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ABSTRACT: Elafin and its precursor trappin-2 (also called pre-elafin) are potent protein inhibitors of
neutrophil serine proteases such as leukocyte elastase and proteinase 3. Trappin-2 has unique conserved
sequence motifs rich in GIn and Lys residues. These motifs are substrates for transglutaminases that may
enable trappin-2 to be cross-linked to extracellular matrix proteins, thus anchoring the inhibitor at its site
of action. We have used Western blotting and ELISA-based assays to demonstrate that both elafin and
trappin-2 can be conjugated to various extracellular matrix proteins in vitro by a type 2 transglutaminase.
Cross-linked elafin and trappin-2 still inhibited their target proteases. Surface plasmon resonance studies
allowed the determination of the kinetic constants governing the interaction of fibronectin-bound elafin
and trappin-2 with neutrophil elastase and proteinase 3. Both inhibitors were potent inhibitors when cross-
linked to fibronectin by transglutamination, with equilibrium dissociation consténiar their interaction

with target proteases of 0.3 nM (elastagdafin), 20 nM (proteinase-3elafin), 0.3 nM (elastasetrappin-

2), and 12 nM (proteinase-3rappin-2). The conjugated inhibitors reacted more slowly with their target
enzymes than did the soluble inhibitors, perhaps due to their immobilization, with association rate constants
of 2—7 x 1® M~ s71 for elastase and-14 x 10* M~1 s71 for proteinase 3. We believe this is the first
demonstration that transglutaminase-mediated cross-linking of serine protease inhibitors to proteins preserves
their inhibitory capacities.

The chelonianin family of protease inhibitors (Family 117, sponding to elafin (57 residues). This region is structurally
Clan IP in the MEROPS database; http://merops.sanger.ac.uk/similar to SLPIl. The N-terminal sequence of elafin also
includes the secretory leukocyte protease inhibitor (SEPI), contains a motif containing GIn and Lys residues, similar to
elafin, and trappin-2 (or pre-elafin), from which elafin is those of the cementoin domain. Elafin, also known as
proteolytically releasedlj. These inhibitors are found in  SKALP (skin-derived anti-leukoprotease), was first purified
several tissues, including epithelig, (3), lung @), and independently as an elastase inhibitor from the skin of
macrophagess, where they are involved in the physiologi- patients with psoriasis by two groups in the early 199@; (
cal control of neutrophil serine proteinases. SLPI inhibits 11). It was subsequently isolated from human lung sputum
leukocyte elastase and cathepsin &, (while elafin and by Sallenave et al. and called elastase-specific inhibitor (ESI)
trappin-2 target leukocyte elastase and proteinas@)3 ( (12). Cloning the elafin cDNA revealed that the molecule
Human trappin-2 is an unglycosylated 95-amino acid protein was larger than expected due to the presence of an N-terminal
with an N-terminal domain (38 residues) or cementoin noninhibitory domain 13—15). The whole molecule was
domain @) containing several repeated motifs rich in GIn then termed trappin-2; “trappin” is an acronym for transglu-
and Lys residues that serve as transglutaminase substratesaminase substrate and wap domain containing proiéin (
and a C-terminal inhibitory domain or whey acidic protein  The identification of sequence motifs that are substrates

(WAP) domain containing four disulfide bond8)(corre- for transglutaminase in trappin-2 led to the initial hypothesis
: — that this protease inhibitor could be covalently anchored to
"N.G. holds a doctoral fellowship from MENRT (Ministe de its site of action 8, 16). Several members of the trappin

I'Education Nationale, de la Recherche et de la Technologie). This work . . - . . .
was supported by the French cystic fibrosis association “Vaincre la family have now been identified in various species, and

Mucoviscidose”. comparison of the sequences of their N-terminal domains
* To whom correspondence should be addressed: INSERM U 618, indicates that they contain motifs having the general con-
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! Abbreviations: HNE, human neutrophil elastase; PR3, human :
neutrophil proteinase 3; ECM, extracellular matrix; SPR, surface The fact that the sequences of these repeated motifs are
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elafin (7). Human cathepsin G (EC 3.4.21.20) was obtained from
" cementoin .. .o @ o5 MP Biomedicals (Vannes, France), and human neutrophil
NH, COOH elastase (EC 3.4.21.37) and proteinase 3 (EC 3.4.21.76) were
obtained from Athens Research and Technology (Athens,
GA). Human lung tryptase (EC 3.4.21.59) was purchased

“AQEPVK |

33 e
7| GQADKVK inhibitory from Calbiochem (VWR International, Strasbourg, France).
GQVSVK loop . . L X .
21GaDVPK Trypsin, N-Suc-AAPVp-nitroanilide, human fibronectin,
9GQDTVK vitronectin, collagen 1V, fibrinogen, boving-crystallin,

FiIGURE 1: Diagram showing the structural organization of human bovine serum albumin, and guinea pig liver transglutaminase
trappin-2. The repeated sequence motifs conforming to the GQDX- (EC 2.3.2.13) were obtained from Sigma-Aldrich (St. Quentin
VK consensus sequence that are transglutaminase substrates afgy||avier, France). Mouse laminin V was from Chemicon
shown. Four of them are located in the noninhibitory cementoin ’ y . .
domain, and one is the beginning of the elafin inhibitory domain. (Euromedex, Souffelweye_rshelm, France). The intramolecu-
The GIn residues (Q) of this motif may act as an acyl donor, while 1arly quenched fluorogenic substrates Abz-APEEIMDRQ-
the Lys residues (K) may serve as an acceptor in the transglutami-EDDnp and Abz-VADCADQ-EDDnp were provided by L.
nase-mediated formation of an isopeptide bor)d bgtween trappin-2Juliano (University of Sao Paulo, Sao Paulo, Brazil); 96-
and other proteins. Also shown are the four disulfide bonds of the ||| plates were obtained from Nalge Nunc International
elafin domain (plain lines) and the inhibitory loop of the protease (VWR International, Strasbourg, France). Goat polyclonal
inhibitor domain. . . ! 9, . : at poly -
antibodies and mouse monoclonal antibodies directed against

glutaminase substrate, suggested that this protease inhibitof'@fin were from HyCult biotechnology b.v. (Tebu Bio SA,
is covalently anchored to its site of action, probably to L€ Perray-en-Yvelines, France). Rabbit peroxidase-conju-
extracellular matrix proteinsg( 14, 16). Molhuizen et al. ~ 9ated anti-goat antibodies were from DakoCytomation
(14) showed that transglutaminase-mediated cross-linking of (Trappes, France). All other reagents were analytical grade.
trappin-2 can occur in the human epidermis both in vitro  Detection of Trappin-2 or Elafin Bound to Extracellular
and in vivo. This group used biotinylated peptides derived Matrix Proteins by Western Blottingkecombinant trappin-2
from the transglutaminase substrate motifs to demonstrate®" elafin (2ug) was mixed with 4ug of human plasma
that these peptides could be incorporated into skin proteinsfibronectin and then incubated with 16 10°° M guinea
(14) or purified proteins 16) by the action of the endogenous ~ Pi9 liver transglutaminase at 3T in 50 mM Tris-HCI buffer
transglutaminase(s) present in the scales from a psoriatic(PH 7-5), 2 mM CaGl, and 0.5 mM DTT (total volume of
patient or by exogenous transglutaminases. In vitro studies1® #L) for 0—1 h. The reaction was stopped by adding
showed that radiolabeled trappin-2 was an efficient TGase sodium dodecyl sulfate (SDS) buffer without reducing agents.
substrate for cross-linking to laminin or for the TGase- Sa@mples were then separated by SPAGE (10% gels)
mediated incorporation of4C]methylamine {4). Western  @&ccording to the method of LaemmX). Trappin-2 or elafin
blotting analysis of molecular sizes of elafin and trappin-2 cOmplexes were detected by Western blotting using a goat
in the trachea mucous epithelium also indicated that this @nti-elafin polyclonal antibody according to the method of
covalent cross-linking could occur in vivo. Immunodetection Za&ni et al. €2). _ _

of these inhibitors al, values 50 kDa) much higher than Detection of Coalently Bound Trappin-2 or Elafin by an
expected{6—12 kDa) suggested that the cementoin domain Enzyme-Linked Immunosorbent Assay (ELISH)ety-six-
was probably involved in covalent anchorirg).(Another ~ Well ELISA microplates (Nunc) were coated/@/well) with
study by Steiner and Mareko2() identified, by N-terminal ~ human fibronectin, vitronectin, fibrinogen, collagen 1V,
amino acid sequencing, several cross-linked proteins from/-crystallin, mouse laminin V, or bovine serum albumin,
human stratum corneum. These included trappin-2, and to adilutéd in 0.1 M sodium carbonate buffer (pH 9.5) by
lesser extent elafin, conjugated to loricrin and accounted for incubation overnight at 4C. The plates were washed with
~6% of all proteins in the cornified cell envelope. This type 25 MM potassium phosphate buffer (pH 7.4) and 0.15 M
of targeted immobilization of elafin or trappin-2 at their sites NaCl and free sites blocked by incubation in 50 mM Tris,
of action is most important for their use as aerosol-delivered 150 MM NaCl, and 2% Tween 20 for 1 h at 32. Trappin-2
inhibitors of neutrophil proteases in the treatment of inflam- OF €lafin was cross-linked by transglutaminase with coated
matory lung diseases. Although soluble elafin and trappin-2 Proteins as follows. Trappin-2 or elafin (4 10" M) was

are potent inhibitors of neutrophil elastase and proteinase 3,incubated at 37C in wells with guinea pig liver trans-

we do not know whether they remain inhibitory when 9lutaminase (1.25 10" M) in 50 mM Tris-HCI buffer (pH
immobilized on extracellular matrix proteins. 7.5), 2mM CaC, and 0.5 mM DTT for various times up to

1 h. Reaction mixtures were removed by washing with the
elafin and trappin-2 covalently bound to extracellular pro- same buffer described above. Covalently linked trappin-2

teins. We used several approaches to demonstrate that botfR" _elaf|_n was detgcted \.N'th goqt anti-elafin polyclonal
elafin and trappin-2 may be cross-linked to various extra- antibodies [diluted 1:2000 in potassium phosphate buffer (pH

. : ; 7.4), 0.15 M NaCl, and 0.5% Tween 20] followed by
cellular matrix proteins. They still behaved as potent protease . . . N ) .
inhibitors, despite having slightly reduced affinities for their peroxidase-conjugated antl-goat antibodies [1:2000 in pOtfs'
target proteases. sium phosphate buffer (pH 7.4), 0.15 M NaCl, and 0.5%

Tween 20]. Peroxidase activity was measured wiphen-
MATERIALS AND METHODS ylenediamine at 490 nm using a THERMOmax (Molecular
Devices) microplate reader.
Materials.Recombinant elafin and recombinant trappin-2  Inhibitory Properties of Elafin or Trappin-2 Cross-Linked
were produced irPichia pastorisas previously described to Fibronectin.Trappin-2 or elafin (4x 10-7 M) was cross-

We have therefore measured the inhibitory capacity of
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linked to fibronectin in 96-well microplates as described constants: association rate constépt)(and dissociation rate
above. Human neutrophil elastase 1) or proteinase 3 constantKgs9. The data were fitted to a single-site interaction
(1071° M) was incubated in wells for 15 min at 3T in 50 model [1:1 (Langmuir) binding, A+ B < AB]. Assuming
mM Hepes buffer (pH 7.4), 0.75 M NaCl, and 0.05% pseudo-first-order interaction kinetics, the rate of complex
IGEPAL CA-630. Elastase activity was measured with the formation during sample injection is given by the equation
fluorogenic substrate Abz-APEEIMDRQ-EDDNn®Jj (final d[AB]/dt = kasJA][B] — kaisJAB], which may be expressed
concentration of 2QuM), while the activity of neutrophil as R/dt = KasCRnax — (KasC + KaisgR, where dR/dt is the
proteinase 3 was measured with 2801 Abz-VADCADQ- rate of change of the SPR signél,is the concentration of
EDDnp 3). The enzyme activity using both fluorogenic analyte,Rnax is the maximum analyte binding capacity in
substrates was monitored at 320 nm (excitation wavelength)resonance units, an® is the recorded SPR signal in
and 420 nm (emission wavelength) with a SPECTRAmax resonance units at tintekgiss values were determined from
Gemini microplate reader (Molecular Devices). To allow the data collected during the dissociation phade/dd=
fluorescence measurements, trappin-2 or elafin was cross—KkgisdR), while kassvalues were derived from the above rate
linked to fibronectin by transglutaminase as described aboveequation for complex formation. The equilibrium dissociation
in Fluoronunc Maxisorp plates. constant was calculated from the kinetic rate constafits (

Surface Plasmon Resonance Analysis of the Interaction= kjisdkasd. Details of the rate equations are described in
of Neutrophil Proteinases with Elafin or Trappin-2 Rie the BlAeval version 3.1 software manual.

ously Bound to Fibronectirinteractions between neutrophil Effect of Tryptase and Trypsin on the Inhibitory At
proteinases and fibronectin-bound inhibitors (trappin-2 or of Fibronectin-Bound Trappin-2Trappin-2 (4x 107 M)
elafin) were assessed by surface plasmon resonance (SPRyas cross-linked to fibronectin in 96-well microplates as
USing a BlAcore 1000 instrument (BlACOfe |nternati0nal, described above. Fibronectin-bound trappin-z was then
Uppsala, Sweden). All experiments were conducted at 25jncubated fo 2 h at 37°C with tryptase (from 101°to 107
°C. M) in 25 mM sodium phosphate (pH 7.4), 0.1 mg/mL
Immobilization of Human Plasma Fibronectirluman heparin, and 1 mM EDTA, or with trypsin (from 1®to
plasma fibronectin was covalently immobilized on a car- 10-¢ M) in 50 mM Tris-HCI (pH 8.1) and 0.15 M NaCl.
boxymethylated dextran-coated sensor chip (CM5) using the The plates were washed, and leukocyte elastase was added
amine coupling kit supplied by Biacore International. It was tg each well and incubated for 15 min at 3 to allow
performed with 10 mM Hepes (pH 7.4), 150 mM NaCl, 3 formation of proteaseinhibitor complexes. Residual elastase
mM EDTA, and 0.005% surfactant P20 as a running buf- activity was measured spectrophotometrically at 410 nm
fer at a continuous flow rate of GL/min. Dextran was with 1 mM N-Suc-Ala-Ala-Pro-Valp-nitroanilide using a
activated as indicated by the manufacturer, and humanTHERMOmax microplate reader.
plasma fibronectin (10@g/mL) in 10 mM sodium acetate
buffer (pH 4.0) was then injected (34.). Injection was RESULTS
stopped when the biosensor surface was coupled to 16 000
resonance units (RU). The surface was then deactivated with Cross-Linking of Elafin and Trappin-2 to Extracellular
1 M ethanolamine (pH 8.5, 50L) and washed for 5 min. ~ Matrix Proteins by Transglutaminas&ransglutaminases
The sensor chip surface was regenerated by injecting 10 mmcatalyze protein cross-linking by forming intermolecudgy-
HCl-glycine (pH 2.0, 5uL) for 1 min. glutamyl)lysine isopeptide bonds between a reactive glutamine
TransglutaminationTransglutamination was performed at and thee-amino group of a reactive lysine residue. We
a flow rate of 1uL/min using 50 mM Tris-HCI buffer (pH performed cross-linking reactions and analyzed the results
7.5), 2 mM CaCJ, and 0.5 mM DTT as a running and by Western blotting to determine whether guinea pig type 2
diluting buffer. Trappin-2 (100ug/mL) or elafin (150 TGase could catalyze the formation of a covalent complex
ug/mL) was mixed with guinea pig liver transglutaminase between trappin-2 and fibronectin. The immunoreactive band
(50 nM). The mixture was injected (50L) three to five corresponding to native trappin-2 was steadily depleted when
times until the sensor chip surface had bound 1200 RU trappin-2 was incubated with TGase, as the two proteins
(elafin) or 1600 RU (trappin-2). The chip was washed for 5 became cross-linked to form high-molecular weight species.
min, and mouse monoclonal anti-elafin antibodies (TRAB2F At least four low-mobility bands were detected using anti-
antibody, Tebu Bio SA, Le Perray en Yvelines, France) (50 trappin-2 polyclonal antibody (Figure 2A), suggesting that
,ng/ml-) were then injected (SQL) for detection of elafin or TGase Catalyzed the covalent incorporation of trappin—2 into
trappin-2 bound to fibronectin. fibronectin. Elafin could also be cross-linked to fibronectin
Kinetic MeasurementsAll experiments were performed ~ With transglutaminase (Figure 2B), but fewer bands were
at a flow rate of 1Q:L/min using 50 mM Hepes buffer (pH  detected probably because there are fewer transglutaminase
7.4),0.75 M NaCl, and 0.05% IGEPAL CA-630 as a running Substrate sequences in elafin. Specificity was checked by
and diluting buffer. BIAcore 1000 sensorgrams [resonance adding excess EDTA, which totally inhibited the Ca
units (RU) vs time] were recorded for 8 min using concen- dependent reaction protein cross-linking (data not shown).
trations of human neutrophil elastase or proteinase 3 from To check potential self-cross-linking, recombinant trap-
10 %0 to 10 M. The biosensor surface was then washed pin-2 was incubated with TGase alone. Faint bands were
for 10 min and regenerated by injecting 10 mM HCI-glycine detected at approximately 26 and 35 kDa (Figure 2C),
(pH 2.0, 10uL) for 1 min. indicating that a small proportion of trappin-2 was covalently
Calculation of Kinetic ConstantsCollected data were  bound to itself by TGase. However, these bands were not
analyzed with BlAeval software (version 3.1). The resulting observed in the presence of fibronectin, confirming that
binding curves were used to calculate the following kinetic fibronectin is a good endogenous substrate of type 2
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“ Ficure 3: Transglutaminase-mediated binding of elafin and trap-
14.4 > pin-2 to immobilized proteins determined by an ELISA. Elafin or

— trappin-2 was incubated in wells coated with fibronectin, collagen
IV, fibrinogen, laminin V, vitronecting-crystallin, or bovine serum
albumin (BSA), with or without transglutaminase (125 nM), for 1
: ; _ h at 37°C. The wells were washed and covalently fibronectin-
D Sl L bound elafin, or trappin-2 was detected with goat polyclonal anti-
elafin antibodies and rabbit peroxidase-conjugated anti-goat anti-

| 0 2 15 30 60 ‘ bodies as the second antibody. Peroxidase activity was measured
kDa et | at 490 nm usingo-phenylenediamine as a substrate. Error bars
ot ' E E E reflect the standard deviation of three independent determinations.
bl
220 » e——— ] thoroughly, and the amount of covalently bound elafin or
trappin-2 was measured with polyclonal anti-elafin antibod-
170 > ies, followed by peroxidase-conjugated anti-lgG.

Both elafin and trappin-2 were anchored to ECM proteins
(Figure 3). Trappin-2 seemed to be more readily incorporated
into all the ECM proteins that were tested than was elafin
(except fibrinogen). As observed in Western blot experi-
ments, fibronectin appeared to be the most favored substrate

53 > for TGase, although apparent differences could be due to
) o _different incorporation rates or different stoichiometries for
Ficure 2: Transglutaminase-catalyzed cross-linking between elafin binding. 8-Crystallin, which has been shown previously to

or trappin-2 and fibronectin analyzed by Western blotting. Recom- ~__.~. . - . /
binant trappin-2 (2ug) or elafin (2 ug) was incubated with  efficiently cross-link biotinylated peptides derived from the

fibronectin (4ug) and type 2 tissue transglutaminase ind50f transglutaminase substrate sequences of trappl®)2dlso
buffer [50 mM Tris-HCI (pH 7.5), 2 mM CaGland 0.5 mM DTT] incorporated both elafin and trappin-2 following trans-
at 37 °C for 15 min. Reaction mixtures were mixed with glytamination. Bovine serum albumin (BSA) was used as a

nonreducing sample buffer, heated, loaded onto 10%-SBXSGE . . .
gels, and electrophoresed. The gels were subjected to transfer tcpegatlve Control and did not appear to be a transglutaminase
substrate (Figure 3).

nitrocellulose filters followed by immunostaining with anti-elafin
antibodies. Arrows show the positions of products of the cross-  Specificity was checked by omitting TGase (Figure 3) or

linking reaction between fibronectin and inhibitors depicted as low- py adding excess EDTA (not shown). No signal was detected
mobility bands ranging from a to e for trappin-2 (A) or from a0 ,nqer these conditions, indicating that elafin and trappin-2

c for elafin (B). Panel C shows cross-linked products-26 and . . . . - -
~.35 kDa (arrows) produced when trappin-2 was incubated with did not interact reversibly with the proteins tested prior to

transglutaminase without fibronectin (16% SEISAGE gel). Panel  covalent coupling catalyzed by TGase. The high background
D shows the appearance of cross-linked products of fibronectin andsignal observed with fibrinogen angicrystallin when no

trappin-2 at times up to 60 min, analyzed by Western blotting. The TGase was added may be due to the nonspecific binding of
left-hand lane in each panel contains molecular mass standards. immunoglobulins in our ELISA.

16 >
76 >

transglutaminase®4). Incubation with TGase from 2 to 60 Time-course ELISA studies (Figure 4) indicated that
min indicated that cross-linking was almost complete after trappin-2 was more rapidly incorporated into fibronectin than
15 min (Figure 2D). was elafin. Trappin-2 was almost totally cross-linked after

Detection of Coalently Bound Trappin-2 or Elafin by an  incubation for 15 min with the highest concentration of
Enzyme-Linked Immunosorbent Assay (ELISA)ELISA- TGase (125 nM), while elafin was covalently bound more

based experiment was performed with the wells first coated slowly. As expected, the cross-linking of both inhibitors
with ECM proteins (fibronectin, fibrinogen, vitronectin, depended on the TGase concentration used in the assay
laminin V, and collagen IV)B-crystallin, or bovine serum  (Figure 4).

albumin (BSA) to better characterize the TGase-mediated Inhibitory Properties of Elafin or Trappin-2 Cross-Linked
incorporation of elafin or trappin-2 into various proteins. to Fibronectin. Since fibronectin appeared to be a good
Unadsorbed proteins were removed by washing, and elafinTGase substrate, we examined the inhibitory capacity of
or trappin-2 was added together with transglutaminase andfibronectin-bound inhibitors (Figure 5). We used an enzyme-
the mixture allowed to react for 1 h. The wells were washed based assay to measure the residual proteolytic activity of
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Ficure 4: Analysis of binding of elafin and trappin-2 to im-
mobilized fibronectin by an ELISA as a function of time. Elafin or
trappin-2 was incubated with 12.5 nM TGase [elafit) (and
trappin-2 O)] or 125 nM TGase [elafin®) and trappin-2 @)] at
37°C in microtiter wells coated with fibronectin for different times.
The wells were washed and cross-linked elafin, or trappin-2 was
detected with anti-elafin polyclonal antibodies. Elafin)(and
trappin-2 @) were incubated with BSA using the highest TGase
concentration (125 nM) as a negative control.
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Ficure 5: Inhibition of leukocyte elastase and proteinase 3 by elafin
and trappin-2 bound to fibronectin. Typical inhibition experiments
showing the hydrolysis rate of fluorogenic substrates for HNE (A)
or PR3 (B). Elafin or trappin-2 was bound to fibronectin by TGase
and unbound inhibitor was washed. HNE (final concentration of
1072 M) or PR3 (final concentration of 1@3° M) was placed in the
wells containing immobilized elafin or trappin-2 for 15 min at 37
°C, and the residual protease activity was then measured using
fluorogenic substrates [Abz-APEEIMDRQ-EDDnp (20/) for
HNE and Abz-VADCADQ-EDDnp (20uM) for PR3]. The
concentration of the fluorescent product released by HNE (A) or
PR3 (B) was measured spectrofluorometrically over the course of
20 min in the presence of fibronectin-bound elafij or fibronec-
tin-bound immobilized trappin-2). Trappin-2 was incubated in
fibronectin-coated wells without TGas®)in control experiments.
The rate of substrate hydrolysis by both enzymes was similar in
fibronectin-coated wells containing no inhibitor (data not shown).

HNE and PR3 in the presence of conjugated elafin and/or

Guyot et al.

inhibitors and their target proteases. The residual activity of
each enzyme was then measured using highly sensitive
fluorogenic substrates previously developed in our laboratory
(23). The proteolytic activities of both HNE and PR3 were
significantly inhibited by conjugated elafin and trappin-2
(Figure 5). The apparent percentage inhibition of HNE
(~85%) was higher than that of PR3%5%) under the same
coupling conditions for both inhibitors. This probably re-
flects differences inK; values of the enzymeinhibitor
pairs; since the percent inhibition for a given enzyme:
inhibitor ratio depends directly on the enzyme concentration
to Ki ([E]o/Ki) ratio (25) once equilibrium is reached, the
higher the [EJ/K;, the higher the percent inhibition. This
suggests that th; values for the interaction of PR3 with
both immobilized inhibitors are higher (i.e., PR3 has lower
affinity) than those expected for HNE. This was confirmed
in our SPR study. Cathepsin G was not inhibited, in
agreement with data for soluble elafin and trappin-2.
Kinetics for Binding of Leukocyte Elastase and Proteinase
3 onto Fibronectin-Elafin/Fibronectin-Trappin-2 Sensor
Chips.We determined the binding kinetics for the interaction
of fibronectin-bound inhibitors with neutrophil proteinases
using surface plasmon resonance. Fibronectin was first
immobilized on a carboxymethylated dextran matrix on a
BlAcore CM5 sensor chip by random amine coupling. Elafin
or trappin-2 was then conjugated to fibronectin by simulta-
neously injecting a mixture of inhibitor and TGase until the
surface was loaded to approximately 1500 RU. Injecting anti-
elafin monoclonal antibodies confirmed the efficiency of the
TGase-mediated coupling reaction (not shown). HNE or PR3
was injected over immobilized elafin or trappin-2 followed
by buffer to analyze the interaction of fibronectin-bound
inhibitors with neutrophil proteinases. The reaction was
assessed in real time by recording the changes in surface
plasmon resonance. The sensorgrams were analyzed and
fitted to a single-site (1:1) interaction model. The association
(kas9 and dissociationkjisg rate constants were determined
(Table 1) for HNE concentrations of 0-BO nM and PR3
concentrations of 161000 nM (Figure 6). Equilibrium
dissociation constantK{() were calculated from the rate
constants and found to be 0.3 nM for the interaction of HNE
with both immobilized inhibitors; theK; value for the
inhibition of PR3 with immobilized elafin was 20 nM, and
that for trappin-2 was 12 nM (Table 1). The TGase-mediated
immobilization of elafin and trappin-2 slightly altered the
inhibitory potency of both molecules (in terms of affinity)
as compared to those of soluble inhibitors. (Nevertheless,
they remained tight-binding inhibitors of their target en-
zymes. But we did observe a decreasekin values and
consequently an increase K values when we used an
analyte flow rate that was sufficiently high (LQ/min) to
prevent mass transport limitations (the transport of analyte
molecules across the stationary layer). Thus, it can be
hypothesized that the observed reduction in khgvalue
may be due to a greatly reduced frequency of collision
between the two partners, which governs the rate of complex
formation of a bimolecular systen?), due to inhibitor

trappin-2. Fibronectin was adsorbed onto high-adsorption immobilization. Most remarkably, the resonance units did
ELISA plates and the bound fibronectin incubated with not completely recover after protease injection was stopped
TGase and trappin-2 or elafin for 1 h. Then elastase or at high protease concentrations (Figure 6A, curve 7),
proteinase 3 was added and the mixture incubated for 15indicating that fibronectin, which is highly sensitive to HNE
min to form reversible complexes between immobilized degradation Z7), was partially proteolyzed. This suggests



Inhibitory Properties of Elafin and Trappin-2

Biochemistry, Vol. 44, No. 47, 20095615

Table 1: Surface Plasmon Resonance Analysis of the Interaction of Trappin-2 and Elafin Covalently Bound to Fibronectin by Transglutaminase

with Neutrophil Elastase and Proteinase 3

neutrophil elastase

proteinase 3

relative relative
Kass(M~1s7?) Kaiss (S7%) Ki (M) Ki¢ Kass(M~1s7?) Kaiss(s7%) Ki (M) Ki¢
fibronectin- (1.54 0.01)x 10° (4.5+0.1)x 10° (0.34+0.01)x 10° 10  (1.1+ 0.003)x 10* (1.34 0.01)x 10 (11.8+0.10)x 10° 66
bound
trappin-2
soluble 5 (3.6+£0.5)x 10° (1.1+£0.2)x 10* (0.3+0.01)x 107 (20+£0.1)x 10f (3.7+1.1)x 10* (0.184+0.06)x 10°°
trappin-
fibronectin- (6.7+0.1)x 10° (2.04+0.08)x 104 (0.3+0.01)x 10°° 4  (4.0+£0.06)x 10* (8.0+£0.2)x 10* (20+0.53)x 10° 170
bound
elafin
solublerlb (3.7+£0.1)x 10° (3.24+0.1)x 10* (0.08+ 0.005)x 10° (3.3+0.03)x 10° (4.0+£0.3)x 10* (0.124+0.01)x 10°°
elafi

aKinetic constants were determined from binding curves shown in Figure 6 using BlAeval (version 3.1). Standard deviations &rErgiven.

ref 7. ¢Ki(bound inhibitor)K;(soluble inhibitor).
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Ficure 6: Analysis of binding of leukocyte elastase (HNE) and
proteinase 3 (PR3) to immobilized fibronectin-bound trappin-2 by

surface plasmon resonance. Fibronectin was immobilized on a CM-5
chip inserted in the BlAcore 1000 system. Then a mixture

containing trappin-2 and transglutaminase was injected to produce

transglutaminase-mediated cross-linking of the inhibitor to fibronec-
tin. The chip was washed thoroughly, and various concentrations
of HNE or PR3 were run over the immobilized trappin-2. Its
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Ficure 7: Effect of tryptase and trypsin on the inhibition of
neutrophil elastase by fibronectin-bound trappin-2. Microtiter wells
were coated with fibronectin, and TGase and trappin-2 were added
together to cross-link trappin-2 to fibronectin. The plates were
washed thoroughly. No tryptase (black bar), tryptase<Qd0 nM)
(gray bars), or trypsin (10 nM, 100 nM, anduM) (dotted bars)
was added and the mixture incubated 2oh at 37°C to release
elafin (the inhibitory domain) from trappin-2. The plates were again
washed. HNE was added to each well and the mixture incubated
for 15 min. Its residual activity was then measured at 410 nm using
the chromogenic substrate N-Suc-Ala-Ala-Pro-atitroanilide.
Residual elastase activity is expressed as relative activity compared
to the control experiment (white bar) without added TGase. Values
are meanst the standard error of three wells.

that tryptase releases elafin from soluble trappin-2 very
efficiently and specifically 1). We therefore tested the effect

association was monitored in real time while registering the of tryptase on fibronectin-bound trappin-2 to determine

resonance signal (response), as shown by the sensorgrams. Th

concentrations of enzyme in both panels were 0.1, 1, 5, 10, 15, 25
and 30 nM for curves 17 for HNE (A) and 10, 25, 50, 100, 250,
and 500 nM and kM for curves 17 for PR3 (B), respectively.
The arrow indicates the injection of protease and the arrowhead
the end of the injection. Kinetic constants were calculated from
these curves using BlAeval (version 3.1). Curve 7 of panel A was
not included in the calculations because the fibronectin was
hydrolyzed by HNE, as indicated by the weaker response obtained
during the complex dissociation phase as compared to curve 6.

that the total inhibitory capacity of the sensor chip was
overwhelmed by the slight excess of protease, allowing HNE
proteolytic activity. Fibronectin was rapidly degraded, as

Whether the susceptibility of trappin-2 to tryptase was altered.
Incubation with various concentrations of tryptase did not
alter the inhibitory capacity of bound trappin-2, suggesting
that elafin is no longer released from trappin-2 (Figure 7).
The highest tryptase concentration used was 100 nM,
whereas 2.5 nM is enough to release elafin from soluble
trappin-2 (). Perhaps tryptase, whose active form is a
tetramer, could not access its proteolytic sites in bound
trappin-2 because of steric hindrance. However, trypsin did
gradually reduce the inhibitory activity of immobilized
trappin-2 at the lowest concentrations that were used, whereas
HNE inhibition was almost destroyed by AM trypsin

assessed by a large loss of resonance units (not shown), whe(Figure 7). Hence, elafin can be released from immobilized

no inhibitor was conjugated or when injecting cathepsin G,
which is not inhibited by elafin or trappin-2.

Effect of Tryptase and Trypsin on the Inhibitory A
of Fibronectin-Bound Trappin-2/e have previously shown

trappin-2 by trypsin, as is the soluble inhibitor, although it
is always possible that trypsin degrades fibronectin to release
fibronectin fragments bearing bound trappin-2. Trappin-2
appears to lose its high sensitivity to the elafin-releasing
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action of tryptase once trappin-2 is incorporated into fibro-  The relevance and importance of the cross-linking of elafin

nectin. or trappin-2 as a protease inhibitor in situations other than
the participation of elafin or trappin-2 in forming the
DISCUSSION cornified envelope of the epidermis and in stabilizing the

) . extracellular matrix31) are not clear yet. This study shows

Both elafin and trappin-2 are good substrates for rans- it trappin-2 and elafin conjugated to fibronectin by a TGase
glutaminase, which can cross-link these inhibitors to various gy inhibit their protease targets, neutrophil elastase and
ECM proteins. Fibronectin appeared to be the best ECM - ainase 3. As a direct consequence of immobilization, rates
protein we have tested for covalently binding elafin or ¢ assqciation of bound inhibitors with their target proteases
trappin-2 patalyzed by a transglute_lmlnase. Elaﬂ_n can alsoare somewhat lower than those of the soluble inhibitors,
be cross-linked by transglutaml_natlon, although it is incor- which reduces their affinity, especially for PR3, so that the
porated more slowly thqn trappln-z. Nara et 8). sed the i Is ~2 orders of magnitude greater (i.e., affinity decreased).
same type 2 TGase (guinea pig liver TGase) as us and foun evertheless, thK; values of 0.3-20 nM and dissociation
that elafin alone was not cross-linked with itself, unlike rate constant,§<g» )in the 10 s range (Table 1) indicate

; . o> is

trappin-2, suggesting that_elafm is not a TGase SUb.Str‘f"te'that both fibronectin-bound inhibitors contribute to the
Howgver, they used an elafln moiety fu_sed to maltose binding regulation of protease activity in vivo, along with soluble
pro_teln, W_hose properties could _be. different ffom those_of inhibitors. This makes elafin and/or trappin-2 attractive for
native elafin. The extent of cross-linking of trappin-2 or elafin use as serine protease inhibitors in aerosols for treating

by TGase in vivo is difficult to analyze, since cross-linking . . S
. . inflammatory lung diseases. The extracellular matrix is
renders the molecule insoluble so that it cannot be extracted . ) ; .
altered in response to inflammation, and is thus exposed

from tissues without using reagents that also cleave peptide L . :
bonds. Several studies, including immunohistochemical ones (becomes able to trap inhibitors) during the process of tissue
have .found elafin cr,oss-linking in vivo20, 28-30); ‘remodeling and repair. TGase-mediated conjugation of elafin
however, the published data often do not clearly indicate ;)icr)rtrsapv%ne—ﬁ tchoeuIe(:jx'[t)rgc(aer:lﬂ?e?rcsgnlégg?r;{gLimoTZ}gga?engg d
whether elafin or its precursor trappin-2 is involved. Steinert " . :
and Marekov 20) digested the cornified cell envelope of prote|_nase 3are d.ramatu_:ally increased as a consequence of
human foreskin epidermis with proteinase K to identify massive neutrophil recruitment. TGase activity is increased
several distinct proteins that are cross-linked protein com- 'tP |nfl<':1jmrtr;]atolr5ycsl\|;uatlon52(4, 3t2' 33), anq{hsolgblz flbr(;)nec— ted
ponents of the cell envelope structure. Elafin was estimated In-and other components are synthesized and secrete
to represent~6% of all proteins 20). Direct N-terminal by various cell types prior to matrix gssembly n wound
sequencing of released soluble peptide fragments identifiedrﬁpalr und_er bo;[h nr?rmhal anldfpathologlca_l COhdItIOI’lSl. Thgs,
the reactive glutamine acceptor and lysine donor of elafin 1€ guestion of whether elafin or trappin-2 may also be
involved in healing arises, since SLPI, another elastase

or trappin-2 participating in the covalent attachment of this """ o :
inhibitor to epidermal proteins. This approach revealed that I"hibitor, homologous to elafin, is thought to be essential

GIn40, GIng5, Lys36, Lys38, and Lys44 (trappin-2 sequence for wound healing34). We examined thg reactivity of SLPI
numbering) were involved in the formation of isopeptide [© tyPe 2 TGase under the same conditions that were used
bonds mainly with loricrin, and to a lesser extent with keratin fOr €lafin or trappin-2 but detected no significant cross-
1 and desmoplakir20). The observation that some peptide INking of SLPI to the ECM proteins that were tested (not
sequences started at the sequence corresponding to that sioWn). We also examined the capacity of the TGase activity
native elafin (AQEPV) suggests that elafin alone could be of plasma factor XI!Iato cross-link elaf!n or '_crapp|n-2, since
cross-linked by transglutamination, in agreement with the €lastase and possibly other neutrophil serine proteases can
results presented here. This may occur via GIn2 or Lysé of inhibit tissue repair, including the remodeling of vessels and
the Alal-GIn2-Glu3-Pro4-Val5-Lys6 motif (elafin number- ~Pathogenesis of arterial diseas@s, 36). Preliminary experi-
ing). However, proteolytic cleavage may also take place at Ments reveqled that factqr Xllla can Catalyze the qonjugatlon
the junction between cementoin and elafin once trappin-2 is Of both elafin and trappin-2 to fibronectin and fibrinogen
cross-linked via residues of its elafin moiety. Trappin-2 is (not shown). We are now evaluating further the capacity of
also incorporated via two Lys residues (Ly336 and |_y538) factor Xllla to Catalyze the CrOSS-Iinking of elafin or trappin-

of the fourth transglutaminase substrate motif of the cemen-2. Two serpin family protease inhibitors,-antiplasmin

toin domain. Why the motifs starting at Gly9, Gly21, and (02-AP) and plasminogen activator inhibitor 2 (PAI-2), are
Gly27 (Figure 1) are not involved in elafin or trappin-2 cross- Cross-linked by factor Xllla or type 2 TGase to fibrinogen
linking is not clear, but it probably reflects the fact that the (37) or fibrin (38). Other cystatin family protease inhibitors,
two motifs starting at Gly33 and Ala39 are more exposed cystatino. and cystatin M, are also TGase substra@g (

on the protein surface and/or more accessible to the TGase40). This suggests that the transglutaminase-catalyzed target-
active site. Steiner and Mareko®Q) also found that the  ing of a protease inhibitor to tissue surfaces or to insoluble
C-terminal GIn57 (elafin numbering) of elafin or trappin-2  structures not only stabilizes the protein components but also
is involved in covalent cross-linking, suggesting that this locally regulates endogeneous or exogeneous proteases. The
terminal glutamine is also a TGase substrate, although it ismost appealing property of trappin-2 conjugated to extra-
not in a GQDXVK motif. Thus, the rules governing the cellular matrix proteins by transglutaminase(s) is that it may
recognition of residues in trappin-2 suitable for transglutami- be of crucial importance for reducing elastase-induced lung
nation are not yet clear. Further studies will be necessary tohemorrhage in hamsterg) or lipopolysaccharide-induced
identify residues involved in the TGase-mediated cross- acute lung inflammation in micet®), whereas elafin has a
linking of trappin-2 to fibronectin or other proteins. weaker effect41, 42).
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We have shown that bound trappin-2 is still inhibitory and
that the conjugated inhibitor is less susceptible to proteolysis.
Thus, cross-linking trappin-2 dramatically increases its
bioavailability, making it much better than that of the soluble
inhibitors. These findings highlight the therapeutic potential
of elafin and trappin-2 for inhibitor-based anti-inflammatory
therapies of lung diseases.
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