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UMR 1061, INRA-Université de Limoges, Faculté des Sciences et Techniques, 123 Avenue Albert Thomas, 87060 Limoges Cedex, France, and ‡Université François Rabelais,
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In the present work, an endopin-like elastase inhibitor was puri-
fied for the first time from bovine muscle. A three-step chromato-
graphy procedure was developed including successively SP-
Sepharose, Q-Sepharose and EMD-DEAE 650. This procedure
provides about 300 µg of highly pure inhibitor from 500 g of
bovine diaphragm muscle. The N-terminal sequence of the muscle
elastase inhibitor, together with the sequence of a trypsin-gener-
ated peptide, showed 100% similarity with the cDNA deduced
sequence of chromaffin cell endopin 1. Hence, the muscle
inhibitor was designated muscle endopin 1 (mEndopin 1). mEndo-
pin 1 had a molecular mass of 70 kDa, as assessed by both gel
filtration and SDS/PAGE. According to the association rates deter-
mined, mEndopin 1 is a potent inhibitor of elastase (kass = 2.41 ×

107 M−1 · s−1) and trypsin (kass = 3.92 × 106 M−1 · s−1), whereas
plasmin (kass = 1.78 × 103 M−1 · s−1) and chymotrypsin (kass =
1.0 × 102 M−1 · s−1) were only moderately inhibited. By contrast,
no inhibition was detected against several other selected serine
proteinases, as well as against cysteine proteinases of the papain
family. The cellular location of mEndopin in muscle tissue and
its tissue distribution were investigated using a highly specific
rabbit antiserum. The results obtained demonstrate an intracellular
location and a wide distribution in bovine tissues.
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INTRODUCTION

The serine proteinase inhibitors (serpins) are a large family of
functionally diverse proteins (approx. 700 to date) which are es-
sential regulators of a wide variety of biological processes and are
associated with numerous familial disorders [1]. Most serpins
are inhibitory, although their proteinase targets are not restricted
to the serine proteinases. In particular, several serpins have been
identified that inhibit papain-like cysteine proteinases. In addition
to the inhibitory serpins, some members have evolved to perform
non-inhibitory roles. The inhibitory function of the serpins in-
volves a marked conformational transition, but this inherent mol-
ecular flexibility also renders the serpins susceptible to form
abnormal intermolecular linkages. The effects of such protein ag-
gregation are cumulative, with a progressive loss of cellular
function that results in diseases as diverse as cirrhosis or em-
physema. The insidious nature of protein aggregation and ac-
cumulation affecting individuals in middle- or old-age are now
known to be a feature of many of the neurodegenerative diseases,
notably of Alzheimer’s and Parkinson’s diseases and spongiform
encephalopathies. These particular features of the serpins explain
why these protein inhibitors are so extensively studied in human
and mammals in general, but not exclusively (reviewed in [1]).

Despite the fact that most of the body’s proteins are concen-
trated in muscles, this tissue has been poorly investigated in this
context. On the other hand, one important characteristic of muscle
tissue is its high functional plasticity and adaptability [2]. Hence,
the absolute requirement for a continuous adaptation of fibres
in response to various types of stress (biological, physiological,

nutritional, physical injury, etc.) under normal and pathologi-
cal conditions contribute to maintain a relatively intense and per-
manent metabolic activity in this tissue throughout life. Such
changes are obviously ensured by a series of strictly regulated
proteolytic enzymes, including, for example, the well-known cal-
pains, proteasomes, cathepsins and collagenases. Undoubtedly the
least investigated group of enzymes in muscle tissue, namely
the serine proteinases, is also likely to contribute to muscle dif-
ferentiation, remodelling and regeneration processes [3–7]. The
few studies on muscle serpins were indeed carried out either be-
cause of their possible implication in different types of pathologies
or because they allow a better understanding of the serpins func-
tion in the complex biological processes ensuring muscle dif-
ferentiation and homoeostasis. Several serpins have been thus
described in muscle, including protease nexin 1, a thrombin in-
hibitor [8], plasminogen activator inhibitor [9], and kallistatin,
a kallikrein-binding protein [10]. Muscle cells also express α-1-
antichymotrypsin and β-amyloid precursor protein [6]. To fill in
this gap, investigations with the goal of obtaining more knowledge
of muscle serine proteinase inhibitors, including serpins, are pre-
sently being carried out in our laboratory.

The present report describes the purification and characteriz-
ation of a 70 kDa serpin which strongly inhibits elastase and tryp-
sin with Kd values of 2.4 × 107 and 3.9 × 106 M−1 · s−1 respect-
ively. Plasmin, another basic-residue-cleaving proteinase, and
chymotrypsin were moderately inhibited. By contrast, no inhibi-
tory activity was observed against cysteine proteinases, including
papain and cathepsins B and L, as well as against the set of other
serine proteinases tested. This widely distributed elastase inhibitor
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was essentially intracellular. Partial sequencing and peptide
map analysis by MALDI–TOF (matrix-assisted laser-desorption
ionization–time-of-flight) MS clearly indicate that this inhibitor
is the same protein as endopin 1, a chromaffin cell serpin which
has been identified at the cDNA level and further characterized
using Escherichia coli-expressed recombinant protein [11].
Hence, the present elastase inhibitor will be subsequently desig-
nated muscle endopin 1 (mEndopin 1). It must be further empha-
sized that endopin 1 has never been purified to date from any
mammalian tissue, and all data available were obtained with the
non-mature recombinant protein expressed in E. coli.

EXPERIMENTAL

Materials

The trypsin/elastase inhibitor (mEndopin 1) was purified from
bovine diaphragm muscle, obtained from the local slaughterhouse
of the INRA Research Centre. Thrombin from bovine plasma
(EC 3.4.21.5) was from Roche diagnostics (Meylan, France). Hu-
man leucocyte elastase (EC 3.4.21.37) and cathepsin G
(EC 3.4.21.20) were from Calbiochem (Meudon, France). Bovine
pancreatic trypsin (EC 3.4.21.4), chymotrypsin (EC 3.4.21.1)
and plasmin (EC 3.4.21.7) were from bovine plasma, urokinase
from human kidney cells (EC 3.4.21.73), porcine pancreatic
kallikrein (EC 3.4.21.35), tissue plasminogen activator, N-CBZ-
Phe-Arg-NHMec, Suc-Ala-Ala-Ala-NHMec, CBZ-Gly-Gly-
Arg-NHMec, Suc-Ala-Phe-Lys-NHMec, MeO-Suc-Ala-Ala-
Pro-Val-NHMec (where: CBZ, benzyloxycarbonyl; NHMec,
aminomethyl coumarylamide; Suc, succinyl; MeO, methoxy) and
4-nitrophenyl-guanidinobenzoate were from Sigma Chemical Co.
(St Quentin-Fallavier, France). SP-Sepharose, Q-Sepharose and
Superose 12 HR 10/30 were purchased from Amersham Phar-
macia Biotech (Orsay, France). Fractogel EMD-DEAE-650 was
from Merck (Nogent-sur-Marne, France). Goat anti-rabbit IgG
conjugated with either alkaline phosphatase or FITC were from
Jackson Immunoresearch Laboratories (Baltimore, MD, U.S.A.).

Purification of mEndopin 1

The purification procedure included three to four chromatography
steps and starts from a crude extract prepared as described pre-
viously [12] from bovine diaphragm muscle obtained within
1 h after killing. Briefly, a 40–70% (NH4)2SO4 precipitate was
dissolved in 50 ml of 50 mM sodium acetate buffer, pH 4.5
(buffer A), dialysed overnight, clarified by centrifugation at
20000 g for 15 min and applied to a SP-Sepharose (5 cm × 10 cm)
column equilibrated with buffer A. The bound proteins were
eluted at 3 ml/min with a 0–0.2 M linear NaCl gradient and frac-
tions of 4.5 ml were collected. Fractions of the S-1 peak (see
Figure 1a) were pooled, dialysed against 30 mM Tris/HCl buffer,
pH 8.0 (buffer B), and loaded on to a Q-Sepharose column
(2.5 cm × 10 cm) which had been previously equilibrated with
buffer B. The bound proteins were eluted at 3 ml/min with a
linear 0–0.25 M NaCl gradient and fractions of 4.5 ml were col-
lected. The pooled trypsin-inhibiting peak was dialysed against
buffer B and then run on a Fractogel EMD-DEAE-650 column
(1 cm × 8 cm) equilibrated with the same buffer. Proteins were
eluted at 1 ml/min with a linear 0–0.25 M NaCl gradient and frac-
tions of 1.5 ml were collected. After dialysis of the eluted active
fractions against buffer B containing 0.3 M NaCl, the sample
was loaded on to a Superose 12 HR 10/30 column, and proteins
were eluted at 0.5 ml/min and collected in 1 ml fractions. Active
fractions were pooled, desalted by dialysis against buffer B and
stored at 0–4 ◦C until use.

Monitoring of the trypsin inhibitory activity in collected fractions

Aliquots of each fraction (30 µl) were mixed with 750 µl of a tryp-
sin solution (40 µg/ml) in 50 mM Tris/HCl buffer, pH 8.0, con-
taining 10 mM CaCl2, and then incubated at 37 ◦C for 20 min
before addition of 250 µl of a 40 µM substrate stock solution
(N-CBZ-Phe-Arg-NHMec). After 20 min, the reaction was stop-
ped by adding 3 ml of a stopping solution containing 100 mM
chloroacetate, 70 mM acetic acid and 30 mM sodium acetate,
pH 4.3. Fluorescence was then measured using a PerkinElmer
LS 50B spectrofluorimeter (λexcitation at 360 nm − λemission 440 nm).
Unless otherwise indicated, all activity measurements were per-
formed at 37 ◦C.

PAGE and Western blotting

SDS/PAGE was performed as described previously [13] under
reducing conditions on a 12.5% slab gel. Molecular masses were
estimated by using the Pharmacia low Mr calibration kit. Proteins
were revealed using either Coomassie Brilliant blue R250 or
silver staining. Electrophoresis in non-denaturing conditions was
carried out as above on 10% slab gel, but in non-reducing con-
ditions and in the absence of SDS. Immunoblot analysis were
carried out as described previously [14].

pH and heat stability of the mEndopin 1

pH stability of the purified inhibitor was tested in the pH range
2 to 12. The trypsin inhibitor (approx. 10 nM) was incubated for
1 h at room temperature in the following (buffer) solutions: 0.2 M
KCl/HCl (pH 2), 0.1 M formic acid/NaOH (pH 4), 0.1 M Bis/Tris/
HCl (pH 6), 0.1 M Tris/HCl (pH 8), 0.1 M sodium bicarbo-
nate/NaOH (pH 10) and 0.15 M KCl/NaOH (pH 12). The residual
trypsin inhibiting activity was then measured as described above.
Heat stability of the trypsin inhibitor was determined by heating
the purified inhibitor (approx. 10 nM) in Tris/HCl buffer, pH 8.0,
for 15 min at different temperatures ranging from 40◦ to 100 ◦C
and residual activity measured as described above.

Enzyme titration

Titration of bovine pancreatic trypsin and bovine plasmin were
carried out as in [15] using 4-nitrophenyl p-guanidinobenzoate.
HLE (human leucocyte neutrophil elastase) was tritrated as de-
scribed in [16] using acetyl-Ala-Ala-AzaAla-p-nitrophenylester.
Chymotrypsin and cathepsin G were titrated as described in
[17] using N-trans-cinnamoyl-imidazole. All cysteine proteinases
were titrated as described in [18] using E-64 [trans-epoxysuc-
cinyl-L-leucylamido-(4-guanidino)butane], a common irrever-
sible inhibitor. Concentration of the purified muscle inhibitor was
measured by titration with previously titrated trypsin.

Stoichiometry of the enzyme–inibitor interaction

The defined concentrations of enzyme, i.e. trypsin or HLE, were
incubated with increasing amounts of mEndopin 1, and the re-
sidual activity was measured as described above.

Measurement of the association rate constants

Second order association rate constant (kass) of the muscle endo-
pin 1 with trypsin and elastase were determined as described
in [19]. The purified inhibitor (5 nM) was pre-incubated with
equimolar amounts (5 nM) of enzyme in 50 mM Tris/HCl buffer,
pH 8.0, containing 10 mM CaCl2 for given periods of time.
100 µl of 100 µM substrate stock solutions (N-CBZ-Phe-Arg-
NHMec and MeO-Suc-Ala-Pro-Val-NHMec for trypsin and
elastase respectively) were then added and the mixture incubated
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for 20 min before measuring residual activity. The association rate
with plasmin and chymotrypsin was determined under pseudo-
first-order conditions by pre-incubating the enzymes (15 nM) with
a 10-fold molar excess of inhibitor in 50 mM Tris/HCl buffer con-
taining 100 mM NaCl, pH 7.5, in a total volume of 200 µl.
After different pre-incubation times, the substrates (Suc-Ala-Phe-
Lys-NHMec and Suc-Ala-Ala-Pro-Phe-NHMec for plasmin and
chymotrypsin respectively) were added at a final concentration of
100 µM and incubated for 20 min. The reaction was stopped by
addition of the stopping buffer and the fluorescence measured as
indicated above.

Peptide preparation and sequence analysis

After SDS/PAGE and Coomassie Blue staining, the band of gel
corresponding to mEndopin 1 was cut out and partially dehydrated
in a SpeedVac. The gel sample was then subjected to hydrolysis
for 18 h at 30 ◦C by addition of 0.1 µg of pig trypsin (Sigma) in
200 µl of Tris/HCl buffer, pH 8.6, containing 0.01% Tween 20.
Peptides were extracted, fractionated by HPLC on a DEAE-C18
column (1 mm in diameter) and eluted with a 2–70% linear aceto-
nitrile gradient in 0.1 % TFA (trifluoroacetic acid). These pep-
tides were then subjected to N-terminal sequencing. Sequence
analysis by the Edman method was performed using an Applied
Biosystems 477A pulsed liquid sequencer (Perseptive Biosys-
tems, Framingham, MA, U.S.A.). Phenylthiohydantoin derivat-
ives were identified with an on-line model 120A analyser.

N-terminal sequencing of mEndopin 1

After SDS/PAGE, proteins were transferred on to a PVDF mem-
brane by electroblotting and revealed by Coomassie Blue staining.
The bands corresponding to the inhibitor and its dimer were cut
out and subjected to Edman sequence analysis as described above.

MS peptide map of mEndopin 1

Peptide map of the trypsin digest was performed as previously
described [14], using a MALDI–TOF mass spectrometer (Voyager
DE-Pro, Applied BioSystems, Courtaboeuf, France) in the reflec-
tron mode for peptide-mass fingerprinting.

Preparation of the antiserums and Western blot analysis

Preparation of the antiserums and Western blot analysis were
carried out as previously described [20]. The antiserum directed
against mEndopin 1 was used at a dilution of 1/500. The rabbit
anti-trypsin polyclonal antibody was similarly prepared and used
at a dilution of 1/500. The anti-HLE polyclonal antibody was pur-
chased from BioTrends (Köln, Germany) and used at a dilution
of 1/150.

Immunofluorescence localization of mEndopin 1

Muscle strips (3 mm × 10 mm) isolated from fresh cuts of bovine
longissimus muscle, perpendicular to the fibre axis were immersed
in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M so-
dium phosphate buffer, pH 7.4, for 45 min at room temperature.
Samples were then bathed in 30 % sucrose in PBS buffer up to
equilibrium. Blocks were mounted in a Reichert Frigocut 2800
(Leika, Heidelberg, Germany) and frozen in situ at −20 ◦C. Thick
transverse sections of about 10 µm were cut and treated with non-
immune goat serum (diluted to 1/20 in PBS) for 15 min followed
by three 5 min successive washes in PBS. The sections were then
incubated with the anti-mEndopin 1 polyclonal antibody (diluted
to 1/50 in PBS) for 1 h at room temperature. After three 5 min
washes in PBS, the sections were treated with the goat FITC-

labelled anti-rabbit IgG (diluted to 1/500 in PBS) for 1 h at room
temperature, rinsed for 30 min in PBS and then mounted in
glycerol on glass plates. Sections were then examined using an
Axioplan 2E light microscope (Zeiss, Lyon, France).

Assessment of tissue distribution by double immunodiffusion

Double immunodiffusion was performed as described in [21].
Crude tissue extracts were obtained by homogenization of 1 g of
fresh tissue, previously sliced into small pieces with a sterile blade,
in 2 ml of cold 50 mM Tris/HCl buffer, pH 7.6, containing
150 mM KCl and 4 mM EDTA, and further clarified by centrifu-
gation at 20000 g for 20 min. In addition to plasma, different
bovine tissues were tested, including spleen, liver, kidney, thymus
and diaphragm muscle. Immunodiffusion was performed using
a 2.5-mm thick agar plate containing 1.2% Noble Agar in
0.05 M veronal buffer, pH 7.3 (Buffer V). Circular wells (3 mm
in diameter) were punched out of the agar gel and filled with
20 µl of each crude tissue extract. The central well was filled in
with 20 µl of the antiserum diluted to 1/8 in Buffer V. After dif-
fusion for 24 h at 37 ◦C in a humidified chamber, the plate was
examined using dark-field oblique illumination. Picture was taken
using a video printer (Sony UP 1200EPM, Manganelly, Clermont
Ferrand, France) coupled to a magnifying video camera (Sony
XCOO3P).

Protein determination

Protein concentrations were measured as described in [22] with
rabbit Ig as the standard.

RESULTS

Purification of the mEndopin 1

When applied to an ESP-Sepharose column, the ammonium sul-
phate precipitate was separated into three trypsin-inhibiting peaks
designated S-1, S-2 and S-3 (Figure 1a). The S-1 fraction was
pooled, loaded on to a Q-Sepharose column and the trypsin-in-
hibiting activity eluted in the gradient at approx. 0.1 M NaCl (Fig-
ure 1b). After overnight dialysis against 30 mM Tris/HCl buffer,
pH 8.0, the active fractions were applied on to a Fractogel EMD-
DEAE 650 column equilibrated with the same buffer. Elution
with a 0–0.25 M NaCl smooth linear gradient gave one active peak
(results not shown). Generally, the preparation was pure enough at
this stage and the last step was then omitted. Otherwise, the purifi-
cation was ended by chromatography of the active fraction on a
Superose 12 HR 10/30 column (Figure 1c) from which the serpin
was eluted as a single peak, coming out just before BSA (Mr

67000), with a molecular mass of 70 kDa. When analysed by
SDS/PAGE, one or two bands, with Mrs of 140000 and 70000
respectively, were detected depending on the amount of protein
loaded into the wells (Figure 2a, lanes 1 and 2). In contrast and
irrespective of the amount of proteins loaded, only one band
was obtained when run in non-denaturing conditions (Figure 2b,
lanes 3 to 5).

Characterization of the 140 and 70 kDa bands

Unexpectedly and even after gel filtration, SDS/PAGE analysis of
the purified mEndopin 1 revealed two bands with Mr of 70000
and 140000, a finding in contrast with those obtained by gel filtr-
ation and electrophoresis under non-denaturing conditions, which
suggested the presence of only one protein in the purified pre-
paration. Upon gel filtration, the whole inhibitory activity was
indeed eluted in a single peak just before BSA (Mr 67000) and
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Figure 1 Major chromatography steps used for the purification of
mEndopin 1

(a) Elution profile of the muscle crude extract at pH 4.5 from a SP-Sepharose column
(5 cm × 10 cm). Only the S-1 trypsin inhibitory peak will be subsequently considered. (b) Elution
profile of the S-1 from a Q-Sepharose column (2.5 cm × 10 cm) at pH 8.0. (c) Gel filtration pro-
file of the Fractogel EMD-DEAE-650 pooled active fractions run on a Superose 12 HR 10/10
column at pH 8.0. The protein peak was eluted just before BSA (arrow). Calibration of the
gel filtration column was performed using ferritin (440 kDa), catalase (232 kDa), aldolase
(150 kDa), BSA (67 kDa), β-lactoglobulin (35 kDa) and α-lactalbumin (14 kDa). In all profiles,
the continuous line is the absorbance at 280 nm, the broken line corresponds to the NaCl
gradient and open circles indicate the trypsin inhibitory activity.

not two, as would have been expected if the 140 kDa band
corresponded to a contaminant protein. Interestingly, in denatur-
ing conditions the upper band was not detectable when 1 µl of the
serpin preparation was loaded on to the gel (Figure 2c, left-hand
lane), whereas its concentration increased as the amount of protein
loaded was raised from 3 µl (Figure 2c, second lane from the left-
hand side) to 20 µl (Figure 2c, right-hand lane). It is worthy to
note that the dimer/monomer ratio seemed to be constant as the
amount of protein loaded on to the gel increased. The upper band
starts to be detectable at a total protein concentration of about
100 nM (Figure 2c, second lane from the left-hand side) and the
proportion remained quite constant for all other concentrations.
As assessed by densitometry the amount of dimer corresponds
to approx. one-third of the total protein in the denatured sample
(28.7 +− 1.5%, as estimated from five different preparations).

When analysed by Western blotting, both bands were labelled
by the specific antibody raised against the muscle serpin,
suggesting large structural similarities between them (Figure 2c).

Primary sequence analysis using the Edman procedure showed
a common N-terminal amino-acid sequence (indicated in bold)
for both bands: bovine 140 kDa band, L1PENVVVKDQ-
HRRV14; bovine mEndopin 1, L1PENVVVKDQHRRV14; bo-
vine chromaffin endopin 1, L1PENVVVKDQHRRVDGHTLA20.

Figure 2 SDS/PAGE and Western blot analysis of the purified
preparation (40 µg/ml)

(a) The inhibitor was run in denaturing conditions on a 12.5 % polyacrylamide slab gel and
revealed by silver staining. The volume of the preparation loaded in the wells were 1 µl (lane 1)
and 3 µl (lane 2). (b) Inhibitor run in non-denaturing conditions and revealed by silver staining.
The volume of the preparation loaded in the wells were 1 µl (lane 3), 3 µl (lane 4) and 5 µl
(lane 5). (c) Analysis of the dimer formation by immunoblotting using the mEndopin 1 antibody.
Sample volume loaded into the wells was from left to right: 1, 3, 5, 7, 9, 11, 15, 17 and 20 µl.

Screening of the protein databases with this sequence suggested
that this serpin corresponds very likely to the bovine chromaffin
cell endopin 1 (Swiss-Prot and TrEMBL ID, Q9TTE1). Simi-
larly, the use of an internal peptide sequence isolated from the
trypsin digest of mEndopin 1 extracted again only one protein
from the databanks, i.e. the chromaffin endopin 1: bovine
mEndopin 1 peptide, –SNYELNDILSQLGIR– ; bovine chro-
maffin endopin 1, –S313NYELNDILSQLGIR327 – .

Analysis of both bands by MALDI–TOF MS further gave a
similar trypsin peptide map (results not shown) confirming that
the 140 kDa band is a dimer of the muscle serpin [23–25].

Identity of mEndopin 1

Similarity searches of databanks with the N-terminal sequence
were carried out using BlastP2 (Bork Group, EMBL, Heidelberg).
This sequence showed 100% similarity with bovine endopin 1 (ID
Q9TTE1), a serpin first identified at the cDNA level in adrenal
medulla neuroendocrine chromaffin cells [11], which strongly
inhibits trypsin, but not elastase or chymotrypsin. Several other
serine protease inhibitors (plasma bovine trypsin inhibitor or ser-
pin TI, ID Q9TS73 [26]; goat contrapsin, ID S54330 [27] and
sheep plasma alpha-1-proteinase inhibitor, ID A60812 [28]), for
which partial N-terminal sequences are available in the databases,
exhibited lower similarity scores. A similarity search performed
with the sequence of a trypsin-generated peptide containing
15 amino acids (S1NYELNDILSQLGIR15) extracted only one
protein from the databases showing a full identity of this sequence
with an internal peptide (residues 313–327 of the precursor pro-
tein) of chromaffin cell endopin 1. To confirm the identity of
the present muscle serpin, the protein was subjected to trypsin
digestion and the mixture then analysed by MALDI–TOF MS. As
shown in Figure 3(a), the peptides generated matched extensively
with the mature protein sequence. Of these, four matched with the
C-terminal region of the protein, including a large part of the RCL
(reactive centre loop) and the suspected scissile bond (between
Arg350 and Thr351), indicated in Figure 3(b) by two opposite arrow
heads within the underlined sequence ‘SMERTI’ [11].
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Figure 3 mEndopin 1 identity with chromaffin cell endopin

(a) mEndopin 1 peptide map of the trypsin digest as assessed by MALDI–TOF MS. The protein
sequence taken in reference corresponds to the mature chromaffin cell endopin 1 without the
signal peptide. (b) C-terminal sequence of chromaffin cell endopin 1. Alignment of peptides
matching with the sequence. (Chromaffin cells endopin 1 sequence was from Swiss-Prot
database, ID Q9TTE1).

Figure 4 pH (a) and heat (b) stability of the mEndopin 1

(a) Residual activity (percentage of the control) of mEndopin 1 (10 nM) pre-incubated for 1 h
(�) or 24 h (�) at different pH ranging from 2 to 12 (for buffer composition see the Experimental
section). (b) Residual activity of mEndopin (10 nM) heated for 15 min at different temperatures
ranging from 40◦ to 100◦C.

pH and heat stability of mEndopin 1

The muscle endopin 1 is highly stable at pH values ranging 4.0
to 12. In this pH range, activity was not affected after 1 h incu-
bation and decreased by less than 5 % after 24 h (Figure 4a). At
more acidic pH values (<4.0), the activity was not detectable
even after 1 h.

Upon heating for 15 min to various temperatures ranging from
40◦ to 100 ◦C, the mEndopin 1 activity was unchanged be-
tween 40◦ and 70 ◦C and decreased rapidly for higher temperature
values (Figure 4b). No activity was thus detectable at 80 ◦C and

Figure 5 Stoichiometry of interaction of mEndopin 1 with trypsin (�) and
HLE (�)

Regression analysis of the linear part of the curves cross the x-axis at 20 nM and 50 nM. These
concentrations correspond to the amount of mEndopin 1 needed for a total inhibition of trypsin
(20 nM) and elastase (50 nM), indicative of a 1:1 enzyme/inhibitor ratio.

above. These results argued for a relative heat stability of this
serpin compared with others for which total inactivation occurs at
temperatures of 60 ◦C or lower [29–31].

Stoichiometry for trypsin and elastase inhibition

To assess the stoichiometry of interaction, trypsin (20 nM) and
HLE (50 nM) were titrated with mEndopin 1 in a total volume
of 200 µl. As shown in Figure 5, complete trypsin inhibition was
achieved for an mEndopin 1 concentration of 20 nM (mean +− S.D.
for 5 independent determinations, 20.0 +− 0.5 nM), indicating a
1:1 trypsin/mEndopin 1 ratio of interaction. Total elastase in-
hibition was achieved for an mEndopin 1 concentration of 50 nM
(mean +− S.D. for 5 independent determinations, 50.2 +− 0.8 nM),
suggesting a 1:1 elastase/mEndopin 1 ratio of interaction. To as-
certain these findings, we tested the ability of mEndopin 1 to form
SDS-stable complexes with each of these proteases. Trypsin
(20 nM) and elastase (20 nM) were pre-incubated at 37 ◦C with
50 nM of mEndopin 1 for 20 min in a total volume of 100 µl and
the mixture then heated in the presence of SDS/MCE (2-mercap-
toethanol) buffer (50 µl) for subsequent SDS/PAGE analysis.
After electrotransfer on to the membrane, proteins were revealed
selectively using polyclonal antibodies directed against mEndo-
pin 1, trypsin and HLE antiserums (Figure 6). The HLE polyclonal
antibody labelled a first band (Figure 6a, lane 4) corresponding
to free elastase and a second one with a Mr of approx. 95000,
very likely to be the elastase–mEndopin 1 complex. Two bands
were also revealed upon treatment of the membrane with the
anti-mEndopin 1 antibody with Mr of 70000 (free monomeric
form of mEndopin) and 95000 respectively (Figure 6a, lane 2).
As the 95 kDa band was labelled by both anti-elastase and anti-
mEndopin 1 antibodies, this band corresponds undoubtedly to
the elastase–mEndopin 1 complex. These results confirm those
previously obtained by titration. Similar findings were obtained
upon analysis of the trypsin–mEndopin 1 mixture, since a 93-kDa
band corresponding to the complex was recognized by both anti-
trypsin and anti-mEndopin 1 antibodies (Figure 6b, lanes 2 and 4).
Taken together and according to the Mr of the enzyme–inhibitor
complexes, these results stressed that inhibition of both HLE and
trypsin by mEndopin 1 occurs through equimolar interaction.

Inhibitory pattern of mEndopin 1 and association rate
constant determination

The inhibitory activity of the purified inhibitor against various
serine and cysteine proteinases was determined (Table 1). No
inhibitory activity was detected with any cysteine proteinase
tested, including papain, cathepsin B and cathepsin L. Amongst
the set of serine proteinases only trypsin, plasmin, elastase and
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Figure 6 Stability under SDS/PAGE of the enzyme–inhibitor complexes
obtained with elastase (a) and trypsin (b) as revealed by Western blotting
using specific inhibitors directed against trypsin (Tryp-Ab), elastase (HLE-
Ab) and mEndopin 1 (mEndo-Ab)

(a) Lane 1, purified mEndopin 1; lane 2, elastase incubated with mEndopin 1; lane 3, elastase
control; lane 4, elastase incubated with mEndopin 1; proteins were revealed with mEndo-Ab
(lanes 1 and 2) and HLE-Ab (lanes 3 and 4). (b) Lane 1, trypsin control; lane 2, trypsin incubated
with mEndopin 1; lane 3, purified mEndopin 1; lane 4, trypsin incubated with mEndopin 1;
proteins were revealed with Tryp-Ab (lanes 1 and 2) and mEndo-Ab (lanes 3 and 4). The 140 kDa
band revealed with the mEndo-Ab antibody corresponds to the mEndopin 1 dimer. E, elastase;
T, trypsin bands.

Table 1 Association rate constants for inhibition of serine and cysteine
proteinases

N.I., no inhibition.

Proteinase k ass (M−1 · s−1)

Serine
Trypsin 3.92 × 106

Chymotrypsin 1.0 × 102

Plasmin 1.78 × 103

Elastase 2.41 × 107

Cathepsin G N.I.
Thrombin N.I.
Kallikrein N.I.
Urokinase N.I.
Plasminogen activator N.I.

Cysteine
Papain N.I.
Cathepsin B N.I.
Cathepsin L N.I.

chymotrypsin were inhibited, to various extents, by mEndopin 1.
By contrast, the activities of thrombin, urokinase, kallikrein,
tissue plasminogen activator or cathepsin G were not affected at
all. According to the experimentally determined association
rate constants (kass), muscle endopin 1 is a strong inhibitor
of HLE (kass = 2.41 × 107 M−1 · s−1) and trypsin (kass = 3.92 ×
106 M−1 · s−1), whereas plasmin (kass = 1.78 × 103 M−1 · s−1) and
chymotrypsin (kass = 1.0 × 102 M−1 · s−1) were only moderately
affected.

Immunolocalization of the inhibitor and tissue distribution

Immunolocalization of mEndopin 1 was performed on transverse
sections of freshly excised adult bovine longissimus muscle using
the polyclonal rabbit antiserum described above. As depicted in
Figure 7(B), the muscle endopin 1 is highly concentrated be-

Figure 7 Immunolocalization of the mEndopin in bovine longissimus
muscle

Immunolocalization was revealed using a specific rabbit antiserum diluted to 1/50 revealed by
a FITC-labelled goat anti-rabbit IgG (dilution 1/500). (A) Control sample incubated with the
secondary antibody alone. (B) Sample treated with the primary and the secondary antibodies
(magnification, ×1200).

Figure 8 Tissue distribution of mEndopin as assessed by double
immunodiffusion

The central well contains the mEndopin rabbit antiserum (dilution 1/8; 20 µl); well 1, spleen;
well 2, bovine liver; well 3, bovine plasma (20 µl); well 4, bovine kidney; well 5, bovine thy-
mus; well 6, bovine diaphragm muscle (20 µl of each crude extract was loaded into the wells).

tween the plasma membrane and the myofibrils, whereas a lower
fluorescence intensity can be seen within the myofibrils in the
centre of the muscle fibres, indicating that muscle endopin 1 is ex-
clusively intracellular with a preferential peripheral localization.
No fluorescence was detected in the control sample for which the
primary antibody was omitted (Figure 7A).

Tissue distribution of mEndopin 1 was assessed using the
double immunodiffusion technique. Different bovine tissues and
fluids were tested, including plasma, spleen, liver, kidney, thymus
and muscle. According to the results presented in Figure 8, a con-
tinuous precipitating line was obtained, suggesting that the anti-
body recognized the same protein in all tissues and fluids and that
mEndopin 1 is widely distributed in the body. In addition and with
respect to the intensity of the precipitate line, mEndopin 1 was
more abundant in liver, spleen and kidney than in the other tissues
and fluids, whereas the lowest levels were in muscle tissue.
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DISCUSSION

In the present work, we developed a rapid protocol enabling the
purification, to homogeneity, of a potent elastase inhibitor from
bovine muscle using a three-step procedure, including chromato-
graphy with S-Sepharose, Q-Sepharose, EMD-DEAE 650 and,
occasionally, Superose 12. On average, about 300 µg of purified
inhibitor were obtained from 500 g of freshly excised bovine
diaphragm muscle (approx. 0.6 µg/g of wet muscle). The purified
inhibitor exhibited a Mr of 70000, as assessed by both gel filtration
and SDS/PAGE.

When analysed by SDS/PAGE, the purified inhibitor gives two
bands with Mr of 140000 and 70000 respectively. Using different
experimental approaches, including Western blotting, N-terminal
sequence analysis and MALDI–TOF MS peptide mapping, we
confirmed that the 140 kDa form is a dimer of mEndopin 1.
The fact that serpins are able to form SDS-resistant dimers is
not new. Dimer formation was shown to be catalysed by heating
and denaturing agents, such as acidic pH [23–25]. As observed
here and according to a series of previous reports [23–25], in non-
denaturing conditions (no heating or denaturing components, i.e.
SDS and MCE), only one band must be expected irrespective
of the amount of protein loaded into the well. By contrast, in
denaturing conditions, the samples are heated in the presence of
both SDS and MCE, a set of conditions necessary and sufficient
to induce the formation of the dimer, heating very likely being
the primary cause of this process. However, SDS also contributes
to the distortion of the serpin molecule by increasing the space
between β-strands where the RCL is inserted. As shown in
the present work, the dimer level increases with the protein
concentration in the sample, a finding already mentioned in a
series of previous reports (reviewed in [25]). According to these
authors, serpin polymerization might proceed through formation
of a protodimer stabilized by subsequent structural rearrangement
and thus resistant to the action of SDS [25–26]. This protodimer
is very likely the structure observed in SDS/PAGE.

Preliminary similarity searches performed with the partial
N-terminal sequence and the sequence of an internal peptide sug-
gested that the muscle serpin is very likely a chromaffin endopin
1-like serpin. To ascertain this finding, the monomeric form was
subjected to trypsin digestion and the peptides generated analysed
by MALTI–TOF MS. The peptides obtained map a large part of
the chromaffin endopin 1 sequence. The analysis further shows
some peptides matching well with the sequence of the RCL
region of mEndopin 1, where serpin specificities are encoded, and
containing the ‘SMERTI’ sequence characterizing chromaffin cell
endopin 1 [11]. Hence, we concluded that the muscle serpin is
undoubtedly the same protein as the chromaffin cell endopin 1.
To distinguish it from the chromaffin cells serpin, the elastase
inhibitor purified from bovine skeletal muscle was designated
mEndopin 1. It must be emphasized that this is the first time that
endopin 1 has been purified from mammalian tissue, since all the
data available so far concern a recombinant endopin 1 expressed
in E. coli [11].

As in chromaffin cells, the cellular localization of mEndopin 1
in muscle tissue was found to be essentially intracellular. In ad-
dition, it shows a wide distribution in bovine tissue, since it was
found in all tissues and fluids examined including plasma,
liver, spleen, kidney and bovine thymus. As suspected from the
double immunodiffusion analysis, its concentration is highly
variable from one tissue to another. Preliminary quantification
of mEndopin 1 by ELISA indicates a concentration of 1 mg/ml
in plasma, 14 µg/g of wet tissue in liver, 2 µg/g in kidney and
1 µg/g in diaphragm muscle. Of these tissues, skeletal muscle
exhibited the lowest concentration of mEndopin 1. Note, however,

that this concentration varies from one muscle to another (results
not shown).

In their native state, serpins are generally known to be unstable
[31,32]. Most of them exhibited a melting temperature (Tm) of
about 60 ◦C [29–33]. The melting temperature of mEndopin 1
was found to be about 70 ◦C. This value is 10 ◦C above those
reported for many native serpins, suggesting that it could be in a
latent form. However, before the present work, a latent form of
mEndopin 1 has never been detected and this was substantiated
by the ability of this inhibitor to form SDS-stable complexes with
trypsin in the initial crude muscle extract (results not shown).
As serpins are mostly glycoproteins [34], one possible reason
for that would be the extensive glycosylation of endopin 1. Gly-
cosylation is, indeed, known to affect the protein folding and
structure and generally stabilizes the conformation of the mature
glycoproteins [35–37]. Conversely, induction of glycosylation in
a non-glycosylated protein might have deleterious effects on its
functionality [38]. Chromaffin cell endopin 1 was shown to be
extensively glycosylated, and at least five potential N-glycosyl-
ation sites were predicted from the cDNA-deduced amino-acid
sequence [11]. The particular high glycosylation of mEndopin 1
affected its conformation, a finding supported by the large over-
estimation of its Mr by gel filtration as compared with the value
deduced from its amino acid sequence. This could explain its
higher stability to heating and also its stability in a wide pH range
from pH 4 to 12.

With regard to the inhibitory pattern, mEndopin 1 strongly
inhibited elastase (kass = 2.41 × 107 M−1 · s−1) and trypsin (kass =
3.92 × 106 M−1 · s−1) and, although to a much lesser extent, plas-
min (kass = 1.78 × 103 M−1 · s−1) and chymotrypsin (kass = 1.0 ×
102 M−1 · s−1). By contrast, no inhibitory activity was detected
against a series of other serine proteinases (thrombin, cathepsin G,
kallikrein, urokinase and plasminogen activator) or against
cysteine proteinases of the papain family (papain and cathepsins B
and L). Chromaffin cell recombinant endopin 1 showed a dif-
ferent specificity pattern, since only trypsin and plasmin, two
basic residue-cleaving proteinases, were inhibited, whereas no
inhibition was detected against HLE and chymotrypsin [11].

Attempts to deduce the N-terminal sequence of the C-terminal
peptide released upon formation of the enzyme–inhibitor com-
plex and to identify the scissile bond for both trypsin and HLE
were unsuccessful. Although not clearly proved, the predicted
scissile bond in chromaffin endopin 1, established by analogy with
the RCL sequence of trypsin inhibiting serpins, was assumed to
be between Arg374 and Thr375 in the following sequence [11]:

Assumed RCL length . . . 13 14 15 16 17 18
| | | | | || | | | | |

G369 I370 S371 M372 E373 R374 T375 I376 L377

Examination of that sequence indicates that several bonds are
susceptible to cleavage by HLE, which cleaves preferentially pep-
tide bonds on the COOH-side of hydrophobic uncharged residues
at P1 position [39]. However, as emphasized by Gettins [1], the
length of the RCL is essential for the serpin to efficiently inhibit
their target protease. The length of the RCL up to the scissile bond
was almost always 17 residues which reduced extensively the
potential P1 residue identity for inhibition of elastase and chymo-
trypsin. This RCL length invariance is directly related to the
inhibition mechanism, which requires that the proteinase be fully
translocated to the distal pole of the serpin from the initial inter-
action site, and that in such a location there be sufficient com-
pression on the proteinase, resulting from it being held by the end
of the RCL against the body of the serpin, for the active site to be
distorted effectively enough to create the kinetic trap. Cleavage
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at Arg374 involves a 16-residue RCL length which, though not
common, is found in some serpins [1]. Much more common is a
17-residue length to the scissile bond which could make Thr375

the P1 residue for elastase inhibition. In addition, chymotrypsin
might utilize Ile376, giving an RCL length one residue longer.
Such assumptions are rather speculative and would need a more
accurate identification of the target scissile bond for all sensitive
peptidases studied in the present work.

To conclude, endopin 1 was purified for the first time from a
mammalian tissue and this was all the more original in that it was
from bovine muscle, a tissue poorly investigated with regard
to serpins and their target proteinases. mEndopin 1 is widely dis-
tributed in bovine tissues and fluids, and exhibited an intracellular
location in muscle, as well as in liver (results not shown). It is a
potent inhibitor of neutrophil elastase, but whether this enzyme is
its natural and real target proteinase in muscle cells remains to be
elucidated. Identification of its target enzyme(s) will be indeed
be a prerequisite for a better understanding of its biological func-
tion in muscle cells.
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