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Abstract
Matrix metalloproteinase 2 (MMP-2) is a well-known anticancer target belonging to the MMP family. Because of the

bilateral role of MMPs in cancer, developing highly selective MMP-2 inhibitors is a current challenge. In this paper, we

investigated the binding modes of green tea polyphenols epigallocatechin gallate and epicatechin into the active site of the

MMP-2 enzyme. The structure-based analysis allowed the optimization of these hits and hence led to a better lead

candidate. Moreover, using a pharmacophore model, we screened FooDB compounds and selected food components as

potential MMP-2 inhibitors. The search for food-derived compounds that target this enzyme may represent a strategy to

identify new lead molecules with improved safety profiles and provide indications about possible functional foods.
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Introduction

Although diet–cancer relationships are complex and of dif-

ficult characterization, there is a scientific evidence of the

role assumed by particular foods in cancer prevention [1, 2].

Interestingly, some food-derived compounds are even under

evaluation for cancer treatment. For instance, curcumin is a

component of turmeric (Curcuma longa), used as a folk

medicine in India for 4000 years, potentially applicable in

cancer treatment owing to its capability of killing carcino-

genic cells without harming adjacent healthy cells [3].

Substances with physiological benefits other than nutrition

usually have fewer side effects compared to pharmaceuticals

and would be an interesting direction for the discovery and

development of new anticancer drugs [4–6]. Conventional

anticancer drug discovery focused for a long time on cyto-

toxic agents. Nowadays, it is still a challenge to develop

new, effective, and affordable anticancer drugs acting by

mechanisms that may not result in significant toxicity.

Metastasis production, i.e., the spread of the tumor from

one organ or part of the body to another, remains the major

driver of mortality in patients with cancer. The process of

tumor cell translocation requires cellular movement as well

as the remodeling of the extracellular matrix (ECM).
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Matrix metalloproteinases (MMPs) are zinc-dependent

ECM-degrading-endopeptidases. 23 MMPs have been

identified in humans, and, despite their high structural

similarity, no functional redundancy is shared between

them [7]. Each MMP influences ECM properties differ-

ently, and consequently, enzyme selectivity is essential to

develop MMP inhibitors, especially for anticancer therapy.

Indeed, MMP-2 and MMP-9 essentially contribute to the

invasion and dissemination of tumor cells [8], but several

MMPs showed protective effects in cancer [9], with MMP-

8 as a recognized anti-target [10, 11].

Commonly, synthetic MMP inhibitors (MMPIs) consist

of a metal coordinating function, called zinc-binding group

(ZBG), as it binds to the catalytic zinc, and moieties that

reach into surrounding binding pockets. The binding to the

zinc ion ensures the potency, while the interaction with the

pockets modulates the selectivity of the inhibitor. The

hydroxamate function is one of the most used ZBGs for the

development of potent MMPIs [12]. However, it is charac-

terized by a poor pharmacokinetic profile and by toxic

effects in long-term treatments [13]. To overcome the

problems of selectivity and/or toxicity, two approaches have

been followed to synthesize MMPIs: the use of alternative

ZBGs [14–16] and the development of novel non-competi-

tive inhibitors not interacting with the catalytic zinc (also

classified as the third generation MMPIs) [17–19].

Intriguingly, several natural compounds have shown

promising inhibition of MMP-2, including curcumin from

Curcuma longa, polyphenols from Camellia sinensis,

ageladine A from the marine sponge Agelas nakamurai,

fucoidan extracts from seaweeds Claisiphon novaecaledo-

niae, and methanolic extracts from marine red algae

Cavalina pilulifera [20–23]. This opens the possibility of

using non-toxic natural compounds as starting points for a

drug design project. Here, the putative binding modes of

(–)-epicatechin (1, EC) and (–)-epigallocatechin gallate (2,

EGCG), polyphenols from Camellia sinensis, have been

investigated. This work provides insights for the opti-

mization of catechins as selective MMP-2 inhibitors and

suggests the molecular features that lead to enzyme inac-

tivation. Moreover, we generated a structure-based phar-

macophore model that was used to virtually screen food-

derived compounds (collected in the freely available

FooDB database, http://foodb.ca/). Highly scored mole-

cules were selected as potential MMP-2 inhibitors.

Results and discussion

Green tea polyphenol (-)-epigallocatechin gallate (2) was

found to inhibit the growth of malignant cells via modu-

lation of MMP-2 [24]. While EGCG (2) inhibits markedly

MMP-2 activities, epicatechin (1) did not show noticeable

inhibition of the enzyme activity [25]. EGCG and analogs

have been previously tested on MMP-9, and the pyrogallol

hydroxyl groups were shown to be essential for MMP-9

inhibition [26]. Interestingly, it has been found that the

gallate itself inhibits MMPs and is more selective on

MMP-2 than on MMP-8 [15]. To understand the molecular

features that are responsible for the MMP-2 binding and

inactivation, we performed a structure-based analysis of

EC (1) and EGCG (2) into the MMP-2 enzyme, which then

led to the design of compound 3. EC (1) and EGCG (2)

were purchased from Aldrich Chemicals (Milan, Italy);

compound 3 was obtained via condensation of tribenzy-

loxybenzoic acid with resorcinol and debenzylation of the

resulting ester through catalytic hydrogenation (Scheme 1).

Even though EGCG is active in preventing also the

proMMP-2 activities [25], we focused our analysis on the

active form of MMP-2. Particularly, EC (1), EGCG (2),

and compound 3 were submitted to enzyme inhibition

assays for MMP-2, but also for MMP-9 and MMP-8,

which, as mentioned above, are considered target and anti-

target, respectively, for cancer therapy (Table 1).

Binding modes of EGCG and EC into MMP-2
enzyme

Previous attempts were done to identify the binding mode

of the green tea polyphenols into the MMP-2 enzyme [25].

Docking studies by Chowdhury et al. suggested that EC

and EGCG H-bond with Glu202 side chain through the

catechol and the pyrogallol, respectively; instead, the

benzodihydropyran of the two ligands is oriented differ-

ently, forming an H-bond with the Pro221 main chain in

the case of EC and with the backbone of Leu197 and

His201 residues in the case of EGCG.

Recently, the MMP-8 enzyme was crystallized in com-

plex with N-(3,4-dihydroxyphenyl)-4-diphenylsulfonamide

(Fig. 1), and, using the X-ray structure (PDB ID: 5H8X),

the binding modes of several catechol-containing inhibitors

into MMP-2, -8, and -9 have been investigated. This

analysis revealed a pivotal role of water molecules in

mediating the ligand–protein interaction [27]. As shown in

Fig. 1, three clusters of water molecules were observed

around the catalytic site.

The work from Tauro et al. [27] provides valuable tools

to further analyze the binding mode of polyphenolic

compounds into MMPs. Particularly, we characterized the

binding conformation of EC and EGCG into the MMP-2,

MMP-8, and MMP-9 enzymes by superimposing EC and

EGCG to the ligand co-crystallized with MMP-8 (PDB ID:

5H8X). Then, the complexes of EC and EGCG with the

MMP-2, -8, and -9 were generated and minimized.

In the MMP-2 enzyme, the catechol of EC establishes an

H-bond with Glu202 side chain (Fig. 2), as previously
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suggested by Chowdhury et al. [25]. Similarly, the pyro-

gallol and the benzodihydropyran of EGCG form H-bonds

with Glu202 and Pro221, respectively. Interestingly, the

gallate, present in EGCG but not in EC, enters in the S10

pocket, providing an explanation for the improved potency

of EGCG compared to EC (Fig. 2).

Notably, the benzodihydropyran ring of EC and EGCG

occupies the region of water cluster 2, disrupting the water-

mediated H-bond network between the ligand and Pro221

CO in the primary specificity loop surrounding the S10 site

(Fig. 3a).

The binding mode of EGCG into MMP-8 and -9 is very

similar, but the H-bond formed between the meta OH of

the benzodihydropyran ring and Pro221 CO in MMP-2/

EGCG is maintained with Pro421 in MMP-9/EGCG

(Fig. 3b), but is not observed in MMP-8/EGCG (Fig. 3c).

Therefore, we suppose that this H-bond, direct or mediated

by water cluster 2, may be relevant for the enzymatic ac-

tivity. These results support the importance of the speci-

ficity loop in the MMP activation. In fact, it was

hypothesized that the inhibitory activity of non-zinc-bind-

ing inhibitors could derive from the freezing effect that

ligands produce on this loop [17, 18, 28].

It is well known that the rearrangement of water mole-

cules strongly affects the binding affinity [29, 30]. The cost

of displacing ordered or partially ordered water molecules

in the protein active site may favorably contribute to the

stability of the ligand–protein complex through

hydrophobic interactions and a gain of disorder in the

solvent [31]. However, some water molecules, also called

‘‘happy waters’’, play an important stabilizing effect and

their displacement decreases the binding affinity [32, 33].

Hit optimization

As a first attempt to test our models and investigate the role

of water cluster 2, we synthesized compound 3. The ben-

zodihydropyran was replaced with a benzene ring that is

connected with two pyrogallol rings through ester linkers.

By replacing the bicyclic moiety with a benzene ring, the

water-mediated connection between the ligand and the

Pro221 in the S10 loop is restored (Fig. 4). Beyond the

difference in cluster 2, compared to EGCG, compound 3

Scheme 1 

Table 1 MMP activity values expressed as IC50

Compounds Structure IC50 /µM
MMP-2 MMP-8 MMP-9

1 (EC)*
O

OH

HO

OH

OH

OH

OH

63±4% 45±7% 41±5%

2 (EGCG)
O

O

HO

OH

OH

OH

OH

O
OH

OH

OH

102±15 260±40 120±10

3

OH

OH

OH

O

O

O

O
OH

OH

OH

26±5 95±8 20±9

*IC50 not available; percentage of inhibition has been measured at

1 mM

Fig. 1 Three water clusters mediating the ligand-binding interaction

in MMP-8 as determined by X-ray (PDB ID: 5H8X). Ligand is

represented in CPK sticks, interacting residues as thin sticks, and

water molecules as red spheres. H-bonds are shown as green dashed

lines
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orients the gallate moiety in the proximity of the zinc

differently: the ortho OH group established the H-bond

with Glu202 instead of the meta OH of EGCG. The second

gallate moiety enters in the S10 pocket and establishes

hydrophobic interactions with His201 (Fig. 4), with a

comparable conformation of the EGCG gallate (Fig. 3a).

The enzyme assays revealed an improved potency of

compound 3 towards tested MMPs compared to EGCG,

maintaining certain selectivity against MMP-8 (Table 1).

The predicted energies of the complexes MMP-2/3, MMP-

8/3, and MMP-9/3 (- 546, - 472, and - 559 kJ/mol,

respectively) are in good correlation with the experimental

IC50 values. Our results suggest that the benzodihydropy-

ran ring does not establish favorable hydrophobic interac-

tions, and instead, the connection between the ligand and

the S10 loop mediated by water molecules is preferred. This

is reasonable considering that the benzodihydropyran ring

occupies a solvent-exposed region.

Fig. 2 2D representation of EC and EGCG into the MMP-2 active site. a MMP-2/1 (predicted total energy: - 413 kJ/mol); b MMP-2/2
(predicted total energy: - 561 kJ/mol). The total energy of the minimized complexes is used as an estimation of the binding affinity

Fig. 3 3D representations of the putative binding modes of EGCG

into MMP-2, -9 and -8. a MMP-2/2 (predicted total energy:

- 561 kJ/mol); b MMP-9/2 (predicted total energy: - 634 kJ/mol);

c MMP-8/2 (predicted total energy: - 526 kJ/mol). The total energy

of the minimized complexes is used as an estimation of the binding

affinity. Ligands are represented in CPK sticks, interacting residues as

thin sticks, and water molecules as red spheres. H-bonds are shown as

green dashed lines
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Compound 3 can be considered a good candidate for

further optimization; simplifying the linker between the

two pyrogallol rings, improving the coordination with the

zinc ion, and enlarging the gallate residue to the S10 pocket

may indeed lead to increased potency.

Virtual screening of FooDB compounds

The structure-based analysis of compounds 1-3 into the

MMP-2 enzyme provides insights into the molecular fea-

tures needed for MMP-2 selective inhibition, which has

been summarized in a pharmacophore hypothesis (Fig. 5).

The pharmacophore hypothesis maps the functional

groups of compound 3 that are supposed to be essential for

MMP-2 inhibition. The acceptor group A1 corresponds to

the oxygen that interacts with water cluster 2 and acceptor

group A2 to the oxygen H-bonding with Leu164 NH. The

donor group D3 accounts for the hydroxyl group H-bonded

with Glu202. This feature was identified also by the com-

putational analysis of catechol-containing inhibitors [27],

and experimentally in the SAR analysis by Dell’Agli et al.

[26]. The aromatic ring that occupies the S10 site is mapped

by the feature R4.

Using the pharmacophore model, FooDB library

(* 25,000 food constituents—http://foodb.ca/) was virtu-

ally screened to predict potential MMP-2 inhibitors and to

look for additional scaffolds among food-derived com-

pounds. For the screening, excluded volumes have been

added to the pharmacophore model, including all heavy

atoms in a range of 5 Å from the ligand. Interestingly, the

screening succeeded to retrieve several EGCG derivatives

and compounds that are known to affect MMP-2 activity,

such as naringenin [34] and butein [35], among the highest

ranking molecules. In Table 2, we report molecules that

obtained highly ranking scores in the screening and are

suggested as novel chemicals to be tested as MMP-2

inhibitors.

Concluding remarks and future perspectives

MMP-2 is considered a relevant drug target for anticancer

therapy, and EGCG is an interesting hit molecule to

develop MMP-2 inhibitors. We, therefore, investigated the

binding mode of EGCG in the active form of MMP-2 to

identify the molecular features responsible for enzyme in-

activation and design synthetic strategies to improve the

potency of MMP-2 inhibitors.

As previously raised [27], our analysis highlights a

relevant role of water molecules in the ligand–protein

interaction. Indeed, water molecules affect the function of

MMP enzymes by taking part in the activation mechanism

[36–38]. Happy waters can be involved in drug design,

either by conserving their positions and mediating ligand–

protein interactions, or by being targets of ligand functional

groups. Here, we propose water cluster 2 as an ordered

group of molecules that should be conserved to improve

the binding affinity. However, several tools were developed

and can be applied to extend the analysis of the water

molecules in the binding site of MMP-2 [39].

Fig. 4 3D representations of the putative binding mode of compound

3 into MMP-2. Ligand is represented in CPK sticks, interacting

residues as thin sticks, and water molecules as red spheres. H-bonds

are shown as green dashed lines
Fig. 5 Pharmacophore model AADR. A1 and A2 represent H-bond

acceptors, D3 H-bond donor, and R4 the aromatic ring). Acceptor

(red) and donor (cyan) features are shown as spheres and vectors, and

aromatic feature as orange ring
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Based on catechin structures, we provide new directions

to develop MMP-2 inhibitors: we synthesized a micromolar

MMP-2 lead candidate and developed a pharmacophore

model used to predict new potential MMP-2 inhibitors

among food-derived compounds. Experimental testing of

these compounds can reveal new hits for a drug discovery

process.

Methods

Computational approaches

EGCG and EC were manually built using the built facility

in Maestro; 3D structures and protonation states at pH

7.0 ± 0.5 were generated with LigPrep (Schrödinger, LLC,

New York, NY, 2017). Using Phase Shape Screening

(Phase, version 5.1, Schrödinger, LLC, New York, NY,

2017), we superimposed compounds 1–3 to the binding

conformation of N-(3,4-dihydroxyphenyl)-4-diphenylsul-

fonamide in complex with MMP-8, as determined by X-ray

(PDB ID: 5H8X), and in complex with MMP-2 and MMP-

9, as modelled in Tauro et al. 2016 [27]. Therefore, com-

pounds 1–3 in complex with MMP-2, -8, and -9, with

explicit waters have been generated and minimized to a

derivative convergence of 0.05 kJ/mol Å using the Polak-

Ribiere Conjugate Gradient (PRCG) minimization algo-

rithm, the OPLS2005 force field, with MacroModel

Embrace Minimization (MacroModel, Schrödinger, LLC,

New York, NY, 2017). A shell of 15 Å around the catalytic

zinc was set to be free to move, another shell of 5 Å

minimized applying a force constant of 200 kJ/mol Å2,

maximum number of steps 15,000. The interaction energy

between the receptor and each ligand was calculated with

the interaction energy mode implemented in Embrace.

FooDB compounds were prepared with LigPrep and

Phase Database. Pharmacophore model AADR was man-

ually built. Using MMP-2/3 complex, excluded volumes

were created on heavy atoms around 5 Å from the ligand,

including water molecules. The screening was organized in

two different stages. A fast screening was performed using

the following settings: rapid sampling, inter-site distance

matching tolerance of 1.5 Å, and two out four site points

set to be matched, with preference of partial matches

involving more sites. 2000 hits returned from the fast

screening were submitted to a more accurate screening,

with the following settings: thorough sampling, inter-site

distance matching tolerance of 1.5 Å, and three out four

site points (preferring partial matches involving more sites)

set to be matched.

Throughout the text, MMP residues are numbered

according the structures deposited in the Protein Data Bank

(PDB): 1QIB.pdb for MMP-2 [40], 1GKC.pdb for MMP-9

[41], and 5H8X.pdb for MMP-8 [27].

Chemistry

Mass spectra were recorded on an HP MS 6890-5973 MSD

spectrometer, electron impact 70 eV, equipped with an HP

ChemStation or with an Agilent LC–MS 1100 Series LC–

MSD Trap System VL spectrometer, electrospray ioniza-

tion (ESI). 1H NMR spectra were recorded using the suit-

able deuterated solvent on a Varian Mercury 300 NMR

Spectrometer. Chemical shifts (d) are expressed as parts

per million (ppm). Flash column chromatography was

performed using Geduran silica gel 60 Å (45–63 lm).

Chemicals were purchased from Aldrich Chemicals (Mi-

lan, Italy) and were used without any further purification.

3,4,5-Tris(benzyloxy)benzoic acid (3a) Gallic acid (1.5 g,

8.83 mmol) was dissolved in 9 cm3 methanol, conc.

0.45 cm3 sulfuric acid was added thereto, and the mixture

was stirred under reflux for 5 h. The reaction vessel was

cooled down to room temperature and the reaction mixture

was neutralized with saturated sodium bicarbonate solution

at 0 �C. Then, the organic solvent was removed at reduced

pressure, and the residue dissolved in ethyl acetate, washed

with saturated sodium bicarbonate solution, dried over

anhydrous sodium sulfate, and concentrated to give methyl

1.39 g 3,4,5-trihydroxybenzoate (7.55 mmol, 86% yield)

Table 2 FooDB compounds selected with the pharmacophore

Name Origin Structure Fitness 
value

Xanthoxylol Zanthoxylum 
piperitum

O

O

O

O

OH

O

1.89

Mandelonitrile 
sophoroside

Perilla 
frutescens

O

O
O

OH

O
N

HO

HO

HO

OH

HO

OH

1.85

3'-(6''-
Galloylglucosyl)-
phloroacetophenone

Syzygium 
aromaticum

O

HO OH

OH

O
O

O

OH

OH

OH

HO

OH

OH

1.8

Carissanol Carissa 
edulis

O

OH

O

OH

HO

O

OH

1.74

Fitness values range from zero, lowest score, to 3, highest score
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as white solid. This compound was used in the next step

reaction without further purification.

Potassium carbonate (2.962 g, 21.46 mmol) and

2.5 cm3 benzyl bromide (20.91 mmol) were added to a

solution of 1.321 g methyl 3,4,5-trihydroxybenzoate

(7.18 mmol) in 10 cm3 DMF. The reaction mixture was

stirred at 80 �C for 6 h and concentrated at reduced

pressure, and the resulting residue was partitioned between

water and ethyl acetate. The aqueous layer was extracted

further with ethyl acetate and the combined organic layers

were dried (Na2SO4) and concentrated under reduced

pressure. Methyl 3,4,5-tris(benzyloxy)benzoate was

obtained as white solid (2.766 g, 6.09 mmol, 85% yield).

A mixture of methyl 2.114 g 3,4,5-tris(benzyloxy)ben-

zoate (4.66 mmol), sodium hydroxide (96 mmol), 6 cm3

MeOH, and 12 cm3 dioxane was heated at reflux for 4 h.

The solvent was removed and the resulting residue was

partitioned between water and ethyl acetate. The combined

organic layers were washed with brine, dried (Na2SO4),

and concentrated at reduced pressure to give the title

compound (1.984 g, 4.51 mmol, 97% yield) as a white

solid. Spectral data were in accordance with those previ-

ously reported [42].

1,2-Bis[[3,4,5-tris(benzyloxy)benzoyl]oxy]benzene (3b) A

suspension of 0.971 g 3,4,5-tris(benzyloxy)benzoic acid

(2.207 mmol), 0.640 g DCC (3.102 mmol), and 0.122 g

DMAP (1.00 mmol) in 40 cm3 CH2Cl2 was stirred, under

an argon atmosphere, at 0 �C for 15 min. Then, a solution

of 0.110 g 1,2-dihydroxybenzene (1.00 mmol) in 5 cm3

CH2Cl2 was added dropwise, and the reaction was allowed

to reach room temperature and stirred overnight. The

resulting mixture was filtered through Celite pad and the

filtrate partitioned between water and CH2Cl2. The com-

bined organic layers were washed with brine, dried (Na2-

SO4), and concentrated at reduced pressure. The crude

product was purified by column chromatography (CHCl3–

hexane–IPA, 99:0.5:0.5) to give the title compound

(0.554 g, 58% yield) as a white solid. Spectral data were in

accordance with those previously reported [43].

1,2-Bis[(3,4,5-trihydroxybenzoyl)oxy]benzene (3) A mix-

ture of 0.340 g 1,2-bis[[3,4,5-tris(benzyloxy)ben-

zoyl]oxy]benzene (0.356 mmol) and 10% Pd–C (53.7 mg)

in 15 cm3 EtOAc was stirred at room temperature for 20 h

under H2 atmosphere at 6 atm. The mixture was filtered

through a Celite pad and concentrated in vacuo to give the

title product as a white solid (0.140 g, 0.338 mmol, 94%

yield). Spectral data were in accordance with those previ-

ously reported [43].

Enzyme inhibition assays

Catalytic domains of MMP-2, MMP-8, MMP-9, and the

fluorogenic substrate (OmniMMP�=Mca-Pro-Leu-Gly-

Leu-Dpa-Ala-Arg-NH2) were purchased from Enzo Life

Sciences. The assays were performed in triplicate in

96-well white microtiter plates (Corning, NBS). Inhibitor

stock solutions (DMSO, 100 mM) were diluted to seven

different concentrations (1 lM–1 mM) in fluorometric

assay buffer (50 mM Tris�HCl pH 7.5, 200 mM NaCl,

1 mM CaCl2, 1 lM ZnCl2, and 1% DMSO). Enzyme and

inhibitor solutions were pre-incubated in the assay buffer

for 15 min at room temperature before the addition of the

fluorogenic substrate solution (2.5 lM as final concentra-

tion). After further incubation for 2–4 h at 37 �C, fluores-

cence was measured (kex = 340 nm, kem = 405 nm) using

a Perkin-Elmer Victor V3 plate reader. The MMP inhibi-

tion activity was expressed as percent inhibition respect

control wells that lacked inhibitor. IC50 values were cal-

culated from the resultant dose–response curves using

GraphPad Prism, and are expressed as mean ± SEM of at

least three independent measurements in triplicate.
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