
Bioorganic & Medicinal Chemistry 14 (2006) 5451–5458
Molecular modeling of non-covalent binding of homochiral
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Abstract—Inhibitors for matrix metalloproteinases (MMPs) are under investigation for the treatment of various important chronic
illnesses, including cancer, arthritis, and cardiovascular disease (CVD). In particular, MMP-13 is currently being probed as a poten-
tial key target in CVD and malignant disease due to its documented effects on extracellular matrix (ECM) remodeling, important in
the pathophysiology of these diseases. Within the family of related mammalian MMP enzymes, MMP-13 possesses a large hydro-
phobic binding pocket relative to that of other MMPs. Homochiral astaxanthin (3S,3 0S-AST; 3S,3 0S-dihydroxy-b,b-carotene-4,4 0-
dione), an important antioxidant and anti-inflammatory xanthophyll carotenoid, is an active metabolite of several novel soft drugs
in clinical development; it is also extensively used and tested as a human nutraceutical. In the current study, the prediction of the
geometry and energetics of its binding to human MMP-13 was conducted with molecular modeling. The method used was found to
predict the energy of binding of known ligands of MMP-13 with great precision. Blind docking using the whole protein target was
then used in order to identify the possible binding site(s) of AST. AST was predicted to bind at several sites in close proximity to the
active center. Subsequent analyses focused on the binding site at the atomic (i.e., amino acid sequence) level suggested that AST can
bind to MMP-13 with high affinity and favorable energetics. Therefore, the modeling study predicts potential direct enzyme-inhib-
itory activity of AST against MMP-13, a behavior that may be exploited in mammalian systems in which pathological upregulation
of MMP activity is paramount.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The matrix metalloproteinases (MMPs) are a family of
secreted and transmembrane zinc-dependent (Zn-depen-
dent) endopeptidases that degrade proteins of the extra-
cellular matrices (ECM) and basement membrane
components.1 To date, about 30 structurally related
members have been identified, sharing a substrate spec-
ificity of proteolytic activity against several components
of the ECM.2 The interaction of cells with the ECM is
critical for the normal development and function of
organisms. Accordingly, MMPs play a pivotal role in
the control of signals elicited by matrix molecules regu-
lating a variety of biological functions, including tissue
remodeling, wound healing, and involution of organs.1

In contrast to the physiologic importance of MMPs in
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normal growth and development, chronic stimulation
of their activities has been implicated in the pathogenesis
of a variety of diseases, including the spread of metastat-
ic cancer cells,3 atherosclerosis and coronary plaque
instability,4,5 rheumatoid arthritis,6 and neuroinflamma-
tion.7 Inhibition of MMPs in the pathological state has
been shown to prevent the progression of these
diseases.2,8

Human MMPs are generally comprised of three
domains: (1) the N-terminal propeptide domain; (2)
the protease or catalytic domain (�170 amino acids),
which includes the zinc binding site; and (3) the C-termi-
nal, hemopexin-like domain required for binding of the
collagen substrate.9,10 Most of the published three-
dimensional (3D) structures of MMP catalytic domains
include those domains complexed with peptidic,
peptidomimetic, or non-peptidic inhibitors. The 3D
structures of these catalytic domains consist of three
a-helices, four parallel b-sheet strands, and one anti-
parallel b-sheet strand. The catalytic site is connected
with a long hydrophobic S1 0 pocket, which extends
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Figure 2. Chemical structure of (3S,3 0S)-astaxanthin (3S,3 0S-dihy-

droxy-b,b-carotene-4,4 0-dione). Rotatable bonds are shown in red.

3S,3 0S-Astaxanthin is the predominant stereoisomer in the microalgae

Haematococcus pluvialis (>99%) utilized in nutraceutical preparations,

as well as the preferred homochiral scaffold for CardaxTM soft drugs in

clinical development.

Figure 3. Chemical structures of gelastatins A and B, known inhibitors

of MMP-13 (see text).
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through the protein and whose size varies among the
MMP family members (Fig. 1).2,11 In addition, there
are shallow S2 0 and S3 0 pockets that are primarily sol-
vent exposed (Fig. 1). Most known MMP inhibitors
contain a chelating moiety (e.g., hydroxamate, thiol,
and/or carboxylate groups) that interact with the cata-
lytic zinc ion. However, it was recently demonstrated
that for numerous non-peptidic inhibitors (e.g., sulfona-
mides, phosphinamides, and/or sulfones), extensive
hydrophobic interactions between the lipophilic moieties
(i.e., diphenylether group) of these molecules and the S1 0

pocket can be largely responsible for the binding poten-
cies of these inhibitors.10,11 Additionally, a novel series
of highly selective MMP-13 (collagenase-3) inhibitors
(pyrimidine dicarboxamides) with low nanomolar affin-
ities were recently reported which exhibit facile and
extensive hydrophobic binding in the S1 0 pocket, yet
show no interactions with the catalytic zinc ion.11

Within the MMP family, MMP-13 possesses a relatively
large S1 0 pocket in comparison with other related pro-
teinases.9 MMP-13 has also been the subject of recent
investigation as a potential key target in cardiovascular
and malignant diseases.12 Homochiral astaxanthin
(3S,3 0S-AST), a chirally pure antioxidant and anti-
inflammatory xanthophyll carotenoid,13,14 was selected
in the current study for prediction of the geometry and
energetics of its potential binding to human MMP-13
using AutoDock and GROMACS molecular modeling
packages. Astaxanthin (Fig. 2) is the primary active
metabolite of a number of soft drugs (i.e., active in the
derivatized state)15 under development for the treatment
of ischemia–reperfusion (I/R) injury,16–18 cardiovascular
inflammation,19 and cancer chemoprevention and che-
motherapy.20–22 Astaxanthin is abundant as a dietary
component of many foodstuffs (shrimp, lobsters, salmon,
and crabs)23 as well as a human nutraceutical.24,25 The
hydrophobic, small-molecule carotenoids (AST molecu-
lar weight = 596 Da) have been well characterized as
chain-breaking antioxidants and physical quenchers of
Figure 1. Solvent-accessible surface of MMP-13 complexed with a

sulfonamide hydroxamic acid inhibitor (PDB code: 1EUB). The ligand

binding site can be divided into several pockets (S1, S1 0, and S2 0). The

S1 0 binding pocket is relatively large compared to other members of

the MMP family.
singlet oxygen.26–29 They have also been implicated in
gene regulation/transcription, operating through a non-
retinoic acid nuclear receptor;30–33 the molecular basis
of their gene regulatory function not completely under-
stood at present. The direct enzyme modulatory activity
of these compounds is a recently recognized
phenomenon.14

In the current study, binding of homochiral 3S,3 0S-asta-
xanthin to MMP-13 was modeled. AST was found to
bind with high affinity at or near the active site of the
enzyme as documented previously for other peptidic,
peptidomimetic, and lipophilic inhibitors. A common
shared motif (i.e., the presence of a polyene chain) for
this lipophilic small-molecule inhibitor of MMP-13
was found in the literature in an unrelated set of natural
compounds (gelastatins A and B; Fig. 3). These mole-
cules were found to exhibit MMP-inhibitory activities
at the sub-micromolar (sub-lM) level.34 This document-
ed activity may find clinical utility in those applications
requiring delivery of direct enzyme inhibitors at thera-
peutic concentrations.
2. Results and discussion

The available experimental human MMP-13 structures
and co-crystallized ligands are summarized in Table 1.
Nine human MMP-13 structures were found (3 NMR,
6 X-ray). According to the sequence alignment all
sequences were fully (100.0%) identical.

As can be seen from Table 1, the backbone rmsd values of
the proteins depend on the complexed ligands. Docking
calculations were performed on rigid protein targets.



Table 1. Experimentally-determined structures of human MMP-13 complexed with different ligands

PDB Procheck Type of experiment Res Å Chemical names of complexed ligands Abbr Date of

publication

rmsd (Å)

Region (%)

1FLS mf 91.7 NMR — N-Hydroxy-2-[(4-methoxy-benzenesulfonyl)-

pyridin-3-ylmethyl-amino]-3-methyl-benzamide

WAY 2000 —

aa 7.6

ga 0.0

da 0.8

1FM1 mf 92.4 NMR — N-Hydroxy-2-[(4-methoxy-benzenesulfonyl)-

pyridin-3-ylmethyl-amino]-3-methyl-benzamide

WAY 2000 0.51

aa 6.1

ga 1.5

da 0.0

1EUB mf 59.3 NMR — 1-Methyloxy-4-sulfone-benzene MSB 2000 1.84

aa 35.7 Hydoxyaminovaline HAV

ga 5.7 3-Methylpyridine 3MP

da 0.0

1XUC mf 88.4 X-ray 1.7 N,N0-Bis(3-methylbenzyl)pyrimidine-

4,6-dicarboxamide

PB3 2005 1.22

aa 9.4

ga 1.1

da 1.1

1XUD mf 88.8 X-ray 1.8 N,N0-Bis(4-fluoro-3-methylbenzyl)pyrimidine-

4,6-dicarboxamide

PB4 2005 1.25

aa 9.1

ga 1.1

da 1.1

1XUR mf 88.4 X-ray 1.85 N,N0-Bis(pyridin-3-ylmethyl)pyrimidine-

4,6-dicarboxamide

PB5 2005 1.21

aa 9.4

ga 1.8

da 0.4

1YOU mf 84.0 X-ray 2.3 5-(2-Ethoxyethyl)-5-[4-(4-fluorophenoxy)

phenoxy]pyrimidine-2,4,6(1H,3H,5H)-trione

PFD 2005 1.20

aa 12.7

ga 2.2

da 1.1

456C mf 85.9 X-ray 2.4 4-[4-(4-Chloro-phenoxy)-benzenesulfonyl]-

4-methyl-tetrahydro-pyran;compound with

N-hydroxy-acetamide

345 1999 1.33

aa 12.5

ga 1.1

da 0.4

830C mf 89.6 X-ray 1.6 4-[4-(4-Chloro-phenoxy)-benzenesulfonylmethyl]-

tetrahydro-pyran-4-carboxylic acid hydroxyamide

RS1 1999 1.22

aa 8.9

ga 1.1

da 0.4

The Ramachandran analysis was performed using the Procheck program (mf: mostly favored; aa: additional allowed; ga: generously allowed; da:

disallowed region). rmsd values of backbone atoms were calculated using the SWISS-PDB program53 applying 1FLS structure as a template.
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However, in living systems proteins can adopt different
conformations, and such binding also depends on the
nature of the bound ligand. Therefore, different experi-
mental MMP-13 structures were considered as rigid
docking targets representing different protein conforma-
tions. All of the available conformations were investigat-
ed in order to determine if (1) AST bound to MMP-13; (2)
if AST bound to MMP-13, which conformation of
MMP-13 was most favorable for such binding. Six
human MMP-13 structures were selected for further
calculations (Fig. 4).

Molecular docking is one of the most widely used tech-
niques for calculation of protein–ligand and protein–
protein interactions. De facto, molecular docking is
analogous to X-ray crystallography (XRC), considering
that both methods are able to create atomic representa-
tions of molecular complexes. Although automation of
XRC is currently in the frontline of research, reduction
of the time necessary for the obligatory preceding
protein expression and purification is difficult. More-
over, measurement of macromolecular assemblies is
often problematic. Given these problems, development
of alternative techniques like molecular docking is of
world-wide interest. ‘Blind docking’ was introduced
for the detection of possible ligand binding sites on the
whole protein target.35,36 The ‘blind docking’ methodol-
ogy has been proven to be a successful tool for a priori
prediction of protein–ligand interactions. Docking
calculations have three main functions: (1) finding
potential binding site(s); (2) determining the correct
binding conformation; and (3) determining the free ener-
gy of binding at a given position. Comparison of the cal-
culated and experimental free energies of binding yields



Figure 4. Selected MMP-13 structures utilized for blind docking

calculations. The backbone structure around the ligand binding region

(indicated with a red ellipse) is quite flexible.

Figure 5. The best-ranked blind docking results for AST–MMP-13

binding. (a) AST (red) fits into the groove at the active center (groove-

PDB code: 1EUB); (b) AST spans a hole near the active center binding

site (hole-PDB code: 1FLS); (c) AST forms interactions at the surface

(surf-PDB code: 1YOU). The star symbol (*) indicates the catalytic

zinc (Zn) position.

Table 3. Calculated ‘docked’ energies (see text) of the best-ranked

results of blind docking calculations on different protein models (see

also Fig. 5)

Rank Docked energy (kcal/mol) Hit Type Protein model

1 �14.93 8 Groove 1EUB

2 �12.27 4 Hole 1FLS

3 �11.78 1 Hole 456C

4 �11.27 7 Hole 1XUC

5 �11.10 4 Surf 1YOU

6 �11.08 2 Groove 830C
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an approximation of how reliable a blind docking calcu-
lation might be. In the current study, the calculations
performed on different inhibitor—MMP-13 complexes
gave an acceptable estimation of PFD and WAY, and
excellently reproduced the experimental data for PB3,
345, and RS1 binding to MMP-13 (Table 2). The best
approximation was achieved for PB3, which is a non-
zinc binding inhibitor. Thus, experimental binding ener-
gies can be reproduced with great precision using the
current modeling methods.

Docking calculations were carried out on all selected
proteins (Fig. 4) in order to determine if AST bound
to MMP-13, and if so, to which protein conformation.
Three types of binding sites for astaxanthin on MMP-
13 were found: (1) AST can fill up a groove near the ac-
tive site of MMP-13; (2) AST can fit into a hole of the
protein near the active center binding site; and (3)
AST can form interactions at the surface (Figs. 5a, b,
and c, respectively). The ‘groove’ model (Fig. 5a; derived
from the calculation of the AST—1EUB complex) was
calculated to possess the lowest docked energy (Table 3).

Blind docking calculations were useful for locating the
binding site of AST on the target protein. Given the
binding site, AST is only allowed to dock to the previ-
ously determined position. The binding mode (rotation,
conformation) can be determined by focused docking,
where the binding site determined with blind docking
is subject to further, more detailed calculations. Protein
Table 2. Comparison of the experimental and calculated free energies

of binding of various MMP-13 ligands (from literature-reported

values; see Table 1)

PDB Ligand Experimental free

energy of binding

kcal/mol

Calculated free energy

of binding kcal/mol

1XUC PB3 �9.7 �9.4

1YOU PFD �12.3 �8.5

1FLS WAY �10.2 �7.7

456C 345 �13.3 �12.5

830C RS1 �12.6 �11.7
sidechain flexibility is gained by molecular dynamics
(MD) calculations. Focused docking calculations
revealed that the conformation of MMP-13 represented
by 1EUB bound astaxanthin with the lowest intermolec-
ular energy. The intermolecular energy was calculated to
decrease during the first 0.1 ps of the MD simulation,
but was higher at 1 ps (�12.53 kcal/mol). The calculated
intermolecular energy at 0.1 ps was �15.15 kcal/mol, the
lowest value among the investigated ligands. Analysis of
interacting protein sidechains revealed that AST was
bound in the groove mostly by hydrophobic interactions
(Fig. 6).

The terminal b-ionone rings of AST exhibited both
hydrophobic and hydrophilic interactions with MMP-
13 (Fig. 6). Specifically, one ring formed a hydrogen
(H–) bond with T110 and also formed a hydrophobic
interaction with L111. The other ring made an intermo-
lecular H-bond with the phenolic –OH group of Y214
and was in p–p interaction with Y244. The polyene
chain fitted in the apolar groove established numerous
hydrophobic and p–p stacking interactions with amino
acid residues, as indicated in Figure 6 and Table 4.



Figure 6. Amino acid residues within 4 Å distance of 3S,3 0S-AST (in

space-filling representation) at the ‘groove’ binding site of MMP-13, as

revealed by the docking calculations using the 1EUB X-ray structure.

The AST ligand molecule forms numerous hydrophobic interactions

with alanine, leucine, tyrosine, proline, and histidine residues (denoted

by their one-letter amino acid codes).
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Binding modes ‘hole’ and ‘surf’ were calculated to pos-
sess somewhat higher docking energies than ‘groove’
(Figs. 5b and c and Table 3). However, these energies
were comparable to those reported for experimentally
determined bound ligands (cf. Table 2); therefore, the
‘hole’ and ‘surf’ binding modes could also play a role
in the interaction of AST with MMP-13.

The antioxidant behaviors of carotenoids, including
both ‘carotenes’ (completely hydrocarbon compounds)
and ‘xanthophylls’ (oxygen-substituted molecules), are
well established in the literature.37 Most of these studies
have been performed in organic solvent model systems
and/or liposome systems. As radical chain-breakers
and physical quenchers of singlet oxygen, they share this
dual antioxidant capability with vitamins E and C.38
Table 4. Protein residues of MMP-13 involved in binding interactions with

Residues interacting with astaxanthin Experimentally determined in

1EUB 1XUC 830C 456

T110

L111

P181

G183 RS1

L184 RS1

L185 RS1 345

A186 RS1 345

H187

A188 RS1 345

P190

Y214

H222 PB3 RS1 345

H226 RS1 345

H232 RS1

P242 RS1 345

Y244 PB3 RS1 345

The same amino acids involved in binding of known inhibitors are also indi
Recently, the ability of both pro-vitamin A (‘retinoids’;
e.g., b-carotene) and non-pro-vitamin A carotenoids
(including astaxanthin) to act as gene-regulatory agents
has emerged.30,32,33 As anti-inflammatory agents, the
emerging literature suggests that this function may pos-
sibly be secondary to the antioxidant role, that is, regu-
lation of systemic redox status may downregulate
central inflammation pathways such as NF-jB.39–41

A role as direct enzyme inhibitors has only recently been
suggested.14

In a mouse peritoneal inflammation model, Lockwood
et al. demonstrated a generalized in vivo antioxidant
capability for oral CardaxTM, an astaxanthin-based soft
drug which releases AST after both oral and parenteral
administration.13 This was exhibited as a reduction in 8-
isoprostane-F2a at the time point of maximal neutro-
philic recruitment and activation in that model, thus
confirming in vivo antioxidant capability as demonstrat-
ed in a pilot oral I/R rodent study.18 However, at the
time points of maximal monocyte/macrophage recruit-
ment and activation, two molecular fingerprints of the
activity of 5-lipoxygenase (5-LO)42 were significantly
reduced, namely 5-HETE and 5-oxo-EET. Working
backwards from the in vivo molecular fingerprint data,
the authors subsequently confirmed direct in vitro inter-
action of the optically inactive meso-CardaxTM compound
with human 5-LO with circular dichroism (CD) spectros-
copy.14 Molecular modeling of this potential interaction
(using rabbit 15-LO as a surrogate, as XRC data for
mammalian 5-LO have not been reported) demonstrated
interactions between meso-CardaxTM and the solvent
-exposed surface of the enzyme. Hence, direct interaction
(i.e., inhibition) of mammalian enzymes by carotenoids
may be possible and not indirectly through antioxidant
activity (i.e., modulation of redox status).

The results of the current study extend these prior
results. 3S,3 0S-AST appears capable of high-affinity
binding to MMP-13, an important enzyme in the ECM
remodeling which takes place in both CVD43–46 and
AST

teractions with MMP-13 inhibitors Type of interaction

C 1YOU 1FLS 1EUB

Hydrophilic

Hydrophobic

Hydrophobic

WAY 3MP Hydrophobic

WAY HAV Hydrophobic

PFD WAY MSB Hydrophobic

PFD HAV Hydrophobic

Hydrophobic

Hydrophobic

Hydrophobic

Hydrophilic

PFD WAY MSB Hydrophobic

WAY Hydrophobic

PFD WAY Hydrophobic

3MP Hydrophobic

PFD WAY MSB Hydrophobic

cated.
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cancer. To the authors’ knowledge, this is the second such
suggestion of potential direct enzyme inhibition for a xan-
thophyll carotenoid.14 In a rabbit atherosclerosis model,
a Scandinavian group found favorable effects of oral AST
on markers of plaque vulnerability and inflammation,
including macrophage recruitment and protein levels of
MMP-3.47,48 Whether the reduction in MMP-3 protein
levels was secondary to non-significant antioxidant activ-
ity on ex vivo LDL-oxidation capability by AST was not
investigated in that study. We suggest that the current
results are compatible with a recently recognized ability
of xanthophyll carotenoids such as AST to directly inter-
act with mammalian enzymes important in chronic dis-
eases such as CVD.
3. Conclusion

In summary, docking calculations were performed in
order to predict the potential binding ability of homo-
chiral 3S,3 0S-astaxanthin to MMP-13. It was concluded
that astaxanthin was likely to bind to MMP-13 with an
affinity comparable with known X-ray ligands, at sites at
or near the active center of the enzyme. Because the cal-
culated binding sites were at or near to the catalytic site,
the current results suggest that AST has potential inhib-
itory activity on MMP-13, and as such, may find clinical
utility in those indications where modulation of metallo-
proteinase activity is therapeutically relevant.
4. Experimental

Experimental MMP-13 structures were derived from the
Protein Data Bank [1EUB,49 1FLS,50 1FM1,50 1XUC,11

1XUD,11 1YOU,51 1XUR,11 456C,9 and 830C9]. The
quality of the models was analyzed by the Procheck pro-
gram.52 Monomeric proteins were extracted from PDB
files, and ‘A’ chains were used for further studies in each
case. Water and ligand molecules were removed from
the structures. The Swiss-PDB program53 was applied
for structural alignment of the available MMP-13 struc-
tures using the 1FLS entry as a template. The structures
were divided into groups based on their backbone struc-
tures. In each group, the structure with the best quality
result from the Procheck analysis was selected for fur-
ther calculations.

MMFF94 force field54 was used for energy minimization
of (3S,3 0S)-astaxanthin (Fig. 2). The conjugate gradient
method was applied during the calculations. Gasteiger
partial charges were added to the ligand atoms. Non-po-
lar hydrogen atoms were merged, and rotatable bonds
were defined with the aid of Autodock tools (Fig. 2).55

A selected set of six human MMP-13 was used for the
docking calculations. Essential hydrogen atoms of crys-
tal structures, Kollman united atom type charges, and
solvation parameters were added with the aid of Auto-
Dock tools.55 Zinc ion radius r = 1.48 Å and well depth
e = 0.550 kcal/mol were used for generation of grid and
docking parameter files. Affinity (grid) maps of 200 grid
points in each Cartesian direction and 0.375 Å spacing
were generated using the Autogrid program.55 Maps
were centered on the protein center (PHE224). Auto-
Dock parameter set- and distance-dependent dielectric
functions were used in the calculation of the van der
Waals and the electrostatic terms, respectively. Docking
simulations were performed using the Lamarckian
genetic algorithm (LGA) and the Solis & Wets local
search method56 of Autodock.55 Initial position, orien-
tation, and torsions of the ligand molecule were set ran-
domly. All rotatable torsions of AST (Fig. 2) were
released during docking. Each docking experiment was
derived from 100 different runs that were set to termi-
nate after a maximum of 1,500,000 energy evaluations.
The population size was set to 250. During the search,
a translational step of 0.2 Å, and quaternion and torsion
steps of 5 were applied. Binding free energies of each job
were collected and the minima were selected. Root mean
squared deviation (rmsd) was calculated for the resulting
100 structures using ligand structures of minimum ener-
gies at each job as references. A 2.0 Å tolerance was used
to form clusters of the closest structures.

The complex structure corresponding to the lowest cal-
culated free energy of binding was used for structure
refinement. Smaller grid maps, namely 100 grid points
in each Cartesian direction, and 0.375 Å spacing (cen-
tered on the ligand center of the result of blind docking
calculations), were generated using the Autogrid pro-
gram. The same procedure was applied for focused
docking calculations as was described for the blind
docking calculations, except that the number of runs
was set to 10 and the population size was 50.

Molecular dynamics calculations were carried out on the
lowest energy complex. The GROMACS program pack-
age57 was applied for generation of a simulation box and
addition of explicit water molecules and counter ions.
Complexes were energy-minimized using the GROMOS
force field58 implemented in the program package. Short
0.1 picosecond (ps) and 1 ps long unrestrained molecu-
lar dynamics simulations (MD), which improved greatly
the prediction of binding affinities in calculation of HIV-
1-protease inhibitor complexes,59 were performed to
equilibrate the surrounding molecules and to generate
conformations for calculations of intermolecular inter-
action energy using Autodock.

To calculate the binding energies of experimentally
available MMP-13–inhibitor complexes with Auto-
Dock, ligand coordinates were extracted from the corre-
sponding PDB files. AutoDock tools were used for
adding hydrogen atoms to the ligands and for calculat-
ing Gasteiger partial charges on the atoms. Non-polar
hydrogens were merged. Affinity (grid) maps of 100 grid
points in each Cartesian direction and 0.375 Å spacing
were generated with the aid of Autogrid. Maps were
centered on the original position of ligand molecules.
Free energy of binding values were calculated using
the command mode of AutoDock. The experimental
binding energies were converted from the experimental
inhibition constants (Ki), using the equation: DG0 =
�RT lnKi where DG0 is the Gibbs’ free energy of
binding (kcal/mol), R is the gas constant
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(1.987 cal K�1 mol�1), and T is the absolute temperature
(room temperature, 300 K). The binding energies of
MMP-13–AST complexes after MD calculation were
obtained similarly. Input complex coordinates were pre-
pared by separating 0.1 ps and 1 ps snapshots recorded
from MD simulations into one file containing only
MMP-13 structure, and one file containing only the li-
gand coordinates. The free energy of binding of AST
to MMP-13 was calculated after 0.1 ps and after 1 ps
with the command mode of AutoDock.
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