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a Université Paris Diderot, Molécules thérapeutiques in silico, INSERM UMR-S-973, Bât. Lamarck, 35 rue Hélène Brion, 75205 Paris Cedex 13, France
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A B S T R A C T

Molecular modeling was undertaken at aims to analyze the interactions between oleic acid and human

leukocyte elastase (HLE), plasmin and matrix metalloproteinase-2 (MMP-2), involved in the inhibitory

capacity of fatty acid towards those proteases. The carboxylic acid group of the fatty acid was found to

form a salt bridge with Arg217 of HLE while unsaturation interacted with Phe192 and Val216 at the S3

subsite, and alkyl end group occupied S1 subsite. In keeping with the main contribution of kringle 5

domain in plasmin–oleic acid interaction [Huet E et al. Biochem Pharmacol 2004;67(4):643–54], docking

computations revealed that the long alkyl chain of fatty acid inserted within an hydrophobic groove of

this domain with the carboxylate forming a salt bridge with Arg512. Finally, blind docking revealed that

oleic acid could occupy both S01 subsite and Fn(II)3 domain of MMP-2. Several residues involved in Fn(II)3/

oleic acid interaction were similarly implicated in binding of this domain to collagen.

Oleic acid was covalently linked to galardin (at P02 position): OL-GAL (CONHOH) or to its carboxylic

acid counterpart: OL-GAL (COOH), with the idea to obtain potent MMP inhibitors able to also interfere

with elastase and plasmin activity. OL-GALs were found less potent MMP inhibitors as compared to

galardin and no selectivity for MMP-2 or MMP-9 could be demonstrated. Docking computations

indicated that contrary to oleic acid, OL-GAL binds only to MMP-2 active site and surprisingly,

hydroxamic acid was unable to chelate Zn, but instead forms a salt bridge with the N-terminal Tyr110.

Interestingly, oleic acid and particularly OL-GALs proved to potently inhibit MMP-13. OL-GAL was found

as potent as galardin (Ki equal to 1.8 nM for OL-GAL and 1.45 nM for GAL) and selectivity for that MMP

was attained (2–3 log orders of difference in inhibitory potency as compared to other MMPs).

Molecular modeling studies indicated that oleic acid could be accommodated within S01 pocket of

MMP-13 with carboxylic acid chelating Zn ion. OL-GAL also occupied such pocket but hydroxamic acid

did not interact with Zn but instead was located at 2.8 Å from Tyr176.

Since these derivatives retained, as their oleic acid original counterpart, the capacity to inhibit the

amidolytic activity of HLE and plasmin as well as to decrease HLE- and plasmin-mediated pro MMP-3

activation, they might be of therapeutic value to control proteolytic cascades in chronic inflammatory

disorders.

� 2010 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

Biochemical Pharmacology

journa l homepage: www.e lsev ier .com/ locate /b iochempharm
Abbreviations: HLE, human leukocyte elastase; Fn, fibronectin domain; MMP, matrix metalloproteinase; OL-GAL, oleoyl-galardin derivatives.
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1. Introduction

Unrestrained proteolytic activity constitutes the hallmark of
non-healing wounds leading to the persistent inflammatory
response at the wound site [1,2]. Proteases involved belong mainly
to the serine- and metallo-peptidase families and originate from a
variety of different cell types. Invading leukocytes and macro-
phages are considered as the main source of numerous proteases
but keratinocytes at the wound edge, together with fibroblasts and
endothelial cells, also participate in proteolysis [1–4]. Elevated
levels of serine proteases as leukocyte elastase, plasminogen
activators and plasmin together with a pleiade of metalloprotei-
nases (MMPs) including collagenases, i.e. MMP-1, MMP-8, MMP-
13, gelatinases, i.e. MMP-2, MMP-9, and stromelysins, i.e. MMP-3,
MMP-10 and MMP-11, can be identified in non-healing chronic
ulcers [5,6]. Serine proteases are the major inducers of pro MMP
activation and besides can inactivate TIMP through proteolytic
cleavage; Alpha-1 antitrypsin or alpha-2 antiplasmin, in turn, are
targets of MMPs, thus creating a local environment with large
excess of proteolytic activity directed against growth factors or
matrix constituents [7–9]. The use of substances that can disrupt
this degradation cascade might therefore be considered as an
effective therapy towards healing of a chronic wound. Long chain
unsaturated fatty acids, as oleic acid, have been reported to
interfere with the activity of several enzyme systems as inhibiting
prolyl endopeptidase [10], chymase [11], proteasome [12] or tissue
factor–factor VIIa complex activities [13]. Our previous investiga-
tions and data from the literature, indicated that oleic acid could
similarly inhibit leukocyte elastase and gelatinase activities
towards synthetic substrates and elastin [14–17]. It can also
impede plasmin-mediated prostromelysin-1 activation [18]. We
have first confirmed these findings and identified by molecular
modeling studies, the enzyme exosites involved in the binding of
oleic acid to those proteases. Coupling of oleic acid to leukocyte
elastase inhibitors as peptide, acyl saccharin or heparin(s) was
found to improve the inhibitory capacity of inhibitors and to
ameliorate their biodisponibility or to add novel functions
[14,19,20]. By analogy, in keeping with the main contribution of
MMPs in non-healing wounds, we derivatized galardin, a potent
broad spectrum MMP inhibitor, with oleic acid and studied the
properties of these derivatives (Fig. 1).
Fig. 1. Structures of o
2. Experimental procedures

2.1. Reagents

Human plasmin (6-AHA, lysine free) was purchased from
Calbiochem represented from VWR International and human
leukocyte elastase came from Elastin Products Company (St. Louis,
MO, USA). Human pro MMP-1, pro MMP-2, pro MMP-8, pro MMP-
9, pro MMP-13, as well as catalytic forms of MMP-3, MMP-7 and
MMP-14 were also from Calbiochem (VWR, Fontenay/Bois,
France).

The synthetic chromogenic substrate S-2251 (H-D-Val-Leu-Lys
p-nitroanilide) for plasmin determination and N-MeO-Suc-Ala-
Ala-Pro-Val p-nitroanilide for elastase assay were obtained from
Sigma (St-Quentin Fallavier; France) and Chromogenix (Instru-
mentation Laboratory, Paris, France), respectively. Fluorescent
quenched substrates for MMP activity determination: Mca-Pro-
Leu-Gly-Leu-Dap-Ala-Arg-NH2 (MMP-2, MMP-8, MMP-13, MMP-
14) and 6-(7-Nitro-benzo(2,1,3)oxadiazol-4-ylamino)-hexanoyl-
Arg-Pro-Lys-Pro-Leu-Ala-Nva-Trp-Lys(7-dimethylaminocoumarin-
4-yl)-NH2 (MMP-3) were obtained from Bachem (Weil am Rhein,
Germany); DNP-Pro-Cha-Gly-Cys(Me)-His-Ala-Lys(N-Me Abz)-NH2

(MMP-1, MMP-9) and Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2

(MMP-7) were obtained from Calbiochem. Cis-9-octadecenoic acid
(oleic acid, C18) was purchased from Sigma. N-Methylmorpholine
(NMM), tert-butylcarbazate, tryptophan and hydroxylamine hydro-
chloride were purchased from Acros Organics (Noisy-Le-Grand,
France).

2.2. Synthesis and characterization of oleoyl–galardin derivatives: OL-
GAL (COOH) (compound 6) and OL-GAL (CONHOH) (compound 7)

For the synthesis of oleoyl-galardin derivatives (6 and 7) we
developed a linear pathway: successive 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) [21]
mediated couplings were carried out between oleic-acid hydra-
zide (1) and L-Boc-tryptophan 2 and thereafter between the
obtained product (3) and a conveniently functionalized succinic
ester acid (4) [22] (Schemes 1 and 2, Supporting Information).
Carboxylic acid or hydroxamic acid-type zinc-binding groups
were introduced by simple functional group transformation
leoyl-galardins.
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affording oleoyl-galardin derivatives OL-GAL (COOH) and OL-GAL
(CONHOH), respectively (Fig. 1).

Reactions and products were routinely monitored by thin-
layer chromatography (TLC) on silica gel (KIESELGEL 60 PF254,
Merck). Flash chromatography was performed on Kieselgel 60
(40–63 mm, Merck). Melting points were determined on a
Reichert Thermovar hot-stage apparatus and are uncorrected.
UV spectra were recorded in methanol solution on a Unicam
8700 UV/vis apparatus. IR spectra were measured on a Perkin-
Elmer Spectrum BX FTIR instrument. 1H NMR (300 MHz) and 13C
NMR (75 MHz) spectra were recorded on a Bruker AC300
spectrometer using TMS as internal standard, chemical shifts
were give in ppm (d). Couplings expressed as s, br s, d, t, and m
correspond to singlet, broad-singlet, doublet, triplet and
multiplet, respectively. Mass spectra were recorded on a MSQ
ThermoFinnigan apparatus using chemical ionization (CI)
method. Optical rotations were measured on a Perkin-Elmer
241 polarimeter.

2.3. Enzyme assays

The amidolytic activity of HLE was assayed using N-MeO-Suc-
Ala-Ala-Pro-Val-p-nitroanilide as a substrate [15,20]. The release
of p-nitroaniline was monitored by recording the absorbance with
a lmax, equal to 405 nm, and low-binding multiwell microplate
reader (Immulan 1B from Dutscher) operating in the kinetic mode.
Reaction was performed in 150 mM NaCl containing Tris buffer pH
8.0, with 300 ng of HLE, 1 mM substrate and increasing
concentration of oleic acid and galardin derivatives from 1 mM
to 1 mM. Kinetic data were collected for 30 min, a period where
reaction rates remain linear. Activities in the presence of inhibitor
(vi) were normalized to controls determined in the absence of
inhibitor (vo).

Plasmin amidolytic activity was monitored using the chromo-
genic substrate S-2251 as described [18]. Briefly, 200 mL of 10 mM
Tris HCl buffer, pH 8.1, containing 12 nM plasmin and 0.3 mM of
substrate were added in 96-well low binding titration plate (Nunc)
and incubated in the presence or absence of oleic acid and oleoyl-
galardins (0–10 mM) at room temperature. Release of p-nitroani-
line was followed continuously for 30 min; during such time of
incubation, reaction rates were linear. Plasmin unit is defined as
the amount of enzyme that will hydrolyse 1 mmol of H-D-Val-Leu-
Lys p-nitroanilide.

Full length pro MMP (10–20 nM) were first activated by
incubating the proenzymes in 150 mM NaCl, 5 mM CaCl2, 50 mM
Tris HCl, pH 7.5, with 1 mM p-aminophenyl mercuric acetate
(APMA) for 1 h (pro MMP-1, -2, -9, -13) or 3 h (pro MMP-8) at
37 8C.
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Full activation for each enzyme was assessed by Western
Blot. Each enzyme was further active site-titrated using a
standard preparation of TIMP1 to allow accurate determination
of Eo.

The inhibitory effect of oleic acid and oleoyl-galardin derivatives
against MMPs were analyzed using 5–50 ng active enzyme and 1–
10 mM fluorescent quenched substrates. Five to 50 ng of MMPs
species were preincubated for 15 min at 22 8C with 0–50 mM fatty
acid and derivatives in 50 mM Tristest buffer, pH 7.5, containing
150 mM NaCl and 5 mM CaCl2. The assays were initiated by adding
1 mM (MMP-3), 2 mM (MMP-2, MMP-7, MMP-8, MMP-13, MMP-
14), 10 mM (MMP-1, MMP-9) corresponding substrates. The final
concentration of dimethyl sulfoxide (Me2SO) to dissolve oleic acid(s)
and fluorogenic substrate never exceeded 1% (v/v). The reaction was
allowed to proceed for 20 min at 22 8C with the exception of MMP-3
for which activity was followed at 37 8C.
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The rate of substrate cleavage was determined in quadruplicate
for oleic acid or derivatives concentrations examined, using a
Perkin Elmer LS 50B spectrofluorimeter with excitation and
emission wavelengths of 326 and 465 nm respectively for MMP-
2, -7, -8, -13, -14, and 360 and 465 nm respectively for MMP-1, -9
and catalytic MMP-3. Less than 5% of the substrate was hydrolyzed
during the rate measurements and kinetics were linear in the
presence or absence of inhibitor. Non-linear regression analysis
with the Grafit computer software (Leather-barrow RJ, Erithacus
Software) allowed us to calculate the best estimates of the
equilibrium dissociation constant of the enzyme-inhibitor com-
plex or the inhibition constant Ki, using the integrated equations:

vi

vo
¼ 1� ð½E�o þ ½I�o þ K iÞ � f½ðE�o þ ½I�o þ K iÞ2 � 4½E�o½I�og

1=2

2½E�o

wherevi is the rate of substratehydrolysis in the presence of inhibitor,
vo is the rate in its absence; [E]o and [I]o are the initial concentrations
of enzyme and oleic acid derivatives, respectively [17].

All inhibition curves are fitted from means of three separate
experiments (the standard deviation never exceeding 10% of the
mean).

2.4. Analysis of pro MMP activation by Western Blot

Human plasmin (65 nM) or human leukocyte elastase (300 ng)
was preincubated in the presence of oleoyl-galardin derivatives
(0.1–10 mM) in 50 mM Tris HCl buffer pH 7.8, containing 150 mM
NaCl and 5 mM CaCl2 for 15 min at 37 8C. Pro MMP-3 (40 ng)
(Biogenesis, Abcys, Paris, France) was then added and the reaction
was allowed to proceed for 4 h at 37 8C. At the end of the incubation,
aprotinin (1 mg/mL) was added to inactivate serine peptidases.

MMP-3 was analyzed by Western Blot. Samples were submitted
to sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) in 10% (w/v) acrylamide under non-reducing conditions
and proteins were electroblotted to PVDF membranes (Immobilon-P
from Millipore, VWR, Fontenay/Bois, France). The membranes were
blocked with 5% (w/v) non-fat dry milk (Biorad, Ivry/Seine, France) in
50 mM TBS buffer, pH 7.5, containing 150 mM NaCl for 2 h at 20 8C.
The blotted proteins were probed with primary antibody diluted in
TBS-Tween (0.1%, v/v) (TBS-T) containing 1% non-fat dry milk (w/v)
(Biorad) for a night at 4 8C. Monoclonal antibody against human
MMP-3 (Ab-1, IM36, Calbiochem, VWR) was used at 1/1000. After
extensive washings with TBS-T, the membranes were incubated
with peroxidase-conjugated goat anti-mouse IgG (Immunotech,
Marseille, France) (1/10 000) for 1 h at 20 8C. After extensive
washings with TBS-T, the immunoreactive proteins were revealed
by staining with enhanced chemiluminescent detection reagents or
with NBT/BCPI reagent (GE Healthcare, VWR).

2.5. Molecular modeling

AutoDock 4.0 program [23,24] was used to perform the
computational molecular docking. The molecular docking compu-
tations attempt to predict the structure of a complex formed
between a small flexible molecule (ligand) and its target says a
protein. Numerous positions and conformations of the ligand at the
surface of the protein are generated using a stochastic search
method (here we used the hybrid global local search Lamarckian
Genetic evolutionary Algorithm) and the resulting binding modes
are evaluated by the docking program through the choice of a
scoring function. In the case of AutoDock 4, the used scoring
function takes into account the following terms of energy: van der
Waals, electrostatic, hydrogen bond, desolvation and torsional.

AutoDockTools (ADT) package was employed to prepare the
input files necessary to the docking procedures and to analyze the
docking results. The figures have been drawn using PyMol program
(DeLano WL 2002 The. PyMol Molecular Graphics System, Palo
Alto, CA. http://www.pymol.org).

2.5.1. Ligand and protein preparation

Oleic acid, oleoyl-galardin OL-GAL (CONHOH) and its carboxylic
acid analog OL-GAL (COOH) were built using the module
BIOPOLYMER of Insight98 software package (MSI, Inc., San Diego,
CA, USA). The partial charges of these compounds were calculated
with the Gaussian 03 program [25] using a 6-31G* basis set. The 3D
structures of the HLE [26], the full-length human MMP-2 [27], the
kringle 5 domain from the human plasmin [28] and the human
MMP-13 [29] were retrieved from the Brookhaven Protein Data
Bank, their PDB codes being respectively 1PPF, 1CK7, 2KNF and
1YOU. While all the inhibitor atoms, water molecules and ions
were removed from the crystal structures, the Zn atom was kept in
the catalytic site of the MMPs. Experimentally, the MMP-2 is active
when the propeptide is released. The presence of this domain
obstructs the catalytic site of the MMP-2 and prohibits experi-
mentally its proteolytic activity. Therefore, we have also removed
the residues corresponding to this domain, i.e. residues 31–109
(the signal peptide was not solved). Protonation states of all
ionizable residues were computed using PROPKA program [30,31].
Gasteiger charges were calculated for the atoms from the HLE,
MMP-2, plasmin kringle 5 domain and MMP-13 by ADT package.

2.5.2. Docking protocol

From affinity grids for each type of atom constituting the oleic
acid, an electrostatic and a desolvation map were calculated. Since
we cannot a priori define where oleic acid is able to bind at the
surface of the HLE and the MMP-2, two grid sizes were defined: the
first one on the whole protein to perform ‘‘blind docking’’ and the
second one focusing on the best affinity sites highlighted by the
docking results with the first grid. In the case of MMP-13 and
kringle 5 plasmin, one grid was calculated and centered
respectively on MMP catalytic site or on plasmin binding site.

The size of the first grid for HLE was 126 Å � 126 Å � 126 Å
with a 0.44 Å spacing; the second one was 126 Å � 126 Å � 126 Å
with 0.30 Å spacing. For the MMP-2, the first grid was only
positioned on the fibronectin domains and the catalytic domain;
due to the large size of this protein, the hemopexin domain, which
has no oleic acid binding activity, was not taken into account. The
dimension of the first and the second grid were respectively
96 Å � 126 Å � 120 Å with a 0.64 Å spacing and
126 Å � 126 Å � 126 Å with a 0.30 Å spacing. The latter grid was
employed for the MMP-13 and the kringle 5 of plasmin.

We employed the Lamarckian genetic algorithm (LGA) for
ligand conformational searching. Four independent runs of dock-
ing computations were done with, for each, the following
parameters: 250 LGA operations, a population size of 250
individuals, a maximum of 2 000 000 energy evaluations and a
maximum of 2700 generations. The default parameters for the LGA
operation and Sollis and Wet local search were used.

During the docking computations, the maximum of torsions
angles were allowed to be rotatable. For the oleic acid, the torsion
angle corresponding to the double bond between C9 and C10 was the
only one which was kept rigid. In the oleoyl-galardin compounds,
the v dihedral angles of the peptidic bonds were frozen to 1808.

3. Results

3.1. Analysis of the binding mode of oleic acid to leukocyte elastase

and plasmin by molecular modeling

A series of investigations evidenced that oleic acid could inhibit
leukocyte elastase either in a non-competitive, competitive or

http://www.pymol.org/


Fig. 2. Molecular docking of the interaction between oleic acid and a) HLE, b) human

kringle 5 plasmin domain. All the non-polar H atoms have been removed for a better

visualization. While the accessible surface area of the protein is displayed, the oleic acid

and the residues implicated in the interaction are in stick representation. The C atoms

from these latter and from oleic acid are colored in green and in magenta, respectively.
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mixed modes with Ki in the 3–17 mM range [14,15]. Positively
charged Arg [32] and Phe–Ala residues [15], located at the vicinity
of the enzyme active site have been suggested to participate in
fatty acid binding to enzyme since amide derivative of the oleic
acid and saturated counterpart as stearic acid lacked inhibitory
activity.

Blind docking of oleic acid at the surface of HLE highlights only
one region of interest localized within enzyme active site.

Accordingly, HLE catalytic site was further embedded in a
second affinity grid to perform more precise computations.

For the molecular docking analysis, we focus on the docked
conformations which are the more credible interaction structures.
Based on AutoDock 4 scoring function that computes the binding
energy of each docked conformation, the most confident binding
modes are then those with the lowest energy models.

As in the first grid, the lowest energy models are seen to be in a
similar position and orientation. Fig. 2a indicates that oleic acid can
extend from S1 to S5 HLE subsites. Interaction is then characterized
by numerous van der Waals contacts involving His57, Leu99, Arg177,
Cys191, Phe192! Ser195 and Ala213! Arg217. Moreover, oleic acid
forms a salt bridge between its carboxylic group and the
guanidinium group of the Arg217 which lies within 10–15 Å of
Ser195 at the catalytic center of HLE. Besides, the unsaturated bond
interacts with Phe192 and Val216 at the S3 subsite while alkyl end
group is inserted in the S1 subsite.

Oleic acid inhibition of plasmin-mediated pro MMP-3 activa-
tion was previously reported to be reproduced using miniplasmin
but not microplasmin; also surface plasmon resonance analysis
revealed that the fatty acid exhibited a higher affinity for K5 as
compared to other kringle domains of human plasmin [18].

Plasmin overall structure is not yet solved but those of
individual domains are available and docking computations of
oleic acid have been carried out on the kringle 5 domain. The
lowest energy model of the interaction of fatty acid with this
domain is characterized by the insertion of the long alkyl chain in a
groove formed by: His513, Ile515, Phe516, Asp535, Asp537, Trp542,
Tyr544, Leu551, Tyr552 and Tyr554 and the presence of a salt bridge
between the carboxyl group of oleic acid and Arg512 (Fig. 2b).

3.2. Interaction between oleic acid and matrix metalloproteinases

We previously evidenced that oleic acid inhibited MMP-1 and
MMP-2 with Ki equal to 59.6 mM and 4.3 mM, respectively [17].
The highest inhibitory capacity of this unsaturated fatty acid
towards MMP-2 versus MMP-1 was here confirmed (Fig. 3A). No or
only weak inhibition of MMP-3, MMP-8 and MMP-14 was
observed but oleic acid proved to potently interfere with MMP-
13 activity: Ki = 0.4 mM (Fig. 3A, Table 1). We therefore undertook
molecular modeling studies at aim to define the interaction of oleic
acid with MMP-2 and MMP-13, respectively (Fig. 3B). The lowest
energy models of the oleic acid interacting with MMP-2 as first
obtained by blind docking, are essentially localized at two sites on
MMP-2 surface. The first one was identified as the S01 enzyme
pocket filled with fatty acid chain while the carboxylic acid group
was exposed to the solvent. Such occupancy was in keeping with
our previous data showing that such subsite could accommodate
long alkyl side chains [33,34]. The second site of interaction was
identified as the 3rd fibronectin type II (Fn II) domain. Thus,
docking computations restricted to the 3rd Fn-II domain were
performed using a second grid to precisely characterize oleic acid
interactions. Fig. 3Ba shows that the unsaturated bond forms van
der Waals interaction with Phe355, Trp374, Tyr381 and Trp387 while
the carboxylic acid group interacts via an H-bond with the phenolic
group from Tyr381, via a salt bridge with the guanidinium group of
the Arg385 and via van der Waals type binding interactions with
Leu356.
The lowest energy models obtained for the interaction between
oleic acid and MMP-13 is localized in the catalytic site. The long
alkyl chain lies within the S1 subsite (Leu218, Val219, His222, Gly237,
Leu239 and Phe241! Thr245) while the carboxylic acid function
chelates the Zn ion (Fig. 3Bb).

3.3. Inhibition of MMPs by oleoyl-galardin derivatives

Derivatization of the carboxylic acid group of oleic acid to an
hydroxamic acid was found previously to improve by 2–3 log
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orders the inhibitory capacity of the compound towards MMP-2
[35]. To that line we incorporated such fatty acyl side chain to the
P02 site of galardin, a potent broad spectrum inhibitor of MMPs
(Table 1) [36]. The carboxylic acid analogue of OL-GAL (CONHOH),
as designated OL-GAL (COOH) was synthesized. The inhibitory
potency of these compounds, as compared to parent molecules, i.e.
oleic acid and galardin, towards eight MMPs is reported on Table 1.
With the exception of MMP-13, both compounds exhibited higher
Ki values as compare to galardin. Also, apart MMP-7, hydroxamic
acid derivative appeared more potent than carboxylic acid
counterpart, first suggesting that the galardin moiety was driving
the inhibition at least for gelatinases and MMP-1. Importantly, OL-
GALs can be considered as potent (Ki in the 1.8–5.1 nM range) and
selective for MMP-13 (2–3 log difference in Kis between MMP-13
and other MMPs).

Using the first grid, the biggest which encompasses both MMP-
2 active site and Fn(II) domains, docking computations indicated
that, contrary to oleic acid, OL-GAL (CONHOH) binds to MMP-2
active site. The second grid was then centered to active site; the
lowest energy model of OL-GAL (CONHOH) indicated that this
compound was unable to chelate Zn in the active site. Instead, the
hydroxamic acid group forms a salt bridge with N-terminal end of
Tyr110, while the long alkyl chain was inserted into the S01 pocket.
Indole ring, in turn, now occupies the S1 subsite where it interacts
via an H-bond with the carbonyl group of the Ala194 peptidic bond
(Fig. 4a).

Oleoyl-galardin (OL-GAL (CONHOH)) binds to MMP-13 in a
similar binding mode as to MMP-2 with no chelation of Zn ion of
enzymes, penetration of long alkyl chain into the S01 pocket and
insertion of indole ring in the S1 subsite (Fig. 4b). Besides, another
strong interaction was highlighted where hydroxamic acid group
was found close (2.8 Å) to the oxygen atom of the phenolic group of
Tyr176. Enzyme flexibility could allow a rotation of the bond
between the O-atom and the aromatic C of the phenolic group to
form a canonical H-bond, likely present in the natural binding
mode between partners.

3.4. Influence of OL-GAL (CONHOH) on the leukocyte elastase and

plasmin-mediated pro MMP-3 activation

We first analyzed the inhibitory capacity of OL-GAL (CONHOH)
and OL-GAL (COOH) towards HLE amidolytic activity. Fig. 5 shows
that the carboxylic acid-type derivative displayed high potency
(IC50 = 0.62 mM) against this enzyme but lower inhibition was
observed with the hydroxamic acid counterpart (IC50 = 8.75 mM).
Docking computations indicated that the COOH end group of OL-
GAL (COOH) but not its CONHOH counterpart can form a salt bridge
with Arg217 (not shown). Stromelysin-1 (MMP-3) displays a broad
specificity towards extracellular matrix components and occupies
a central position in proteolytic cascades leading to collagenolysis
and elastolysis [37,38]. Pro MMP-3 can be activated by several
serine proteases including HLE and plasmin. Incubation of 30 nM
pro MMP-3 with 80 nM HLE for 15 min at 22 8C led to a total
conversion of zymogen, i.e. 57 kDa to a 48 kDa and 28 kDa species.
Such activation was inhibited by 50%, in average, following
Fig. 3. (A) Inhibition of collagenases 1 and 3 (MMP-1 *-*, MMP-13 *��*) and

gelatinase A (MMP-2 ~–~) by oleic acid. abscissa: concentration of oleic acid

(mM); ordinates: per cent activity (vi/vo); vi: rate of substrate hydrolysis in presence

of oleic acid; vo: rate of substrate hydrolysis in absence of oleic acid. Inhibition

curves are fitted from means of 3 separate experiments (the standard deviation

never exceeding 10% of the mean).

(B) Molecular docking of the interaction between oleic acid and a) human MMP-2,

b) human MMP-13. All the non-polar H atoms have been removed for a better

visualization. While the accessible surface area of the protein is displayed, the oleic

acid and the residues implicated in the interaction are in stick representation. The C

atoms from these latter and from oleic acid are colored in green and in magenta,

respectively. Zn in the catalytic site is represented as a grey sphere.



Table 1
Inhibition of MMPs by galardin, oleic acid and oleoyl-galardin derivatives towards MMPs (Kis values, expressed in nM), HNE and Plasmin (IC50 values expressed in nM). All

data are means of four separate determinations—the standard deviations are indicated in brackets.

MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 MMP-13 MMP-14 HLE Plasmin

Galardin1 0.8 (0.35) 4.3 (0.78) 28 (2.5) 16 (1.6) 1.2 (0.47) 0.74 (0.11) 1.45 (0.13) 5.7 (0.77) NIa NI

Oleic acid NI 4300 (1995) NI 6500 (1868) NI 6400 (1824) 413 (99) NI 3000–16 000b 3500 (600)

OL-GAL (CONHOH) 281 (103) 147 (27) 54 (10) 670 (142) 1790 (125) 46 (6.7) 1.8 (0.74) 2290 (515) 8755 (900) 8346 (780)

OL-GAL (COOH) NI 518 (75) 543 (138) 75 (9.7) 4114 (1187) 722 (411) 5.14 (1.6) NI 622 (88) 751 (107)

a NI: non-inhibitor.
b See references [14,15].
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preincubation of HLE with 10 mM of either OL-GAL (CONHOH) or
OL-GAL (COOH) prior to addition of pro MMP-3 (Fig. 5 inset).

Similarly, as found with HLE, upon addition of 65 nM plasmin,
pro MMP-3 was activated to mature MMP-3 (Fig. 6). Preincubation
of plasmin with increasing concentration of OL-GAL (CONHOH)
from 0.1 to 10 mM led to the inhibition of the conversion of
Fig. 4. Molecular docking of the interaction between oleoyl-galardin (CONHOH) and

a) human MMP-2, b) human MMP-13. All the non-polar H atoms have been

removed for a better visualization. While the accessible surface area of the protein is

displayed, the oleic acid and the residues implicated in the interaction are in stick

representation. The C atoms from these latter and from oleoyl-galardin (CONHOH)

are colored in green and in magenta, respectively. Zn in the catalytic site is

represented as a grey sphere.
zymogen to enzyme active form. A nearly complete inhibition was
attained at 10 mM of this compound; for sake of comparison
50 mM oleic acid inhibited plasmin-mediated pro MMP-3 activa-
tion by 59% [18] similarly as OL-GAL (COOH).

4. Discussion

Long chain unsaturated fatty acids, with C16 or more, were
previously reported to inhibit the amidolytic and elastinolytic
activity of leukocyte elastase while leaving no inhibitory capacity
towards pancreatic elastase, trypsin and a-chymotrypsin [14–16].
At oleic acid concentration leading to substantial loss of HLE
activity, inhibition was competitive [15] and, consistent with
earlier premises, we have evidenced by extensive molecular
modeling study, that oleic acid could lie within the extended
enzyme hydrophobic pocket. The carboxylic acid group of oleic
acid forms a salt bridge with Arg217 of enzyme, while Phe192

interacts with unsaturated bond and alkyl chain of fatty acid points
towards S1 subsite of elastase.

Binding to enzyme exosites, distant from active center,
constitutes a novel approach in the control of proteolysis since
it can improve the selectivity of inhibitor and impede the
adsorption of protein to matrix macromolecules as elastin or
Fig. 5. Influence of oleoyl galardin derivatives on leukocyte elastase activity.

abscissa: OL-GAL (CONHOH): ~-~; OL-GAL (COOH): *–*; concentration (mM);

ordinates: per cent activity (vi/vo). Inhibition curves are fitted from means of 3

separate experiments (the standard deviation never exceeding 10% of the mean).

Inset: inhibition of HLE-mediated pro MMP-3 activation by OL-GAL derivatives.

lane 1: pro MMP-3 (30 nM), lane 2: APMA activated pro MMP-3 (30 nM), lane 3: pro

MMP-3 (30 nM) has been activated by 80 nM HLE, lane 4: HLE (80 nM) has been

preincubated with 10 mM OL-GAL (CONHOH) before adding pro MMP-3 (30 nM),

lane 5: HLE (80 nM) has been preincubated with 10 mM OL-GAL (COOH) before

adding pro MMP-3 (30 nM).



Fig. 6. Influence of oleoyl galardin derivatives on Plasmin amidolytic activity.

abscissa: OL-GAL (CONHOH): ~-~; OL-GAL (COOH): *–*; concentration (mM);

ordinates: per cent activity (vi/vo). Inhibition curves are fitted from means of 3

separate experiments (the standard deviation never exceeding 10% of the mean).

Inhibition of Plasmin-mediated proMMP-3 activation by OL-GAL derivatives.

Inset a: OL-GAL (CONHOH).

lane 1: pro MMP-3 (30 nM), lane 2: pro MMP-3 (30 nM) activated by APMA, lane 3:

pro MMP-3 (30 nM) activated by plasmin (65 nM), lane 4: plasmin (65 nM) has

been preincubated for 15 min with 1 mM OL-GAL (CONHOH) before adding pro

MMP-3 (30 nM), lane 5: same as lane 4, except that OL-GAL (CONHOH)

concentration was 10 mM.

Inset b: OL-GAL (COOH).

lane 1: pro MMP-3 (30 nM), lane 2: pro MMP-3 (30 nM) activated by APMA, lane 3:

pro MMP-3 (30 nM) activated by plasmin (65 nM), lane 4: plasmin (65 nM) has

been preincubated for 15 min with 1 mM OL-GAL (COOH) before adding pro MMP-3

(30 nM), lane 5: same as lane 4, except that OL-GAL (COOH) concentration was

10 mM.
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collagens [39,40]. Interactions of human plasmin to natural
substrates are directed by its kringle domains [18,28]; we
previously evidenced that oleic acid bound avidly to plasmin
kringle 5 (KD = 5.9 � 10�8 M as determined by SPR analysis),
further interfering with plasmin-mediated prostromelysin-1
activation [18]. Molecular docking simulations revealed that oleic
acid can avidly bind to a groove comprising residues that can be
part of kringles’ canonical LBS [41].

Similarly as kringle 5, the Fn(II) domain of gelatinase A, i.e.
MMP-2, contains two antiparallel beta sheets, a central 3(10)-helix
and similar orientation of the two proximal Cys–Cys bonds [42]. In
keeping, oleic acid can interact with these Fn(II) domains, a
property which contributes to the inhibition of the activity of
gelatinase A. Preferential binding to Fn(II)3 was here demonstrated
with main involvement of Phe355 and Trp374. Of note, these
residues within Fn(II)3 domain were also implicated in the
interaction of enzyme with gelatin [42] and type I collagen [43],
thus possibly explaining the potent inhibitory capacity of oleic acid
towards MMP-2-mediated gelatinolysis and collagenolysis in vitro

and ex vivo [44]. However, it needs to be mentioned that, in
solution, oleic acid was found to interact preferentially with Fn(II)1

domain. Such discrepancy might rely from differences between the
three-dimensional structure of pro MMP-2, resolved from X-ray
crystallographic structure data, and the conformation of enzyme in
solution. Indeed, a 32-residue sequence within the prodomain was
reported to bind to Fn(II)3; its loss, as occurring during enzyme
activation, might induce main transconformation of Fn(II)3 and
reorientation of these domains which tumble independently [27].
Although both K5 and Fn(II) domains can bind to oleic acid, SPR
analysis showed that fatty acid exhibited a 1000 fold higher affinity
for K5 as compared to Fn(II)1. To that respect, molecular modeling
indicated that oleic acid could also accommodate the S01 binding
pocket of MMP-2, a finding consistent with the residual inhibitory
capacity of fatty acid towards Fn(II)-deleted gelatinase A. However,
unexpectedly, COOH group did not interact with Zn in MMP-2
active site, a finding consistent with data showing that replace-
ment of COOH with hydroxamic acid had only minimal influence
on the inhibitory potency of the compounds towards this enzyme
as compared to differences (1000 fold) observed between other
hydroxamate and carboxylate inhibitors of MMPs [45]. Of note,
oleic acid proved to display potent inhibitory capacity towards
MMP-13. Similarly to MMP-2, the long acid chain could position
within S01 MMP-13 binding pocket but contrary to gelatinase,
molecular docking indicates that carboxylic acid end group of fatty
acid was able to chelate the Zn ion of MMP-13 active site.

Derivatization of several elastase inhibitors with oleic acid was
previously envisaged at aims to obtain agents with improved
potency, but also able to confer protection against matrix
proteolysis in keeping with the ability of oleic acid to bind to
fibronectin or elastin [14,46].

By analogy, we have introduced an oleoyl moiety at the P02
position of galardin, a broad spectrum MMP inhibitor. Generally,
MMP S02 subsite consists of a shallow and solvent exposed pocket
capable to accommodate several functionalities. However, with
the exception of MMP-13, oleoyl-galardin(s), whatever in its COOH
or CONHOH forms, were less potent as compared to parent
galardin to inhibit MMPs. Molecular modeling, indicates that
presence of the fatty acid can modify galardin skeleton binding
mode; for instance, using MMP-2 as template, it was shown that
the hydroxamic acid group in OL-GAL (CONHOH) does not bind Zn,
but instead forms a salt bridge with Tyr110. That holds also true for
MMP-13 when hydroxamic acid is strongly associated with Tyr176,
resulting in potent and selective inhibition of this MMP. Recent
investigations pinpointed that potent and selective MMP-13
inhibitor could be obtained by non Zn-chelating compounds
occupying S01 subsite [47,48].

Originally, one of our aim relied on the design of compounds
able to bind simultaneously to S0 subsites and Fn(II) domains of
MMP-2. According to the literature, the distance between the Zn
ion of the active site and the key tryptophan residue of the gelatin
binding site was estimated to be 32 Å, but (PPG)12-NHOH
derivative that could cover such distance was found to exhibit
low MMP-2 inhibitory capacity [49]. Molecular modeling studies
using a hypothetical inhibitor from galardin allowed us to
demonstrate that C19 type alkyl groups would be needed to
reach the rims of the Fn(II)3 domains, i.e. (not shown) Arg368 and
Trp387. Whether we would like to reproduce entirely the binding
mode of oleic acid, a C32 type alkyl group should be added to P02
subsite of galardin (not shown). Obviously, the size and the great
flexibility of such an inhibitor could be problematic.

Nevertheless, these OL-GAL derivatives, could inhibit elastase
activity and also could interfere with HLE and also with plasmin-
mediated pro MMP-3 activation thus acting at several levels in the
proteolytic cascades during chronic inflammation. Besides, simul-
taneous inhibition of plasmin, elastase, stromelysin-1 and
particularly collagenase-3 make these compounds as putative
therapeutic agents in chronic inflammatory disorders and diseases
as rheumatoid arthritis and cancer [49–54].
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