken together, it can be
assumed that the kass values determined for miropin are suffi-
cient to inhibit target proteases in vivo.

Another parameter that describes the efficiency of serpins as
inhibitors is the SI, which represents the number of serpin mol-

ecules required to inhibit one molecule of a target protease. For
the majority of prokaryotic and human serpins, the SI is �1. In
sharp contrast, miropin inhibited all target proteases tested
with an SI close to three, which may suggest that miropin is a
less effective inhibitor. However, it should be kept in mind that
miropin efficiently inhibits a broad range of proteases with
vastly different specificities.

The ability of miropin to inhibit a wide variety of proteases is
apparently due to the use of different peptide bonds within the
RCL. This is a very unusual feature, as all other inhibitory ser-
pins characterized to date, with few exceptions (41– 44), use a
single polypeptide bond (P1-P1�) to trap a protease in a covalent
complex. Of note, the RCL in miropin has the same length as
the vast majority of eukaryotic and prokaryotic serpins (Figs. 1
and 7). In serpins, cleavage outside the reactive site P1-P1� bond
leads to the S (stressed) 3 R (relaxed) transition involving a

FIGURE 3. Determination of the SI of serine proteases by miropin. A, cathepsin G. B, human neutrophil elastase. C, porcine pancreatic elastase. D, subtilisin
Carlsberg. E, trypsin. Each protease was preincubated with increasing concentrations of miropin for 15 min, and residual enzymatic activity was determined
and plotted against the serpin:enzyme molar ratio (I0/E0). Activity of enzymes in the absence of inhibitor was considered as 100%. The results presented are the
mean 
 S.D. from three experiments.
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large scale structural rearrangement that allows for accommo-
dation of the RCL as the extra �-strand into the large �-sheet A
in the center of the molecule. Cleaved serpin has no inhibitory
activity. Apparently, miropin is a remarkable exception to the
serpin family as both subtilisin and neutrophil elastase are
inhibited at the P5-P4 (Glu-Met) and P6-P5 (Val-Glu) peptide
bonds, respectively (Fig. 6B). On the other hand, both cathepsin
G and trypsin are inhibited at the P2-P1 (Lys-Thr) site, and the
only protease that is inhibited at the predicted P1-P1� (Thr-Ser)
site is pancreatic elastase. This enzyme is also likely to be inhib-
ited after attacking the P3-P2 (Val-Lys) peptide bond. The role
of cleavage of the P9-P8 (Val-Thr) and P8-P7 (Thr-Ala) sites in
formation of the inhibitory complex seems questionable
because these peptide bonds are proximal to the hinge region
(Figs. 6B and 7). Unfortunately, we were unable to assess the
kinetics of cleavage of individual peptide bonds to address
the possibility of elastase inhibition at these sites. Nevertheless,

the fact that all target proteases, regardless of the number of
cleavages identified within the RCL, are inhibited with nearly
the same SI suggests that all cleavage sites identified may result
in both partial inhibition (30%) and partial (70%) inactivation of
miropin.

The utilization of sites close to the hinge region of the RCL to
form a covalent protease-serpin complex is of substantial inter-
est in the context of the mechanism of inhibition exerted by
serpins in which the inhibitor functions as a “conformational
trap” (36). Briefly, RCL cleavage leads to translocation of acyl-
bound protease by about 75 Å from the top to the bottom of the
serpin molecule. This translocation is thermodynamically
driven, with the energy derived from RCL insertion and the
dramatically enhanced stability of cleaved serpin. The stability
of the resulting complex is favored by the large distortion in
protease structure (1). It is possible that, in the case of miropin,
insertion of a much shorter stretch of the RCL into �-sheet A is

FIGURE 4. Progress curve analysis of protease inhibition by miropin. A, cathepsin G (1 nM). B, human neutrophil elastase (1 nM). C, porcine pancreatic
elastase (1 nM). D, subtilisin Carlsberg (0.05 nM). E, trypsin (0.1 nM). Proteases were added to mixtures containing a constant amount of substrate and increasing
concentrations of miropin. Changes in fluorescence (RFU) or absorbance (Abs) were then recorded. The number associated with each progress curve (insets)
represents the concentration of miropin (nM). The values of Kobs were plotted as a function of miropin concentration; kass was determined from the slope of the
fitted linear curve to the data points and corrected for the stoichiometry factor. With the exception of cathepsin G, the mean 
 S.D. from three experiments is
presented.
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FIGURE 5. Detection of stable covalent complexes of miropin with serine proteases. A–E, SDS-PAGE of miropin incubated with increasing concentrations
of serine proteases at a molar ratio ranging from 0.25–2 as indicated. Little amounts of complexes of miropin with target proteases, especially in case of
subtilisin (D) and trypsin (E) result from the variability in the SDS stability of the various complexes and/or different susceptibility of the covalent complexes to
hydrolysis by non-inhibited proteases during SDS-PAGE sample preparation. F, effect of NaOH on the stability of the miropin-human neutrophil elastase
complex. Cat G, cathepsin G; NE, neutrophil elastase; PE, pancreatic elastase.

TABLE 1
Results from mass spectroscopy analysis of putative complexes of miropin with target proteases
The table shows the names of matched proteins, number of distinct peptide fragments identified after the tryptic digestion, and protein score. The protein score is the best
total MS/MS score obtained for the indicated protein by LC-MALDI of SDS-PAGE bands.

Band Protein ID by MS-MS Number of peptides matched Sequence coverage (%) Protein score

1 Miropin (T. forsythia serpin) 6 38 3181
2 Miropin (T. forsythia serpin) 7 35 2798

Cathepsin G (Homo sapiens) 3 13 92
3 Miropin (T. forsythia serpin) 6 18 694

Cathepsin G (H. sapiens) 2 6 155
4 Miropin (T. forsythia serpin) 6 37 2080

Cathepsin G (H. sapiens) 5 21 1049
5 Miropin (T. forsythia serpin) 6 36 2842

Neutrophil Elastase (H. sapiens) 8 27 1124
6 Miropin (T. forsythia serpin) 6 18 1064

Neutrophil Elastase (H. sapiens) 4 14 429
7 Miropin (T. forsythia serpin) 8 40 2847

Pancreatic Elastase (Sus scrofa) 6 50 1245
8 Miropin (T. forsythia serpin) 8 38 2433

Pancreatic Elastase (S. scrofa) 6 74 2513
9 Miropin (T. forsythia serpin) 7 34 2477

Subtilisin Carlsberg (Bacillus licheniformis) 4 31 1464
10 Miropin (T. forsythia serpin) 7 30 1611

Subtilisin Carlsberg (B. licheniformis) 4 31 1619
11 Miropin (T. forsythia serpin) 7 33 1653

Subtilisin Carlsberg (B. licheniformis) 4 27 637
12 Miropin (T. forsythia serpin) 10 52 4876

Trypsin (Bos taurus) 6 50 1471
13 Miropin (T. forsythia serpin) 6 40 2591

Trypsin (B. taurus) 6 51 1402
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FIGURE 6. Identification of cleavage sites of miropin by target proteases. A, miropin was incubated with serine proteases, and the reaction was stopped by
adding reducing sample buffer. Proteins were then resolved by SDS-PAGE and electrotransferred onto a PVDF membrane. The stained protein bands, labeled
with frames as shown, were excised and subjected to N-terminal sequencing. B, sequences determined for each protease. Cat G, cathepsin G; NE, neutrophil
elastase; PE, pancreatic elastase.

FIGURE 7. Multisequence alignment of RCL sequences of miropin, putative inhibitory serpins found in genomes of commensal bacterial species of the
Bacteroidetes phylum and �-1-antitrypsin. All the sequences were downloaded from MERROPS database and derived from sequenced genomes of follow-
ing bacteria: 1, T. forsythia (miropin); 2, Prevotella copri; 3, P. stercorea; 4, B. uniformis; 5, Bacteroides cellulosilyticus; 6, B. ovatus; 7, Bacteroides coprophilus; 8,
Porphyromonas asaccharolytica; 9, Bacteroides finegoldii; 10, P. buccae; 11, Prevotella ruminicola; 12, Prevotella oralis; 13, Prevotella buccalis; 14, Prevotella
timonensis; 15, Prevotella bergensis; 16, Prevotella sp_oral taxon_306; 17, Prevotella veroralis, 18, Prevotella sp_oral taxon_317. The sequence of �-1-antitrypsin
(19) is from UniProt (accession number P01009). Amino acids at each position identical to those of miropin (1) are highlighted. The predicted active sites, P1-P1�,
are framed.
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sufficient to pull down the protease, at least to the side of the
miropin molecule, and distort its structure so that a stable,
covalent complex is formed. Such an adaptation would allow
the use of different P1-P1� sites in the RCL and greatly expand
the spectrum of proteases that can be inhibited. However, this
occurs at the expense of an increased stoichiometry of inhibi-
tion and relatively low kass.

The ability to inhibit many proteases with different substrate
specificities using a single serpin may be especially advanta-
geous for bacteria living in crowded microbiomes, where they
are exposed to proteases produced by other bacteria and
released by the host. In this context, it is worthy to note that
although serpins are rare among bacteria, they are relatively
abundant in commensal species of Bacteroides and Prevotella
(phylum Bacteroidetes), which are part of diversified bacterial
flora in animals found in both the gastrointestinal tract and
dental surfaces (dental plaque). Alignment of the primary
sequences of putative serpins from many species revealed that
there is high homology in 51 highly conserved residues (data
not shown) and that nearly all contain an alanine (or similarly
small R group) repeat motif in the so-called hinge region, at
position P17-P9 (Fig. 7). This motif is characteristic of all inhib-
itory serpins. Accordingly, Bacteroidetes serpins are expected
to contain a serpin fold and act as protease inhibitors, which
may protect bacteria against proteases such as trypsin, pancre-
atic elastase, chymotrypsin, and neutrophil elastase. It remains
to be determined if Bacteroidetes serpins can inhibit a number
of proteases using different sites in the RCL.

Because T. forsythia also belongs to the Bacteroidetes phy-
lum, it is not surprising that miropin shares a high degree of
identity with a putative inhibitory serpin from B. uniformis
(43%) and P. buccae (37%) but very little similarity to serpins
produced by other prokaryotes, including that from the intes-
tinal bacterium B. longum (24%). In this context it is interesting
to note that miropin is fairly closely related to human intracel-
lular serpin SCCA1 (36% identity). This suggests that Bacte-
roidetes serpins and other bacterial serpins do not share the
same ancestor. In this regard it is tempting to speculate that
their unique properties were acquired through a very rare event
involving xenogenous horizontal gene transfer from humans or
other animals during their long, intimate coexistence. Such a
possibility has been proposed for serpins (5, 45), and one such
example has already been demonstrated for the T. forsythia
metalloprotease karilysin (46).

In contrast to the prokaryotic serpins identified to date,
miropin is the first one to be derived from a microbial pathogen.
Therefore, the contribution of miropin to virulence merits con-
sideration as inhibition of neutrophil serine proteases by miro-
pin may attenuate the bactericidal activity of neutrophils and
facilitate survival of T. forsythia. This hypothesis is strongly
supported by the fact that miropin is predicted to be a secretory
lipoprotein, which is likely associated with the outer mem-
brane. A similar function has been described for the canonical,
non-covalent protease inhibitor ecotin located in the periplasm
of E. coli (47). Alternatively, the main function of miropin could
be related to control of the activity of the bacteria’s own pro-
teases. This hypothesis is supported by the presence of a signif-
icant number of ORFs encoding putative chymotrypsin-like

(family S1) and subtilisin-like (family S8) proteases in the T. for-
sythia genome. In this regard the ability of miropin to inhibit a
broad spectrum of proteases from different families and with
divergent specificity would be essential.

In conclusion, miropin is a unique serpin that is most closely
related to human SCCA1. At the expense of high SI and rela-
tively low kass, miropin has acquired the ability to inhibit effi-
ciently an unusually broad range of proteases by using different
sites in the RCL. This evolution was probably driven by adap-
tation to the biological niche of subgingival bacterial biofilm on
the dental surface, which is rich in serine proteases originating
from other bacteria and the host. In such an environment,
miropin may function as an essential housekeeping protein
and/or an important virulence factor. Elucidation of the
pathophysiological role of miropin is the subject of ongoing
investigations.
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