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The key role of some matrix metalloproteinases (MMPs) on several pathological processes, including carcino-
genesis and tumor growth, makes the development of MMP inhibitors (MMPIs) an attractive approach for
cancer therapy. We present herein an integrated approach for the development of a new series of inhibitors
of MMP2 and MMP14, two enzymes over-expressed by human ovarian cancer. As a first step, a new series of
single model compounds bearing different zinc-binding groups (ZBGs), such as carboxylic, hydroxamic acid,
hydrazide and sulfonylhydrazide groups, were studied and revealed reasonably good capacity for the Zn(II)
chelation in solution and for the MMP inhibition. Aimed at further reinforcing the biological activity of
these MMPIs as anti-cancer agents, a selection of those models was extra-functionalized with benzothiazole
(BTA), a group with recognized antitumor activity. Analysis of the results obtained for these bifunctional
compounds, in particular the inhibitory activity against MMP2 and MMP14 as well as the anti-proliferative
activity on the A2780 ovarian cancer cell line, allowed to understand the activity dependence on the type
of ZBG, as well as the relevance of the BTA moiety. Overall, the evidenced BTA-associated activity improve-
ments on enzyme inhibition and cell antiproliferactivity, combined with the hydrolytic stability revealed
by the hydrazide group, suggest that these new bifunctional BTA-hydrazide derivatives should be taken in
consideration for the development of new generations of MMPIs with anti-cancer activity.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Matrix metalloproteinases (MMPs) are a family of zinc-dependent
proteases responsible for degradation of several extracellular matrix
components. In normal conditions, they play important physiological
roles, such as in tissue remodeling, cellular homeostasis and innate
immunity control. However, when dysregulated, they become the
cause of many pathological processes, such as arthritis, osteoarthritis,
chronic inflammation, angiogenesis and cancer [1,2]. In particular,
MMP2 and MMP14 play a key role in several types of carcinomes,
such as the human ovarian carcinoma, being over-expressed by the
corresponding cancer cells [3]. Both enzymes degrade collagens very
effectively and in similar manners, in spite of having different domain
organizations and belonging to different subgroups: gelatinase
(MPP2) and membrane-type (MMP14) [4]. MMPs have been an at-
tractive pharmaceutical target, namely through the development of
MMP inhibitors (MMPIs) for several pathologies, including cancer
1 218419301; fax: +351
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[5,6]. The great majority of MMPIs enclose a zinc-binding group
(ZBG) to interact with the catalytic zinc ion at the enzyme active site.
Most of the MMPIs so far developed contain a hydroxamic acid (HA)
as ZBG, because of its great ability to bind Zn(II) and specific amino
acid residues at the active site of the MMPs (e.g. CGS 27023A, Fig. 1).
However, this functional group is known for presenting pharmacoki-
netic drawbacks associated with its hydrolytic lability, which may ac-
count for failures of those inhibitors in clinical trials [7].

Thus, the design of new MMPI generations with major changes in
the Zn(II) chelating groups has been a recent challenge for several re-
search groups, including ours [8–10]. In particular, we have recently
embarked on the development of new series of MMPIs, with back-
bones identical to other previously reported hydroxamic-based
sulfonylated MMP inhibitors [9], but bearing different ZBGs, namely
hydroxypyrimidinone [11] and 1-hydroxypiperazine-2,6-diones [12].

However, the question still remains: working on targeting Zn(II)
ion, is it a suitable way to inhibit MMPs? To step forward on that pur-
pose, several features must be taken into account, namely structural,
steric and electronic considerations. Concerning the Zn(II) ion, since it
is a borderline Lewis acid (between the hard and the soft ones), it can
interact with a variety of donor atoms, including sulfur, nitrogen and
also oxygen. The effectiveness and selectivity of a Zn-chelating drug
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Fig. 1. Binding mode of a general HA-based inhibitor within the catalytic site of MMP2,
and twoHA-based inhibitors: the broad spectrum CGS 27023A [2] and theMMP/carbonic
anhydrase dual target inhibitor 1 [9].
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are, at least partly, related to its thermodynamic ability to coordinate
the metal ions and to compete with the biological ligands that bind to
the cofactor in its enzymatic environment.

Herein, we present an integrated approach towards the develop-
ment of a new series of MMP2 andMMP14 inhibitors. The starting hall-
mark is a set of simple MMPI models, containing an N-sulfonylaryl
moiety in the main skeleton and different ZBGs, such as carboxylic
acid, HA, hydrazide, sulfonylhydrazide and hydrazone. The physical–
chemical properties of a representative group of these model com-
pounds are assessed, such as the Zn(II)-binding affinity and the coordi-
nation mode. Furthermore, to pursuit our interest on developing
polyfunctional drug candidates for cancer therapy (e.g. compound 1,
Fig. 1 [9]), we have decided to further explore the influence that an
extrafunctional benzothiazole (BTA) group, known for its biological ac-
tivity as anticancer [13–15], could have on the biological activity of
these MMPIs.

Therefore, we describe herein the preparation of the new set of
N-sulfonated MMP inhibitors bearing different ZBG, either as simple
truncated models or as dual targeting BTA-containing MMPIs. The re-
sults of solution equilibrium Zn(II)-complexation studies and of bio-
assessing the inhibitory activity against MMP2 and 14, as well as
the anti-tumor activity against A2780 human ovarian carcinoma
cells, are also presented. In silico studies of the ligand-protein binding
interactions were also performed aimed at shedding some light on
the rationalization of the enzymatic activity. A comparative analysis
of the results is mostly focused on the effect of different ZBGs and of
the presence of the BTA extra-functional group on the biological ac-
tivities, although the effect of linkers and hydrolytic stability is also
considered. These results may offer new insights for consideration
in cancer treatment strategies.

2. Experimental

2.1. Materials and methods

Analytical grade reagents were purchased from Aldrich, Sigma and
Fluka andwere used as supplied. Solvents were dried according to stan-
dard methods [16]. The chemical reactions were monitored by thin
layer chromatography (TLC) using alumina plates coated with silica
gel 60 F254 (Merck). Column flash chromatography separations were
performed on silica gel Merck 230–400 mesh ASTM. Melting points
were measured with a Leica Galen III hot stage apparatus and are
uncorrected. The NMR spectra were measured on Bruker AVANCE III
300 MHz and Bruker AVANCE III 400 MHz spectrometers, at 25 °C.
Chemical shifts (δ) are reported in ppm, from standard internal refer-
ences, namely tetramethylsilane (TMS) for organic solvents and sodium
3-(trimethylsilyl)-[2,2,3,3-d4]-propionate (DSS) for D2O solutions. The
following abbreviations are used: s = singlet, d = doublet, t = triplet,
qd = quadruplet, qt = quintuplet, m = multiplet, dd = double
doublet,Ł and bs = broad singlet. Peak attribution was, whenever nec-
essary, confirmed by two-dimensional NMR experiments, namely cor-
relation spectroscopy (COSY) and heteronuclear single quantum
coherence spectroscopy (HSQC). The electrospray ionizationmass spec-
tra (ESI MS) were obtained on a 500 MS LC Ion Trap (Varian Inc., Palo
Alto, CA, USA) mass spectrometer equipped with an ESI ion source, op-
erated in the positive or negative ion mode.

2.2. Synthesis of the compounds

2.2.1. Ethyl 2-(4-phenoxyphenylsulfonamido)acetate (2m)
A mixture of glycine ethyl ester hydrochloride (1.72 g, 12.3 mmol),

4-phenoxybenzenesulfonyl chloride, prepared as previously reported
[17] (3.02 g, 11.2 mmol), and triethylamine (2.7 mL, 24.6 mmol) in
CH3CN (50 mL) was stirred at r.t. for 1 day. The mixture was then fil-
tered and the solvent evaporated. The final residue was dissolved in
Et2O (75 mL) and subsequently washed with 0.1 M HCl (2 × 75 mL)
and 5% NaOH (2 × 75 mL) solutions and also with H2O (75 mL). The
final organic phase was dried over anhydrous Na2SO4, and the solvent
evaporated to afford the pure compound as a pale beige solid (3.20 g,
85% yield), m.p. 68–71 °C. 1H NMR (CDCl3), δ (ppm): 7.81 (d, J =
9.0 Hz, 2H, PhOPhH), 7.40 (t, J = 7.5 Hz, 2H, PhOPhH), 7.24 (t, J =
7.5 Hz, 1H, PhOPhH), 7.07–7.02 (m, J = 7.5 Hz, 4H, PhOPhH), 5.07
(t, J = 4.5 Hz, 1H, NH), 4.12 (qd, J = 8.0 Hz, 2H, CH2CH3), 3.78
(d, J = 6.0 Hz, 2H, CH2NH), 1.21 (t, J = 7.5 Hz, 3H, CH2CH3); m/z (ESI
MS): 336.0 (M + H)+, 358.1 (M + Na)+.

2.2.2. 2-(4-Phenoxyphenylsulfonamido)acetic acid (2a)
To a solution of 2m (2.02 g, 6.02 mmol) in MeOH (20 mL) was

added 2 M KOH (2 mL) and the mixture was stirred at r.t. for 4 h.
The final solution was evaporated and 5% NaOH (75 mL) was added
to the residue, and then the resulting solution was washed with
CH2Cl2 (4 × 50 mL). The aqueous phase was acidified with conc.
HCl until precipitation occurred and the mixture was extracted with
EtOAc (3 × 50 mL). The total organic phase was washed with H2O
(2 × 50 mL), dried over anhydrous Na2SO4, and the solvent
was evaporated. After recrystallization from MeOH/Et2O, the pure
product was obtained as a white solid (1.71 g, 92% yield), m.p.
167–169 °C. 1H NMR (DMSO-d6), δ (ppm): 7.98 (t, J = 6.0 Hz, 1H,
NH), 7.78 (d, J =8.6 Hz, 2H, PhOPhH), 7.46 (t, J = 7.6 Hz, 2H, PhOPhH),
7.25 (t, J =7.3 Hz, 1H, PhOPhH), 7.14–7.08 (m, 4H, PhOPhH), 3.57 (d,
J =5.9 Hz, 2H, CH2); m/z (ESI MS): 330.0 (M + Na)+, 306.1 (M-H)−.

2.2.3. N-(benzyloxy)-2-(4-phenoxyphenylsulfonamido)acetamide (2bp)
Two different methods were used for the carboxylic acid-amine

coupling to form the amide bonds. They differ mostly in the carboxyl-
ic activation reagents and reaction time, and, in certain cases, one was
preferable over the other one. Below are described the two methods
applied on the synthesis of 2bp.

2.3. Method A

To a solution of 2a (0.220 g, 0.716 mmol), O-benzylhydroxylamine
hydrochloride (0.114 g, 0.716 mmol), and N-methylmorpholine (NMM,
0.28 mL, 2.51 mmol) in 9:1 CH2Cl2/EtOAc (10 mL) was added dropwise
a solution 50% propylphosphonic anhydride (T3P) in EtOAc (0.46 mL,
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0.86 mmol), and the mixture was stirred at r.t. for 2 h. The solvent was
then evaporated and the crude material was taken into EtOAc (25 mL)
and this solution was successively washed with H2O (25 mL), 0.1 M
HCl (3 × 25 mL), 0.1 M NaOH (2 × 25 mL) and H2O (2 × 25 mL). The
resulting organic phase was dried over anhydrous Na2SO4, filtered and
the solvent was evaporated, affording the pure product as a beige solid
(0.224 g, 76% yield).

2.4. Method B

To a solution of 2a (0.200 g, 0.651 mmol), 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride (EDC.HCl, 0.150 g, 0.781 mmol)
and 4-dimethylaminopyridine (DMAP, 8 mg, 0.065 mmol) in CH2Cl2
(30 mL) was added O-benzylhydroxylamine hydrochloride (0.125 g;
0.781 mmol) and N-methylmorpholine (NMM, 0.086 mL, 0.781 mmol),
and the mixture was stirred at room temperature (r.t.) for 16 h. The
final solution was evaporated, dissolved in EtOAc (25 mL) and washed
with 0.1 M HCl (3 × 25 mL), 0.1 M NaOH (2 × 25 mL) and then H2O
(1 × 25 mL). The final organic phase was dried over anhydrous Na2SO4,
and the solvent evaporated. The crude was recrystallized from Et2O/
n-hexane, affording the pure compound as white solid (0.180 g;
67% yield), m.p. 106–108 °C. 1H NMR (MeOD), δ (ppm): 7.76 (d,
J = 8.4 Hz, 2H, PhOPhH), 7.36–7.25 (m, 7H, PhOPhH, PhH), 7.15
(t, J = 7.4 Hz, 1H, PhOPhH), 7.03–6.98 (m, 4H, PhOPhH), 4.66 (s,
2H, CH2Ph), 3.43 (s, 2H, NHCH2CO); m/z (ESI MS): 413.0
(M + H)+, 435.0 (M + Na)+.

2.4.1. N-hydroxy-2-(4-phenoxyphenylsulfonamido)acetamide (2b)
The standard method for catalytic hydrogenation was followed: a

mixture of 2bp (0.230 g, 0.558 mmol) and 5% Pd/C (0.050 g) in
MeOH (10 mL) under 1.5 bar of H2 was stirred at r.t. for 1 h. The mix-
ture was then filtered and the liquid evaporated. Recrystallization of
the crude material with ethyl ether afforded the pure product as a
beige solid (0.150 g, 83% yield), m.p. 110–112 °C. 1H NMR (CDCl3,
5% MeOD), δ (ppm): 7.73 (d, J = 8.8 Hz, 2H, PhOPhH), 7.37 (t, J =
7.8 Hz, 2H, PhOPhH), 7.18 (t, J = 7.2 Hz, 1H, PhOPhH), 7.03–6.98
(m, 4H, PhOPhH), 3.49 (s, 2H, CH2); m/z (ESI MS): 323.1 (M + H)+,
345.1 (M + Na)+.

2.4.2. N-(2-hydrazinyl-2-oxoethyl)-4-phenoxybenzenesulfonamide (2c)
A solution of 2m (0.184 g, 0.549 mmol) and hydrazine hydrate

(1 mL, 20 mmol) in ethanol (5 mL) was stirred overnight at r.t. The
organic solvent was evaporated and, upon addition of cold water, a
precipitate was formed. It was filtered and washed with small por-
tions of cold water, and then with Et2O to yield the pure product as
a white solid (0.109 g, 62% yield), m.p. 114–115 °C. 1H NMR
(DMSO-d6), δ (ppm): 9.04 (s, 1H, CONHNH2), 7.85 (bs, 1H, SO2NH),
7.78 (d, J = 8.4 Hz, 2H, PhOPhH), 7.47 (t, J = 7.6 Hz, 2H, PhOPhH),
7.25 (t, J = 7.2 Hz, 1H, PhOPhH), 7.14–7.09 (m, 4H, PhOPhH), 4.24
(bs, 2H, CONHNH2), 3.38 (s, 2H, CH2); m/z (ESI MS): 322.1
(M + H)+, 344.1 (M + Na)+.

2.4.3. 4-methoxybenzenesulfonylhydrazide
A solution of 4-methoxybenzenesulfonyl chloride (0.41 g,

1.98 mmol) and hydrazine hydrate (0.5 mL, 10.3 mmol) in CH3CN
(20 mL) was stirred for 1 h at r.t. The solvent was evaporated, the resi-
duewas taken in EtOAc (50 mL) and then the solutionwas sequentially
washed with 0.1 M HCl (3 × 50 mL), 0.1 M NaOH (2 × 50 mL) and
H2O (2 × 50 mL). After drying the organic layer over anhydrous
Na2SO4 and evaporating the solvent, the residue was washed with
n-hexane to give the title compound as a white solid (0.310 g, 77%
yield), m.p. 96–98 °C. 1H NMR (DMSO-d6), δ (ppm): 8.19 (t, J =
3.2 Hz, 1H, SO2NHNH2), 7.72 (d, J = 8.7 Hz, 2H, PhH), 7.12 (d, J =9.0,
2H, PhH), 4.01 (d, J = 3.3 Hz, 2H, SO2NHNH2), 3.84 (s, 3H, OCH3); m/z
(ESI MS): 203.1 (M + H)+, 225.0 (M + Na)+.
2.4.4. N-(2-(2-(4-methoxyphenylsulfonyl)hydrazinyl)-2-oxoethyl)-4-
phenoxybenzenesulfonamide (2d)

Condensation of 2a with 4-methoxybenzenesulfonylhydrazide
was achieved following method A, as described in the synthesis of
2bp. A white solid was obtained as the pure product (60% yield),
m.p. 186–188 °C. 1H NMR (DMSO-d6), δ (ppm): 9.99 (bs, 1H,
CONHNHSO2), 9.66 (bs, 1H, NHCH2CO), 7.87 (bs, 1H, CONHNHSO2),
7.78–7.68 (m, 4H, PhOPhH, PhH), 7.47 (t, J = 7.1 Hz, 2H, PhOPhH),
7.25 (t, J = 6.9 Hz, 1H, PhOPhH), 7.14–7.03 (m, 6H, PhOPhH, PhH),
3.82 (s, 3H, OCH3), 3.42 (d, J = 5.6 Hz, 1H, NHCH2CO); m/z (ESI
MS): 514.0 (M + Na)+, 490.0 (M–H)−.

2.5. Procedure for the synthesis of the acylhydrazones 2e and 2g

2.5.1. N-(2-(2-(4-methoxybenzylidene)hydrazinyl)-2-oxoethyl)-4-
phenoxybenzenesulfonamide (2e)

To a solution of 2c (0.050 g, 0.156 mmol) in ethanol (5 mL) was
added 4-anisaldehyde (20 μL, 0.16 mmol) and the mixture was stirred
at 50 °C. After 30 min a white precipitate was formed; the reaction
was left stirring for another 30 min, and afterwards it was left cool
down in freezer for a fewminutes. The solidwasfiltered off andwashed
with cold ethanol, to afford the pure title compound as a white solid
(0.060 g, 88% yield), m.p. 203–204 °C. 1H NMR (acetone-d6), δ
(ppm): 7.97 (s, 1H, N = CH), 7.91 (d, J = 8.9 Hz, 2H, PhHOCH3), 7.64
(d, J = 8.7 Hz, 2H, PhOPhH), 7.45 (t, J = 8.0 Hz, 2H, PhOPhH), 7.24
(t, J = 7.4 Hz, 1H, PhOPhH), 7.13–6.98 (m, 4H, PhOPhH), 6.99 (d, J =
8.8 Hz, 2H, PhHOCH3), 4.20 (s, 2H, NHCH2CO), 3.85 (s, 3H, OCH3); m/z
(ESI MS): 440.1 (M + H)+, 462.1 (M + Na)+.

2.5.2. N-(2-(2-(2-hydroxybenzylidene)hydrazinyl)-2-oxoethyl)-4-
phenoxybenzenesulfonamide (2g)

Prepared by analogous procedure as for 2e, but using salicylaldehyde
instead of anisaldehyde; the final pure compound was obtained as
white solid (82% yield), m.p. 177–179 °C. 1H NMR (acetone-d6), δ
(ppm): 8.45 (s, 1H, N = CH), 7.89 (d, J = 8.8 Hz, 2H, PhOPhH), 7.43
(t, J = 7.4 Hz, 2H, PhOPhH), 7.34–7.30 (m, 2H, SalH), 7.23 (t, J =
7.4 Hz, 1H, PhOPhH), 7.11–7.05 (m, 4H, PhOPhH), 6.95–6.90 (m,
2H, SalH), 3.78 (s, 2H, NHCH2CO); m/z (ESI MS): 426.0 (M + H)+,
447.9 (M + Na)+.

2.5.3. N-(2-(2-(4-methoxybenzyl)hydrazinyl)-2-oxoethyl)-4-phenoxy-
benzenesulfonamide (2f)

To a solution of 2e (0.030 g, 0.068 mmol) in acetic acid (1 mL) five
portions of sodium borohydride (total of 0.025 g, 0.68 mmol) were
added, in intervals of 15 min, and the mixture was stirred for 4 h. The
reaction was quenched with MeOH, and when the gas release was
over the solvent was evaporated under vacuum. The residue was
washed with small portions of cold water, and then HCl-saturated
MeOH solution was added until pH b 1. The solvent was evaporated
and CH3CN was added to the residue; the insoluble solid material was
filtered and washed with cold CH3CN, to afford the pure compound as
a yellowish solid (0.012 g, 40% yield), m.p. 72–74 °C. 1H NMR
(MeOD), δ (ppm): 7.84 (d, J = 8.9 Hz, 2H, PhHOCH3), 7.45–7.40 (m,
4H, PhOPhH, PhHOCH3), 7.24 (t, J = 7.0 Hz, 1H, PhOPhH), 7.10–7.06
(m, 4H, PhOPhH), 7.00 (d, J = 8.7 Hz, 2H, PhHOCH3), 4.28 (s, 2H,
NHCH2PhOCH3), 3.82 (s, 3H, OCH3); 3.65 (s, 2H, NHCH2CO); m/z (ESI
MS): 464.0 (M + Na)+, 440.0 (M-H)−.

2.6. Synthesis and characterization of benzothiazole-amines (3 m–4 m)

2.6.1. Benzo[d]thiazol-2-ylmethanamine (3m)
A mixture of 2-aminothiophenol (ATP, 1.54 mL, 14.3 mmol) and

glycine ethyl ester hydrochloride (2.0 g, 14.3 mmol) in polyphosphoric
acid (10.0 g) was stirred at 220 °C for 4 h. The resulting brown oil was
dissolved in 5 MNaOH (50 mL) to obtain a basic yellow solution, which
was extracted with CH2Cl2 (2 × 30 mL). The total organic phase was
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then extracted with 0.1 M HCl (2 × 30 mL), and afterwards it was
washed with CH2Cl2 (50 mL). The aqueous phase was basified to pH
ca. 10–12 with 5 M NaOH, and extracted with CH2Cl2 (2 × 30 mL).
The total organic phase was dried over anhydrous Na2SO4, filtered and
the solvent was evaporated. The brown oil obtained was acidified
with HCl-saturated methanol until pH ca. 1, the solution was roto-
evaporated, and the residue was recrystallized from CH3CN, to afford
the pure hydrochloric salt of the title compound as a beige solid
(1.50 g, 52.3% yield), m.p. 183–186 °C. 1H NMR (D2O), δ (ppm): 8.11–
8.08 (m, 2H, BTAH), 7.68–7.55 (m, 2H, BTAH), 4.73 (s, 2H, CH2NH2);
m/z (ESI MS): 165.0 (M + H)+.

2.6.2. (R)-1-(benzo[d]thiazol-2-yl)-2-methylpropan-1-amine (4m)
Analogous procedure as for 3m, but D-valine was the starting

material. The hydrochloric salt of the title compound was obtained as
slightly hygroscopic beige solid (41% yield), m.p. 130–132 °C. 1H NMR
(D2O), δ (ppm): 8.08–8.02 (m, 2H, BTAH), 7.58–7.50 (m, 2H, BTAH),
4.72 (d, J = 9.0 Hz, 1H, CHNH2), 2.50–2.45 (m, 1H, CH(CH3)2), 1.14
(d, J = 6.0 Hz, 3H, CH3), 0.99 (d, J = 9.0 Hz, 3H, CH3); m/z (ESI MS):
207.1 (M + H)+.

2.7. Synthesis and characterization of BTA-sulfonamides (3n–4n)

A method similar to the synthesis of 2m was used, starting from
compounds 3m–7m but using 10% excess of phenoxybenzenesulfonyl
chloride. Final recrystallization from n-hexane afforded the pure
compounds.

2.7.1. N-(benzo[d]thiazol-2-ylmethyl)-4-phenoxybenzenesulfonamide (3n)
Pure compound as beige solid (99% yield), m.p. 133–135 °C. 1H

NMR (CDCl3), δ (ppm): 7.91 (d, J = 9.0 Hz, 1H, BTAH), 7.86–7.82
(m, 3H, BTAH, PhOPhH), 7.46–7.40 (m, 4H, BTAH, PhOPhH), 7.21
(t, J = 7.5 Hz, 1H, PhOPhH), 6.95 (d, J = 9.0 Hz, 4H, PhOPhH), 5.62
(t, J = 6.0 Hz, 1H, NH), 4.61 (d, J = 6.0 Hz, 2H, CH2); m/z (ESI MS):
397.2 (M + H)+.

2.7.2. (R)-N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-4-phenoxyben-
zenesulfonamide (4n)

After purification using flash chromatography (CH2Cl2 as eluent,
Rf = 0.47), the pure compound was obtained as a light brown hygro-
scopic solid (50% yield). 1H NMR (CDCl3), δ (ppm): 7.86 (d, J =9.0 Hz,
1H, BTAH), 7.81 (d, J = 9.0 Hz, 1H, BTAH), 7.67 (d, J =9.0 Hz, 2H,
PhOPhH), 7.48–7.42 (m, 4H, BTAH, PhOPhH), 7.16 (t, J = 7.5 Hz, 1H,
PhOPhH), 6.70 (t, J = 7.5 Hz, 4H, PhOPhH), 5.62 (d, J = 9.0 Hz, 1H,
NH), 4.55 (qd, J = 5.0 Hz, 1H, CHNH), 2.28–2.23 (m, 1H, CH(CH3)2),
1.03 (d, J = 9.0 Hz, 3H, CH3), 0.95 (d, J = 6.0 Hz, 3H, CH3); m/z (ESI
MS): 439.2 (M + H)+, 461.2 (M + Na)+.

2.8. Synthesis and characterization of the tert-butyl acetate conjugates
(3o–4o)

2.8.1. Tert-butyl-2-(N-(benzo[d]thiazol-2-ylmethyl)-4-phenoxyphenyl-
sulfonamido)acetate (3o)

A suspension of 3n (0.200 g, 0.50 mmol), K2CO3 (0.697 g,
2.52 mmol), KI (2.5 mg, 0.015 mmol) and tert-butyl 2-bromoacetate
(0.11 mL, 0.75 mmol) in anhydrous DMF (15 mL) were stirred under
nitrogen at r.t. for 3 days. Et2O (15 mL) was added into the brown sus-
pension and the total mixture was washed with H2O (2 × 25 mL),
0.1 M HCl (2 × 15 mL), and H2O again (25 mL). The final organic
phase was dried over anhydrous Na2SO4, and the solventwas evaporat-
ed. The residuewaswashed several timeswith n-heptane, affording the
pure product as a yellow oil, (0.290 g, 95% yield). 1H NMR (CDCl3), δ
(ppm): 7.98 (d, J = 8.0 Hz, 1H, BTAH), 7.89–7.85 (m, 3H, BTAH,
PhOPhH), 7.48–7.44 (m, 4H, BTAH, PhOPhH), 7.23 (t, J = 7.5 Hz, 1H,
PhOPhH), 7.05–7.01 (m, 4H, PhOPhH), 4.95 (s, 2H, BTACH2), 4.10
(s, 2H, CH2COO), 1.48 (s, 9H, tBuH); m/z (ESI MS): 533.3 (M + Na)+.
2.8.2. (R)-tert-butyl-2-(N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-4-
phenoxyphenylsulfonamido)acetate (4o)

The pure compound obtained as a brown oil (86% yield). 1H NMR
(CDCl3), δ (ppm): 7.93 (d, J = 9.0 Hz, 1H, BTAH), 7.88 (d, J = 9.0 Hz,
2H, PhOPhH), 7.83 (d, J = 9.0 Hz, 1H, BTAH), 7.44–7.38 (m, 4H, BTAH,
PhOPhH), 7.20 (t, J = 7.5 Hz, 1H, PhOPhH), 6.98 (d, J = 9.0 Hz, 4H,
PhOPhH), 4.72 (d, J = 9.0 Hz, 1H, BTACHN), 4.36, 4.03 (dd, J = 18.0,
18.0 Hz, 2H, CH2COO), 2.58–2.55 (m, 1H, CH(CH3)2), 1.02 (d, J =
6.0 Hz, 3H, CH3), 0.84 (d, J = 6.0 Hz, 3H, CH3); m/z (ESI MS): 575.3
(M + Na)+.

2.9. Synthesis and characterization of the carboxylic acid analogs (3a–4a)

2.9.1. 2-(N-(benzo[d]thiazol-2-ylmethyl)-4-phenoxyphenylsulfonamido)
acetic acid (3a)

A solution of 3o (0.150 g, 0.29 mmol) in 40:60 trifluoroacetic acid
(TFA)/CH2Cl2 (4 mL) was stirred at r.t. for 6 h. The solvent was evap-
orated, the residue was dissolved in EtOAc (15 mL) and washed with
H2O (4 × 20 mL). After drying the organic phase over anhydrous
Na2SO4 and evaporating the solvent, the residue was recrystallized
from Et2O to afford the pure compound as a white solid (0.077 g,
58% yield), m.p. 178–180 °C. 1H NMR (CDCl3), δ (ppm): 7.95
(d, J = 8.0 Hz, 1H, BTAH), 7.90 (d, J = 9.0 Hz, 1H, BTAH), 7.83 (d,
J =9.0 Hz, 2H, PhOPhH), 7.49–7.44 (m, 4H, BTAH, PhOPhH), 7.22
(t, J = 7.5 Hz, 1H, PhOPhH), 7.02 (d, J = 9.0 Hz, 4H, PhOPhH), 4.98
(s, 2H, BTACH2), 4.14 (s, 2H, CH2COOH); m/z (ESI MS): 477.2
(M + Na)+.

2.9.2. (R)-2-(N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-4-phenoxy-
phenylsulfonamido)acetic acid (4a)

The pure compound was obtained as light brown solid (92% yield),
m.p. 146–147 °C; 1H NMR (CDCl3), δ (ppm): 7.92 (d, J = 9.0 Hz, 1H,
BTAH), 7.86 (d, J = 6.0 Hz, 1H, BTAH), 7.49 (d, J = 9.0 Hz, 2H,
PhOPhH), 7.49–7.43 (m, 4H, BTAH, PhOPhH), 7.21 (t, J = 7.5 Hz, 1H,
PhOPhH), 6.95–6.91 (m, 4H, PhOPhH), 4.91 (d, J = 9.0 Hz, BTACHN),
4.50, 4.15(dd, J = 18.0, 18.0 Hz, 2H, CH2COO), 2.43–2.39 (m, 1H,
CH(CH3)2), 1.04 (d, J = 6.0 Hz, 3H, CH3), 0.98 (d, J = 6.0 Hz, 3H,
CH3); m/z (ESI MS): 497.2 (M + H)+, 519.3 (M + Na)+.

2.9.3. Tert-butyl carbazate (NH2NHBoc)
A solution of di-tert-butyl dicarbonate (2.91 g, 13.3 mmol) in di-

oxane (50 mL) was dropwise added to a solution of K2CO3 (7.35 g,
53.2 mmol) and hydrazine hydrate (2.58 mL, 53.2 mmol) in water
(50 mL), and the mixture was stirred at r.t. for 12 h. Two phases
were formed, separated, and then the aqueous phase was washed
with ethyl ether (2 × 25 mL). The ether phase was added to the diox-
ane phase, and the total organic solution was evaporated. The color-
less oil obtained was distilled under vacuum, and the pure product
was obtained as the sublimated white crystals (1.64 g, 93% yield),
m.p. 38–39 °C. 1H NMR (CDCl3) δ (ppm): 5.83 (bs, 1H, NHBoc), 3.67
(d, J = 3.0 Hz, 2H, NH2), 1.45 (s, 9H, t-BuH); m/z (ESI MS): 155.0
(M + Na)+.

2.10. Synthesis and characterization of compounds 3bp, 4bp, 3cp, 4cp,
and 3d

The preparation of compounds 3bp, 4bp, 3cp, and 4cp followedmeth-
od B described for compound 2bp, using the respective carboxylic acids
(3a and 4a), the respective amines, and EDC.HCl. In case of 3bp and 4bp
the amine was O-(2,4-dimethoxybenzyl)-hydroxylamine (NH2ODmb),
previously prepared according to literature [17], while tert-butyl
carbazate (NH2NHBoc) was used for 3cp and 4cp. In case of 3d, the
method A described for 2bp was applied, with 4-methoxyben-
zenesulfonylhydrazide as amine, and T3P and Et3N as reagents.
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2.10.1. 2-(N-(benzo[d]thiazol-2-ylmethyl)-4-phenoxyphenylsulfonamido)-
N-(2,4-dimethoxy benzyloxy)acetamide (3bp)

Pure compound obtained as yellow oil (80% yield). 1H NMR (CDCl3),
δ (ppm): 7.84 (d, J = 7.5 Hz, 1H, BTAH), 7.79–7.73 (m, 3H, BTAH,
PhOPhH), 7.52–7.36 (m, 4H, BTAH, PhOPhH), 7.22 (t, J = 7.5 Hz, 1H,
PhOPhH), 7.01 (d, J = 6 Hz, 2H, PhOPhH), 6.96–6.89 (m, 3H, PhOPhH,
DmbHCH2), 6.46–6.35 (m, 2H, DmbHCH2), 4.91 (s, 2H, BTACH2), 4.73
(s, 2H, DmbCH2), 4.01 (s, 2H, CH2CONH), 3.78 (s, 3H, OCH3), 3.73
(s, 3H, OCH3); m/z (ESI MS): 642.4 (M + Na)+, 658.3 (M + K)+.

2.10.2. (R)-2-(N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-4-phenoxy-
phenylsulfonamido)-N-(2,4-dimethoxybenzyloxy)acetamide (4 bp)

Pure compound obtained as yellow oil (42% yield). 1H NMR (CDCl3),
δ (ppm): 8.01 (d, J = 9.0 Hz, 1H, BTAH), 7.90 (d, J = 8.5 Hz, 1H, BTAH),
7.55 (d, J = 9.0 Hz, 2H, PhOPhH), 7.50–7.45 (m, 4H, BTAH, PhOPhH),
7.20 (t, J = 7.5 Hz, 1H, PhOPhH), 7.07–6.90 (m, 5H, PhOPhH,
DmbHCH2), 6.46–6.41 (m, 2H, DmbHCH2), 5.04 (s, 2H, DmbCH2),
4.99 (d, J = 9.0 Hz, BTACHN), 4.55, 4.18 (dd, J = 17.8, 18.0 Hz, 2H,
CH2CONH), 3.81 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 2.38–2.30 (m,
1H, CH(CH3)2), 1.05 (d, J = 6.0 Hz, 3H, CH3), 0.99 (d, J = 6.0 Hz,
3H, CH3); m/z (ESI MS): 684.4 (M + Na)+.

2.10.3. Tert-butyl-2-(2-(N-(benzo[d]thiazol-2-ylmethyl)-4-phenoxyphenyl-
sulfonamido)-acetyl)hydrazinecarboxylate (3cp)

Pure compound obtained as yellow oil (82% yield). 1H NMR (CDCl3),
δ (ppm): 7.91 (d, J = 6.0 Hz, 1H, BTAH), 7.86 (d, J = 6.0 Hz, 1H, BTAH),
7.78 (d, J = 6.0 Hz, 2H, PhOPhH), 7.46–7.40 (m, 4H, BTAH, PhOPhH),
7.20 (t, J = 7.5 Hz, 1H, PhOPhH), 7.02–6.95 (m, 4H, PhOPhH), 4.89
(s, 2H, BTACH2), 4.13 (s, 2H, CH2CONH), 1.47 (s, 9H, tBuH); m/z
(FAB): 591.3 (M + Na)+.

2.10.4. (R)-tert-butyl-2-(2-(N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-
4-phenoxyphenyl-sulfonamido)acetyl)hydrazinecarboxylate (4cp)

Pure compound obtained as yellow oil (33% yield). 1H NMR (CDCl3),
δ (ppm): 7.93 (d, J = 6.0 Hz, 1H, BTAH), 7.85 (d, J = 6 Hz, 1H, BTAH),
7.69 (d, J = 9.0 Hz, 2H, PhOPhH), 7.46–7.41 (m, 4H, BTAH, PhOPhH),
7.21 (t, J = 7.0 Hz, 1H, PhOPhH), 6.91–6.86 (m, 4H, PhOPhH), 4.89
(d, J = 9.0 Hz, 1H, BTACHN), 4.42, 4.02 (dd, J = 18.0, 18.0 Hz, 2H,
NCH2CONH), 2.35–2.28 (m, 1H, CH(CH3)2), 1.48 (s, 9H, tBuH), 1.01
(d, J = 6.0 Hz, 3H, CH3), 0.88 (d, J = 6.0 Hz, 3H, CH3); m/z (ESI MS):
611.3 (M + H)+, 633.3 (M + Na)+.

2.10.5. N-(2-(2-(4-methoxyphenylsulfonyl)hydrazinyl)-2-oxoethyl)-4-
phenoxybenzenesulfonamide (3d)

Flash chromatography (9:0.1 CH2Cl2/MeOH as eluent, Rf = 0.25)
gave the pure compound as a beige solid (55% yield), m.p. 82–83 °C.
1H NMR (CDCl3), δ (ppm): 11.59 (d, J = 4.0 Hz, 1H, CONHNHSO2),
7.87 (d, J = 8.0 Hz, 1H, BTAH), 7.83 (d, J = 8.4 Hz, 2H, PhH), 7.76
(d, J = 8.4 Hz, 2H, PhOPhH), 7.57 (t, J = 7.6 Hz, 1H, BTAH), 7.46
(t, J = 7.6 Hz, 1H, BTAH), 7.40 (t, J = 7.6 Hz, 2H, PhOPhH), 7.23
(t, J = 7.2 Hz, 1H, PhOPhH), 7.18 (d, J = 5.6 Hz, 1H, CONHNHSO2),
6.99–6.96 (m, 4H, PhOPhH), 6.92 (d, J = 8.4 Hz, 2H, PhH), 4.73
(s, 2H, BTACH2), 3.93 (s, 2H, CH2CONH), 3.83 (s, 3H, OCH3); m/z
(ESI MS): 638.4 (M + H)+, 660.6 (M + Na)+.

2.11. Synthesis and characterization of the hydroxamic acids (3b, 4b)

2.11.1. 2-(N-(benzo[d]thiazol-2-ylmethyl)-4-phenoxyphenylsulfonamido)-
N-hydroxyacetamide (3b)

The general procedure for removal of the Dmb group was followed.
A solution of 3bp (0.017 g, 0.027 mmol) in a 5:95 TFA/CH2Cl2 mixture
(1 mL) was stirred at r.t. for 2 h. The resulting magenta solution was
evaporated and MeOH was added to the residue. The mixture was fil-
tered to remove the white polymer formed, and the solvent was evap-
orated, resulting in a yellowish oil. The pure product was obtained
from recrystallization with Et2O and n-hexane as beige solid (0.012 g,
99% yield), m.p. 126–128 °C. 1H NMR (CDCl3), δ (ppm): 7.97 (d, J =
9.0 Hz, 1H, BTAH), 7.89 (d, J = 9.0 Hz, 1H, BTAH), 7.74 (d, J = 9.0 Hz,
2H, PhOPhH), 7.49–7.44 (m, 4H, BTAH, PhOPhH), 7.23 (d, J = 9.0 Hz,
1H, PhOPhH), 7.00–6.93 (m, 4H, PhOPhH), 5.30 (s, 2H, BTACH2), 4.82
(s, 2H, CH2CONH); m/z (ESI MS): 470.2 (M + H)+, 492.2 (M + Na)+.

2.11.2. (R)-2-(N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-4-phenoxy-
phenylsulfonamido)-N-hydroxyacetamide (4b)

Pure compound obtained as a beige solid (60% yield), m.p. 85–86 °C.
1H NMR (CDCl3), δ (ppm): 7.97 (d, J = 9.0 Hz, 1H, BTAH), 7.80 (d, J =
9.0 Hz, 1H, BAH), 7.55 (d, J = 9.0 Hz, 2H, PhOPhH), 7.50–7.44 (m, 4H,
BTAH, PhOPhH), 7.20 (t, J = 7.0 Hz, 1H, PhOPhH), 6.92–6.81 (m, 4H,
PhOPhH), 4.84 (d, J = 9 Hz, BTACHN), 4.47, 4.13 (dd, J = 18.0,
17.5 Hz, 2H, CH2CONH), 2.30–2.22 (m, 1H, CH(CH3)2), 1.00 (d, J =
6.0 Hz, 3H, CH3), 0.88 (d, J = 6.0 Hz, 3H, CH3); m/z (ESI MS): 534.2
(M + Na)+.

2.12. Synthesis and characterization of the hydrazides (3c, 4c)

The same procedure used for deprotection of the tert-butyl esters
and generation of the carboxylic acid derivatives 3a and 4a was ap-
plied here to remove the Boc groups from compounds 3cp and 4cp.

2.12.1. N-(benzo[d]thiazol-2-ylmethyl)-N-(2-hydrazinyl-2-oxoethyl)-4-
phenoxybenzenesulfonamide (3c)

Pure compound as very hygroscopic light brown solid (98% yield).
1H NMR (CDCl3), δ (ppm): 7.97 (d, J = 9.0 Hz, 1H, BTAH), 7.88 (d,
J = 9.0 Hz, 1H, BTAH), 7.79 (d, J = 9.0 Hz, 2H, PhOPhH), 7.49–7.43
(m, 4H, BTAH, PhOPhH), 7.22 (s, 1H, PhOPhH), 7.02 (t, J = 7.5 Hz,
4H, PhOPhH), 4.81 (s, 2H, BTACH2), 4.02 (s, 2H, CH2CONH); m/z
(ESI MS): 469.2 (M + H)+, 491.2 (M + Na)+.

2.12.2. (R)-N-(1-(benzo[d]thiazol-2-yl)-2-methylpropyl)-N-(2-hydrazinyl-
2-oxoethyl)-4-phenoxybenzenesulfonamide (4c)

Pure compound obtained as a slightly hygroscopic beige solid (67%
yield), m.p. 72–75 °C. 1H NMR (CDCl3), δ (ppm): 7.90 (d, J = 6.2 Hz,
1H, BTAH), 7.84 (d, J = 6.0 Hz, 1H, BTAH), 7.70 (d, J = 9.0 Hz, 2H,
PhOPhH), 7.43–7.36 (m, 4H, ArH, PhOPhH), 7.20 (t, J = 7.0 Hz, 1H,
PhOPhH), 6.88–6.83 (m, 4H, PhOPhH), 4.85 (d, J = 9.0 Hz, 1H,
BTACHN), 4.38, 4.00 (dd, J = 18.0, 18.0 Hz, 2H, CH2CONH), 2.30–2.23
(m, 1H, CH(CH3)2), 0.98 (d, J = 6.0 Hz, 3H, CH3), 0.86 (d, J = 6.0 Hz,
3H, CH3); m/z (ESI MS): 533.3 (M + Na)+.

2.13. Solution equilibrium studies

2.13.1. Potentiometric studies

2.13.1.1. General information.The aqueous zinc stock solution (0.0156 M)
was prepared from 1000 ppm zinc standard solution (Titrisol) and its
concentration was standardized by titration with K2H2EDTA. The titrant
(0.1 M KOH)was prepared from carbonate free commercial concentrate
(Titrisol ampoule) in a 40% w/w DMSO/H2O medium, standardized
by potentiometric titration with potassium hydrogen phthalate in
the same medium and discarded when the percentage of carbonate
(Gran's method [18]) was higher than 0.5% of the total amount of
base.

2.13.1.2. Potentiometric measurements. Potentiometric titrations of
compounds 2b–2d were accomplished in 40% w/w DMSO/H2O solu-
tion at ionic strength (I) 0.1 M KCl, while keeping the working tem-
perature at 25.0 ± 0.1 °C. The measurements were performed with
0.025 mmol of ligand in a final volume of 40.00 mL, firstly in the ab-
sence of the metal ion and afterwards in its presence, with corre-
sponding CM:CL molar ratios of 0:1, 1:1 and 1:2. All titrations were
performed in triplicate and under the stated experimental conditions
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the pKw value (14.3) was determined and subsequently used in the
computations.

2.13.1.3. Calculation of equilibrium constants. The stepwise protonation
constants of the ligands, Ki = [HiL] / [Hi-1 L][H], and the overall
zinc-complex stability constants, βZnmHhLl = [ZnmHhLl] / [Zn]m[H]h

[L]l, were calculated by fitting the potentiometric data obtained in
the absence and in the presence of Zn(II), using the HYPERQUAD
2008 program [19]. The Zn(II) hydrolytic species were determined
under the defined experimental conditions (I = 0.1 M KCl, 40% w/w
DMSO/H2O, T = 25.0 ± 0.1 °C, log βZnH-2 = −14.48, log βZnH-3 =
−21.75) and were included in the equilibrium model. Species distri-
bution curves were plotted with the Hyss program [19].

2.13.2. Spectroscopic studies
A 1H NMR titration of a solution of 2c (12 mM) in 40% DMSO-d6/D2O

was performed. The pD* value (reading of the pHmeter previously cal-
ibrated with aqueous buffers pH 4 and 7) was changed by addition of
DCl or KOD solutions. This assaywas repeated twice and reproducibility
was verified. The evaluation of the stability of compounds 2b and 2c
(CL = 10–15 mM) in 40% DMSO-d6/D2O medium was also performed
through analysis of its 1H NMR spectra (1 b pD b 9) along time at r.t.
Spectra of 2c (12 mM) and of the system Zn(II)-2c (1:1 and 5:1) were
taken in 100% DMSO-d6.

2.14. MMPs inhibition

The adopted method for assessing the MMP inhibitory capacity
was according to reported in literature [20]. Recombinant human
MMP14 catalytic domain (MMP14cd) was a kind gift of Prof. Gillian
Murphy (Department of Oncology, University of Cambridge, UK). Re-
combinant human pro-MMP-2 was purchased from Calbiochem.

Pro-MMP2 was activated immediately prior to use with p-amino-
phenylmercuric acetate (APMA 2 mM for 1 h at 37 °C). For the assay
measurements, the inhibitor stock solutions (10 mM inDMSO)were fur-
ther diluted, at seven different concentrations for each MMP in the fluo-
rometric assay buffer (FAB: Tris 50 mM, pH = 7.5, NaCl 150 mM, CaCl2
10 mM, Brij 35 0.05% and DMSO 1%). Activated enzyme (final concentra-
tion 0.5 nM for MMP2, 1.0 nM for MMP-14cd) and inhibitor solutions
were incubated in the assay buffer for 2 h at 25 °C. After the addition
of the fluorogenic substrate Mca–Lys–Pro–Leu–Gly–Leu–Dap(Dnp)–
Ala–Arg–NH2 (Bachem) for all enzymes in DMSO (final concentration
2 μM), the hydrolysis was monitored every 15 s, for 15 min, recording
the increase influorescence (λex = 325 nM,λem = 395 nM)with aMo-
lecular Devices SpectraMax Gemini XS plate reader. The assays were
performed in triplicate in a total volume of 200 μL perwell in 96-wellmi-
crotiter plates (Corning black, NBS). The MMP inhibition activity was
expressed in relative fluorescent units (RFU). Percent of inhibition was
calculated from control reactions without the inhibitor. IC50 was deter-
mined using the formula: vi/vo = 1 / (1 + [I] / IC50), where vi is the ini-
tial velocity of substrate cleavage in the presence of the inhibitor at
concentration [I] and vo is the initial velocity in the absence of the inhib-
itor. Results were analyzed using SoftMax Pro software [21] and GraFit
software [22].

2.15. Molecular simulation

The ligandswere built usingMaestro 7.5 [23] andwereminimized by
the use of Macromodel [24], with the conjugated gradient method until
a convergence value of 0.05 kcal/Å mol was reached, with a water envi-
ronment model (generalized-Born/surface-area model), applying the
MMFFs force field (MMFFs is a variant of the all-atom model Merck
Molecular Force Field that enforces planarity about delocalized sp2 nitro-
gens) and a distance-dependent dielectric constant of 1.0. They were
then submitted to a conformational search (CS) of 100 steps, using an al-
gorithmbased on theMonte Carlomethod,with the same forcefield and
parameters used for theminimization. To our knowledge, to date no sin-
gle crystal of MMP2 complex with a small ligand has been obtained and
diffracted. Hence, the receptor structure used in these calculations was
the gelatinase-A (MMP2) catalytic domain, which was extracted from
the RCSB Protein Data Bank (PDB) [25] (entry 1QIB), and it was treated
using Maestro 7.5. The solvent molecules and counterions were re-
moved from the original structure, as well as the structural Ca2+ ions
in the protein, and hydrogen atomswere added. Since this MMP2 struc-
ture did not possess any ligand, it was aligned with the MMP9 complex,
usingChimera software [26] (PDB structure 1GKC), and the ligand in this
structurewas further used to define the zone of interest inMMP2 for the
docking calculations, as the residues within 15 Å from the position of
this ligand. The minimized ligands were docked into MMP2 with GOLD
program, version 4.0 [27] following a procedure previously reported
[9]. The “allow early termination” optionwas deactivatedwhile the pos-
sibility for the ligand to flip ring corners was activated. The remaining
default parameters were used, and the ligands were submitted to 100
genetic algorithm runs applying the ASP fitness function, together with
a Scaffold Match Constraint (SMC). This constraint was used in order
to set the position of the HA or carboxylic acid ZBGs, and the
hydroxamate (CONO atoms) and carboxylate (the CCOO atoms) scaf-
folds were defined. These scaffolds were taken, respectively, from the
PDB structures 1JIZ and 1BZS, after they were aligned with the MMP2
structure with Chimera program. These crystal structures were chosen
because of the similarity of the main structure of their ligands with our
compounds. The SMC Weight, a parameter defining how closely the li-
gand atoms should fit onto the scaffold, was set to 10.0. The docking of
the hydrazides and the other analogs was also performed, but not by
the SMC method, and therefore with no guarantee of their accuracy,
since no crystal structures of MMPs complexed with inhibitors bearing
these ZBGs are available.

2.16. Cellular viability assays

A2780 Human ovarian carcinoma cells (Sigma-Aldrich) were
maintained in RPMI 1640 cell culture medium supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotics (Invitrogen). The cells
were kept in a CO2 incubator (Heraus, Germany) at 37 °C/5% CO2 in a
humidified atmosphere. For the cellular viability studies, cells from a
confluentmonolayerwere removed fromflasks by a trypsin–EDTA solu-
tion, suspended in 200 μL of complete medium and seeded in 96-well
plates. The plates were incubated at 37 °C for 24 h prior to compound
testing to allow cells to adhere. A stock solution in DMSO (20 mM) of
each compound was freshly prepared and used for sequential dilutions
in medium. The final concentration of DMSO in cell culture medium did
not exceed 1%. Control groups with and without DMSO (1%) were in-
cluded in the assays as negative controls. The cytotoxic activity of the
compounds was screened within the concentration range 0.2–200 μM
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay [28].

Analysis of cell survival was carried out after a 72 h cell exposure
to the compounds by the MTT assay, which is based on the reduction
of MTT by viable cells to form formazan crystals. Briefly, a solution of
MTT dissolved in PBS (0.5 mg/mL) was added to each well (200 μL)
and the plates were incubated at 37 °C for 3–4 h. Then the solution
was discarded and 200 μL of DMSOwas added to each well to dissolve
the formazan crystals. The absorbance was measured at 570 nm with
a plate spectrophotometer (Power Wave Xs, Bio-TeK). Each experi-
ment was repeated twice and each concentration was tested in at
least six replicates. Results are expressed as a percentage of cell sur-
vival relative to control cells in the absence of the compound. IC50
values (half-inhibitory concentration, i.e. drug concentration that in-
duces 50% of cell death) were calculated from dose–response curves
constructed by plotting cell survival (%) versus compound concentra-
tion (M). The IC50 values were calculated with the GraphPad Prism
software.
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3. Results and discussion

3.1. Molecular design

With the aim of developing new MMPIs with improved biological
properties, namely as anti-cancer, our first design strategy was to
work out on model compounds, containing different zinc-binding
groups (ZBG), for the sake of replacing the usual hydroxamate (HA)
group by other chelating groups, also with good ability to bind the
catalytic zinc of the MMPs, but with better pharmacokinetic profiles.
In order to get further biological improvements, a group of those
MMPI models should be selected to append an extra bio-relevant
group, namely with anti-cancer properties.

Therefore, we first selected a set of inhibitor models bearing differ-
ent ZBGs and assessed their solution Zn-binding capacity and MMP in-
hibitory capacity. The option for the main skeleton was based on our
previous disclosures on potent HA-based MMP inhibitors, but with
truncations on some molecular segments. The arylsulfonyl moiety was
kept, because of its recognized important role in the ligand binding to
the S1′ cavity of the MMPs, in particular the 4-phenoxyphenyl
(PhOPh) was selected as the aryl group (see Chart 1) [9,17].

The ZBG selection took into account that those groups should
share some structural features of the HA group, in order to provide
as many favorable interactions with the enzymes as possible [29].
Given the similarities between the hydrazide and the hydroxamate
groups, several hydrazide derivatives have been studied. The carbox-
ylic acid (2a) and the HA (2b) derivatives (see Fig. 2) were also
selected for comparison. Among the hydrazide derivatives we includ-
ed a simple primary hydrazide (2c) and two secondary hydrazides,
namely an arylsulfonylhydrazide (2d) and its isosteric analog
arylhydrazide (2f). These groups have only been scarcely investigated
for MMP inhibition and for their zinc complexation ability [30,31].
Moreover, because the terminal NH2 group of the hydrazide is less
electrophilic than the OH group in hydroxamate, the hydrazide
(a) (b)

(e)

Fig. 2. Structures of the compounds studied in this work: the model compounds (2), and the be
derivatives are expected to be more resistant to hydrolysis than the
hydroxamate analogues. Finally, as hydrazide-related ZBGs, we have
also explored two acylhydrazone derivatives (2e and 2g). In fact,
the acylhydrazones are well known to bind metal ions with great
efficiency, including the zinc(II) [32,33], and some anticancer proper-
ties of hydrazone derivatives have been reported [34]. A representa-
tive selection of these model compounds are herein studied in
terms of their ability to bind Zn(II) ion in solution, in order to disclose
their relative chelating ability, and to compare with that of HA.

Aimed at a final accomplishment of our outlined major goals we
pursued with the second design strategy, by developing a set of
multifunctional compounds, which conjugate, in the same molecular
entity, characteristics of MMP inhibitors and antitumor agents that
could end up with anticancer activity enhancements, by taking ad-
vantage of addition or synergistic effects. Hence, in order to provide
that second biological role we decided to attach a benzothiazole
group (BTA) to our scaffold, and compounds 3–4 (Fig. 2) were
designed. In fact, BTA derivatives have attracted strong interest due
to their biological and pharmacological properties, namely as antimi-
crobials, anti-inflammatory and antitumor agents [13–15]. In order to
tune the effect of the structural and lipophilic modifications nearby
the BTA moiety over the MMP inhibitory activity, we decided to
make a further variation on the linker connecting the BTA moiety to
the main scaffold of the inhibitor (X-R1, see Fig. 2), by substituting
the simple methylene (compounds 3) by a CH-isopropyl group (com-
pounds 4). Only some of the most promising ZBGs from series 2 were
included in series 3 and 4.

3.2. Synthesis

The preparation of all compounds herein presented started from an
amino acid or its ester derivative. In the case of compounds 2 (see
Scheme 1) the glycine ethyl ester was used as starting material, which
was coupled with the arylsulfonyl chloride to give the secondary
(c) (d)

(f) (g)

nzothiazole (BTA)-based inhibitors (3–4); the series entries are defined by the ZBG (a–g).



Scheme 1. Synthesis of compounds 2a–2d. Reagents and conditions: i) PhOPhSO2Cl, Et3N, CH3CN, r.t.; ii) KOH, MeOH, r.t.; iii) T3P, Et3N, CH2Cl2, r.t.; iv) H2, Pd/C, MeOH, r.t.; v)
NH2NH2, EtOH, r.t.; vi) anisaldehyde (e) or salicylaldehyde (g), EtOH, 50 °C; and vii) NaBH4, AcOH, r.t.
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arylsulfonamide 2m (in this case aryl = 4-phenoxybenzene group).
This compoundwas hydrolyzedwith a KOHmethanolic solution to gen-
erate the carboxylic acid 2a, which was coupled with O-benzyl-
hydroxylamine or the 4-methoxybenzenesulfonylhydrazide to afford,
respectively, the benzyl O-protected hydroxamic acid (2bp) or the
arylsulfonylhydrazide (2d). Regarding the carboxyl-amine coupling re-
actions, two different methodologies were used for carboxyl activation.
For compound 2bp, method A, propylphosphonic anhydride (T3P®)
was used as activating agent, with triethylamine (Et3N), and, after
stirring at room temperature for 2 h, the reaction was complete. A
straightforward workup was followed and the final compound was
obtained with good yield (76%). Method B made use of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl)
with a catalytic amount of 4-dimethylaminopyridine (DMAP), and
the reaction typically took 8 to 16 h to be over. After a quite simple
workup a 67% yield was obtained. Since the synthesis of 2d did not
work well with method B, method A was followed for all the
sulfonylhydrazides. The hydroxamic acid 2b was obtained after the
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Scheme 2. Synthesis of compounds 3–4. Reagents and conditions: i) polyphosphoric acid, 220 °
CH2Cl2, r.t.; v) EDC.HCl, DMAP cat, CH2Cl2, r.t.; vi) T3P, Et3N, CH2Cl2, r.t.; and vii) 5% TFA, CH2C
NH2NHSO2PhOCH3 (d).
benzyl removal from 2 bp by catalytic hydrogenation with 1.5 bar
H2 and 5% palladium over charcoal (Pd/C). Regarding the hydrazide
2c, it was easily formed from reaction of the ethyl ester 2mwith hydra-
zine hydrate. The hydrazones 2e and 2gwere obtained from reaction of
the hydrazide 2cwith the aromatic 4-anisaldehyde and salicylaldehyde,
respectively. The dominant isomers formed were, in both cases, the E
isomers (which could be observed by NMR), almost exclusively for 2e,
and >90% for 2g. Concerning the arylhydrazide 2f, its preparation
from 2e, through a standard procedure for reduction of Schiff bases,
using NaBH4 or BH3CN in THF, DMF or EtOH, did not work well,
disregarding a number of modifications in solvent type, temperature
or reaction time, nor did the hydrogenation using H2 with Pd/C. This
may be attributed to the extra stability of the hydrazone when linked
to a carbonyl group. However, 2fwas successfully obtained by addition
of excess NaBH4 in acetic acid, as reported in literature [35].

The synthetic procedure for the BTA-containing inhibitors (3–4)
is depicted in Scheme 2. It started with the preparation of the
benzothiazole-amine fragments (3m–4m) from the corresponding
H2
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l2, r.t. Dmb = 2,4-dimethoxybenzyl group; NH2R = NH2ODmb (b), NH2NHBoc (c), and



Fig. 3. Potentiometric titration curves for ligands 2b and 2d and their Zn(II) complexes (CL/CZn = 1, CL = 6.25 × 10−4 M, in 40% DMSO/H2O).
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amino acid (or ester) and 2-aminothiophenol (ATP), making use of a
dehydrating agent, the polyphosphoric acid. Glycine ethyl ester and
D-valine were used to obtain the compound series 3 and 4, respec-
tively. The arylsulfonamide analogues (3n–4n) were prepared, simi-
larly to 2m, from the coupling reaction of the BTA-amines with the
respective arylsulfonyl chloride. These sulfonamides were then
reacted with tert-butyl bromoacetate in anhydrous DMF, using the in-
organic base K2CO3 to yield compounds 3o–4o; their tert-butyl
deprotection with 50% TFA in CH2Cl2 afforded the corresponding
carboxylic analogues 3a–4a. These compounds were submitted to
coupling reactions with different amine-bearing derivatives, using ei-
ther method A (with T3P® [36]) or B (with EDC.HCl), as discussed for
compound 2bp. These reactions provided the respective hydroxamic
acids O-protected with 2,4-dimethoxybenzyl group (Dmb) (3bp and
4bp), the hydrazides protected with tert-butyloxycarbonyl group
(Boc) (3bp and 4bp), or the arylsulfonylhydrazide 3d. Removal
of those protecting groups gave rise to the final hydroxamic acids
(3b and 4b) or hydrazides (3c and 4c), using 5% TFA/CH2Cl2 or 40%
TFA/CH2Cl2, respectively.

3.3. Solution equilibrium studies

In order to analyze the effect of the different herein proposed
ZBGs on the chelating efficacy towards the Zn(II), some model com-
pounds were chosen, namely 2b (hydroxamic acid), 2c (hydrazide)
Fig. 4. Proposed structures for ZnHL complexes of a) 2b, b) 2c and c) 2d.
and 2d (arylsulfonylhydrazide). Prior to the study of the Zn(II) com-
plexation, the ligand acid–base behavior was studied, mainly by
potentiometry. Since the water solubility of the three compounds
was relatively low (2c > 2b > 2d), all the studies were performed
in 40% (w/w) DMSO/H2O mixed solvent.

3.3.1. Acid–base properties
The stepwise protonation constants of compounds 2b, 2c and 2d

were obtained by fitting analysis of the potentiometric data with
the Hyperquad 2008 program [19] and the values are shown in
Table 1. The protonation process of these compounds was mainly
studied by potentiometry, but a 1H NMR spectroscopic titration was
also performed in order to ascertain the protonation sequence of 2c.

All the ligands were obtained as neutral species, although the fully
protonated form is H2L for 2b and 2d, and H3L+ for 2c. The PhOPhSO2NH
moiety is a common structural feature of compounds 2b–2d and analysis
of Table 1 shows that the log K1 values herein determined are fairly sim-
ilar for the three compounds (9.7–10.4), thus suggesting they should be
attributed to the protonation of PhOPhSO2N−. In fact, these values are
in the same order of magnitude of others previously found for primary
sulfonamides (9.64–10.16) [37], but higher than the value obtained for
the secondary biphenyl sulfonamide (9.10) [38], due to the electron ac-
ceptor character of the phenyl group adjacent to the nitrogen atom.

The second constant (log K2) is attributed to protonation of differ-
ent groups, namely the hydroxamate hydroxy group, for 2b, and the
MeOPhSO2N−NH group for 2d. The log K2 value (8.91) herein calcu-
lated for 2b is similar to the reported values in aqueous solution for
other hydroxamate groups (iminocarboxymethyl hydroxamic acid
(ICMHA, 9.09) [39], glycine-hydroxamic acid (GLYHA, 9.26) [40] and
other hydroxamate enzyme inhibitors (8.47–9.11) [37]). Regarding
2d, the calculated log K2 value (8.12) is in agreement with that pre-
dicted for the sulfonyl derivative of acylhydrazine (RCONHNHSO2R′,
7.93). A slightly higher value was found for acylhydrazine
(RCONHNHCOR′, 9.80), the difference being attributed to the high
electronegativity of the sulfonyl group [41]. Therefore, in 2d the sec-
ond protonation occurs in RCONHN−SO2R′, whereas the log K value
corresponding to the protonation of the other hydrazinic group is
quite high [42] and could not be determined by potentiometry.

Concerning compound 2c, its protonation was studied by 1H NMR
titration in 40% DMSO/D2O medium. In spite of the limitations associ-
ated to this method, the experiment was reproducible and the titra-
tion curve profiles indicated that 2c has two pH ranges where

image of Fig.�4


Fig. 5. 1H NMR spectra of a) 2c, b) Zn(II)-2c (1:1) and c) Zn(II)-2c (5:1) in DMSO-d6. The most important peak integrals are displayed (italic) under each spectrum.
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protonation takes place (Fig. S1): at the high pD* range (10–12), pro-
tonation must occur at both N− groups (hydrazide CON− and sulfon-
amide SO2N−), according to the inflexion of the titration curves
showed by all the nonlabile protons 1–4 (phenylic 2–4 and
methylenic 1). At the lower pD* range (2–4), however, only a down-
field shift of the methylenic protons 1 (SO2NHCH2CO) is observed,
which gives support to the protonation of the NH2 hydrazinic group.
Thus, the protonation of compound 2c seems to occur sequentially on
the following groups: sulfonamide (SO2N−, log K1 = 10.37), hydrazide
(CON−, log K2 = 8.00) and hydrazinic NH2 (log K3 = 2.83). Such a log
K attribution is in agreement with that reported for benzoylhydrazine
(log K1 = 12.53 and log K2 = 3.27, in water) and derivatives [43]; the
lower log K values of 2c (respectively, 8 and 2.83) relatively to those
of benzoylhydrazine, especially for the NH group, may be due to the
nearby electron-withdrawing sulfonamide that stabilizes the basic
form therefore retarding the protonation process.

The second protonation step of 2c was kinetically slow to enable a
quick equilibrium achievement. In parallel, 1H NMR stability studies of
2c were conducted in 2 months, and allowed to conclude about its
great hydrolytic stability for 1 b pD b 9 (see below). The high stability
of 2c is a very relevant feature, and therefore the found kinetic problems
may be due to the tautomeric equilibrium of the hydrazide moiety:

RCONHNH2⇌ RCðOHÞ¼NNH2:

3.3.2. Zinc complexation
Potentiometric titrations of the systems Zn(II)/L (L ≡ 2b–2d) were

carried out at 1:1 and 1:2 metal to ligand molar ratios. From the curve
fitting analysis, the overall complex formation constants (log βZnmHhLl )
were determined and the values are depicted in Table 1. For compounds
2b and 2c, the Zn(II) complexation begins above pH 5 and 5.5, respective-
ly, while for compound 2d it begins above pH 4.5 (see Fig. 3). Oncemore,
for compound 2b, kinetic problems were observed in the pH range 6.5–
7.4, with the need for a higher acquisition period (ca 15 h). The proposed
equilibrium model involves always the species ZnHL, although, for pH
above 7–7.5, residual amounts of the species Zn2H−4L2 were also found,
in the cases of Zn(II)-2b and Zn(II)-2d systems. Admitting that the
protonated group is the sulfonamide (PhOPhSO2NH), on the basis of the
difference between the overall formation constants for the protonated
complex (log βZnHL) and the ligand protonation (log K1), a coarse evalua-
tion of global constant for the unprotonated species (log βZnL) with com-
pounds 2b, 2c and 2d, gave ca 4.6, 3.0 and 4.7, respectively. The log βZnL

value obtained for 2b (ca 4.6) gives support to a (O,O) hydroxamate coor-
dination mode (see Fig. 4), as observed for the zinc complexes of
acetohydroxamic acid (AHA) (log βZnL = 5.18 [44] in water) or GLYHA
(log βZnL = 5.38 [45] in water); differences in the log βZnL values can be
ascribed to the different solvents used and to the presence of a sulfon-
amide electron withdrawing group in 2b.

Regarding ligand 2c, the ZnHL species appears to have a (N,O) co-
ordination mode established through the hydrazinic NH2 group and
the oxygen atom of the carbonyl group, according to already sug-
gested structures in aqueous solution [46] and in solid state [47].

This hypothesis is supported by the observed downfield shift on the
1H NMR signals of NH2 and CONH due to the complexation with Zn(II)
(deshielding effect of this cation): NH2 signal shifts from 4.22 ppm (L)
to 4.42 ppm (1:1 Zn/L) and 5.06 ppm (5:1 Zn/L); CONH signal changes
from 9.04 ppm (L) to 9.23 ppm (1:1 Zn/L) and 9.82 ppm (5:1 Zn/L).
Fig. 5 shows also that the NHSO2 proton of the ligand (7.85 ppm) is
much less sensitive to the presence of the zinc ion than the other two
labile protons; the remaining non-labile protons of the ligand are not
significantly affected by the Zn(II) complexation, as expected. The inte-
gration of the peaks is consistent with the formation of only one com-
plex species, namely under our experimental conditions.

Concerning 2d, the ZnHL species must involve a (N,O) coordina-
tion mode involving the sulfonylhydrazide (log K2 = 8.00) and the
oxygen atom of the carbonyl group, as already reported for the solid
structure of zinc complexes of aroyl-hydrazones [48].

The differences between the herein estimated values of log βZnL for
compounds 2c (3.0) and 2d (4.7) and the reported values for amino-
benzoyl-hydrazide derivatives (6.21-6.35 in 80% (v/v) aqueous-
ethanolic medium [46]), may be mostly due to the electron withdrawing
nature of the neighbor sulfonamide groups present in 2c and 2d.



Table 1
Stepwise protonation constants (log Ki) of 2b, 2c and 2d as well as the global forma-
tion constants of their Zn(II) complexes (I = 0.1 M KCl, 40% DMSO/H2O, T = 25.0 ±
0.1 °C).

Compound Equilibrium constant 2b 2c 2d

log K1 [HL] / ([H][L]) 10.12(1) 10.37(3) 9.74(1)
log K2 [H2L] / ([H][HL]) 8.91(2) 8.00(5) 8.12(2)
log K3 [H3L] / ([H][H2L]) – 2.83(8) –

log βZnHL [ZnHL] / ([Zn][H][L]) 14.58(9) 12.96(4) 14.46(2)

Table 2
Inhibitory profile (IC50 valuesa) of the MMPI models (2a–2g), the BTA-based inhibitors
(3–4) and the reference inhibitors towards MMP2 and 14.

Compounds X-R1
b IC50 (μM)a

MMP2 MMP14

2a – 0.814 4.40
2b – 0.00046 0.0040
2c – 7.20 33.6
2d – 64.4 >200
2e – >200 190
2f – 41.0 130
2g – 178 >200
3a CH2 0.337 1.76
3b 0.0006 0.0008
3c 0.300 0.713
3d 104 >200
3n 262 441
4a CH-(R)-iPr 7.10 40
4b 0.0048 0.120
4c 0.660 7.10
1c 0.00035 0.00032
CGS2702A [3] 0.0248 0.0232
5bd 0.0004 0.0052
5cd 0.550 –

5dd 0.024 2.60

a The IC50 values are the average of three determinations with a standard deviation
of b10%.

b According to the general formula for compounds 3–4 (see Fig. 2).

c Ref. [9].
d Illomastat derivatives (5c–5d) [30,50].
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Since the ligands under study have different acid–base behavior,
comparison between their affinity towards the zinc ion is better ac-
complished on the basis of the corresponding pZn values at the phys-
iological pH (pZn = − log [Zn2+] under the usual conditions of
micromolar concentration for the metal ion and ten-fold ligand ex-
cess). Analysis of this data shows that this set of ligands presents sim-
ilar affinity for zinc (pZn ≈ 6.8). This is a particularly interesting
result, since it demonstrates that, besides hydroxamates, other ZBGs,
such as hydrazides or arylsulfonylhydrazides, present also good affin-
ity for the zinc ion.

3.3.3. Hydrolytic stability
A study on the hydrolytic stability of the ligands was performed for

the hydroxamate 2b and the hydrazide 2c derivatives. For that purpose,
1H NMR spectra of the ligands in 40% DMSO-d6/D2O (CL ca. 10–15 mM)
were recorded at different pH ranges at r.t. The samples were kept at dif-
ferent pH conditions and r.t. for several days. Concerning 2b, after 2 days,
there was 20% decomposition at pH ca. 1, while decompositionwas irrel-
evant between pH ca. 4 and 9. After 1 week about 40% decomposition
was observed at pH ca. 1 and 15% at pH ca. 9, while no decomposition
was observed between pH 4 and 7. Regarding 2c, no decomposition
was observed from pH ca. 1 to 9 for 2 weeks. After 3 months, only 10%
had decomposed at pH ca. 9, while for pH 1–7 the compound was
found intact. These results confirm that hydrazides possess a greater hy-
drolytic stability than the hydroxamic acids.

3.4. MMP inhibition

The inhibitory profile of compounds 2–5 against MMP2 and
MMP14 is presented in Table 2, together with that for two reference
inhibitors. These two enzymes are considered targets against cancer,
a pathology in which they have been proved to play malignant roles
[6,49]. The results show that several of the new compounds inhibit
the tested MMPs with IC50 values in the nanomolar range of concen-
tration, while others can only reach activities in the micromolar
range. As expected, the hydroxamic derivatives (2b, 3b, 4b) are stron-
ger inhibitors (IC50 0.46–4.8 nM against MMP2) than their analogues
with different ZBGs (the lowest IC50 values are 300 nM for 3c and
337 nM for 3a with MMP2).

Concerning the model compounds, 2, the order of inhibition against
MMP2 follows the trend 2b > 2a > 2c > 2f > 2d > 2 g > 2e, with
IC50 values ranging from 0.46 nM to >200 μM. A quite similar inhibito-
ry profile was observed against MMP14, although, in general, the activ-
ity is higher for MMP2 than for MMP14. The fact that most of these
compounds showed inhibitory values (IC50) in the micromolar range
reveals that they are able to bind these enzymes at some extent, in
spite of not attaining optimum values (the worst IC50 values were
found for 2e and 2g, both ≥178 μM). The quite low IC50 values found
for 2b (0.46 and 4.0 nM with MMP2 and MMP14, respectively), are
only explainable by extra interactions with the enzymes, which cannot
be formed with the other analogues, (eventually, other than the zinc-
binding interactions). This shall be discussed later with the docking
studies. The good inhibitory activity presented by the hydrazide 2c
(IC50 7.2 μM) and the arylhydrazide 2f (41 μM) gave an important con-
tribution to the nextmolecular design step, whereby these groupswere
selected for further conjugation with optimized molecular scaffolds to
provide improved inhibitory capacities.

Regarding the BTA-containing compounds 3, the trend order of the
MMP inhibition is 3b > 3c > 3a > 3d, ranging from 0.6 nM to 104 μM
forMMP2. The hydrazide 3c (IC50 300 nM) revealed slightly stronger in-
hibition than the carboxylate 3a analog (IC50 337 nM), and both showed
activity increase as compared to the model compounds 2c and 2a. This
means that the BTA group gives a positive contribution to thebinding in-
teraction of these inhibitors with the enzymes. In fact, the hydroxamate
analog 3b revealed more potent than the reference inhibitor CGS
27023A (24.8 nM). The weak inhibitory result observed for compound
3n (260–440 μM), which bears only the arylsulfonyl and the BTAmoie-
ties, demonstrates that, alone, these two groups are not enough to ac-
complish a good MMP inhibition. This fact proves that the chelating
groups included in compounds 3–4 are essential and should play the
role of ZBG in theseMMPIs. Regarding the hydroxamate 3b, its inhibito-
ry activity is slightly lower than for 2b, and this must be due to a de-
crease of the binding interactions. Nevertheless, the low IC50 values
(sub-nanomolar range) clearly indicate that the BTA is still strongly
interacting with the enzymes. Concerning the arylsulfonylhydrazides,
an unexpected reduction in the inhibitory activity was observed from
2d to 3d (IC50 of 64 and 104 μM, respectively). Apparently, in this case,
the position occupied by the BTA within the enzymes is different from
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those of compounds 3a–3c, and the introduction of this group becomes
unfavorable to the adduct stability. On the other hand, it has been shown
that the arylsulfonylhydrazides,when inserted in an optimizedmolecule,
may lead to very potent MMPIs, such as compound 5d (IC50 24 nM, see
Table 2) which turned out to be an even stronger inhibitor than the
hydrazide analog 5c (550 nM). However, it is known that the type of
aryl group present may considerably change the IC50 values of the inhib-
itors. Since herein we have tested only one group (4-methoxybenzene),
perhaps with a different aromatic group in the arylsulfonylhydrazide
(e.g. biphenyl) the results might have been different [30].

For compounds 4, the MMP inhibition ranged from 4.8 nM to
7.1 μM with MMP2. In this series, only the carboxylate, hydroxamate
and hydrazide derivatives (4a, 4b and 4c) were prepared, in order to
check the inhibition sequence, which was the same as found for series
3. The IC50 values observed for derivatives 4 were all higher with re-
spect to their 3 analogues, meaning that the bulkier isopropyl spacer
of compounds 4 hinders inhibition.

3.5. Molecular docking

In order to rationalize the inhibitory profiles observed for the tested
compounds, in terms ofmolecular interactions, we decided tomake use
of a very versatile computational technique, which is molecular
docking. For that, the 3D structure of MMP2, our target cancer-related
MMP, was taken from entry 1QIB of the RCSB Protein data Bank (PDB)
[25] and the ligands were docked using GOLD 4.0 software [27], follow-
ing a previously validated procedure [9]. This method makes use of the
known very conserved positions adopted by the carboxylic- and
hydroxamic-ZBGs of MMPIs and sets their position with a scaffold-
match constraint (see Experimental section for details).

Most of the compounds showed, as expected, a feature common to
many arylsulfonamide-based MMPIs: the aromatic PhOPh moiety is
well inserted into the hydrophobic S1′ cavity, with the sulfonyl group
forming H-bonds with the backbone NH groups of Leu191 and Ala192
(MMP2 numeration). This feature is responsible for the considerable sta-
bility of the corresponding adducts, and it is, according to our expecta-
tions, based on recent outlined advantages of inserting arylsulfonamide
moieties in new sets of MMPI [51]. The most potent compound studied
herein is 2b (Fig. 6a), and its docking gives support to the higher activity
demonstrated by the HA-based MMPIs: they form a chelate with Zn(II),
by coordinating it with both O-atoms, and they establish H-bonds with
Glu404 and the Ala192 carbonyl groups. In the case of 2b, an extra
H-bond, formed between the sulfonamide NH group and the Pro423
Fig. 6. Docking of compounds into MMP2: a) 2a (yellow), 2b (cyan), and 2c (magenta); b)
carbonyl, provides extra stabilization to the complex formed with
MMP2, thus giving support to the corresponding sub-nanomolar IC50
value. 2a coordinates Zn(II)with oneO-atom, and it seems to adopt a po-
sitioning quite different from that of 2b, forming less interactions with
the protein, although several H-bonds are maintained.

Regarding the compounds bearing other ZBGs, their binding confor-
mation was not accurately confirmed in silico due to the high demands
in computational tools that would be required to analyze the real coor-
dinating mode of the Zn(II) (e.g. using quantum mechanics simula-
tions). However, according to the docking calculations, compound 2c
seems to be able to adopt the same conformation as 2b, with the
hydrazide group chelating the metal ion via its N,O-donor atoms. The
same H-bonds can be found in the docking conformation, except the
one between the sulfonamide NH group and Pro423. The lack of this
H-bond might explain the lower IC50 value displayed by 2c. Regarding
compounds 2d and 2f (Fig. 6b), interestingly, they seem to be able to
bind the Zn(II) in a similar way as 2c, and to adopt conformations
close to this ligand, while their methoxyphenyl group lays over the S2
sub-site region, interacting with the aromatic valley His407–His413.
However, even if some important H-bond interactions are maintained
(namely with Glu404 and Ala192) and a new one may be formed (be-
tween the Ala194NH and the 2d hydrazide-SO2 groups), the interaction
of the arylsulfonamide-SO2 with Leu191 and Ala192 has been consider-
ably weakened, and this fact may explain the lower inhibitory potency
of these compounds as compared with 2c. Concerning the hydrazones
2e and 2g, they were unable to orientate the ZBG towards the Zn(II) be-
cause of steric hindrance, this being a probable major reason for their
low inhibitory activity.

The docking results for the BTA-derivatives allowed understanding
some of their inhibitory properties. Most of these bifunctional com-
pounds and themodel inhibitors 2 presented some similar binding inter-
actions, namely those involving the ZBGs and the catalytic Zn2+, as well
as those between the PhOPhSO2moieties with the enzyme. In Fig. 7a are
displayed compounds 3a–3c, inwhich it is possible to see the BTAmoiety
laying over the region of His413 and Pro423, forming strong aromatic
and van der Waals interaction with these residues. This fact explains
the enhancement of activity from compounds 2a and 2c to 3a and 3c, re-
spectively. On the other hand, compound 3b does not have the ability for
H-bonding to Pro423, like its parent 2b, and the favorable interactions of
the BTA moiety are not enough to compensate this energetic loss, thus
explaining the reduction of inhibitory activity. Regarding 3d, some diffi-
culties were revealed for the fitting of the two big aromatic groups (BTA
and the arylsulfonylhydrazide) in the catalytic center of MMP2, and,
2c (magenta), 2d (blue), and 2f (green). The black solid lines represent the H-bonds.



Table 3
IC50 values (μM) for A2780 ovarian carcinoma cells after 72 h continuous treatment
with the compounds, as well as cisplatin for comparison. The calculated log P values
(clog P) are also depicted.

Compounds IC50 (μM) clog Pa

2b 58.4 ± 15.0 0.07
2c 123 ± 20.5 0.93
3b 10.5 ± 3.2 1.58
3c 45.1 ± 8.6 2.61
3d 81.5 ± 14.5 4.23
4b 9.5 ± 4.5 2.07
Cisplatin 2.5 ± 0.3b –

a Predicted values using QikProp program, v. 2.5, Ref. [56].
b Ref. [28].

Fig. 7. Docking of compounds into MMP2: a) 3a (yellow), 3b (cyan), and 3c (magenta); b) 4a (orange) and 4b (green). The black solid lines represent the H-bonds.
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according to the docking results, this compoundwas not able to properly
interact with Zn like its parent compound 2d. Wemight anticipate that if
a more flexible spacer was attached to the BTA group, probably a better
fitting would also have been possible. In Fig. 7b are presented com-
pounds 4a and 4b, which also form strong interactions with MMP2
(namely the Zn-binding and the H-bonds). However, for 4a, the geome-
try of the BTA-spacer does not allow the best interaction of the BTA
group, as for 3a and 3b, establishing only van der Waals contact with
Leu190, on the S1 sub-site, while the isopropyl group does not apparent-
ly form any relevant interaction. On the other hand, the BTA group of 4b
is flexible enough to swing and form contacts with both Leu190 and
Ile424, thus giving some stability to its adduct with MMP2, hence with
a lower inhibition decrease with respect to 3a vs. 4a. Finally, the docking
of 4cwas very similar to 4b, and it explains the observed decrease in the
inhibitory activities,when going from3c to4c, which is of the sameorder
of magnitude as 3b vs. 4b.

3.6. Effect of MMPIs in tumor cell viability

A selection ofMMP inhibitors (2b, 2c, 3b, 3c and 4b)was assessed for
their anti-tumor activity. In particular, we aim to evaluate the effect of
the extra-functional benzothiazole (BTA) group on the cytotoxic activity
against the human epithelial ovarian carcinoma cells (A2780), using the
Mosmann method [52]. The viability of the cells in the presence of the
tested compounds was compared to that of control cultures to obtain
the growth inhibition (%) and the corresponding IC50 value (Table 3
and Fig. S2). Furthermore, taking into account eventual effects of the
compound lipophilicity in the cell membrane crossing ability, clog Pwas
calculated for the same set of compounds (Table 3). All the tested com-
pounds evidenced antiproliferative activity in the micromolar concentra-
tion range. However, the highest cytotoxicity was presented by the BTA-
bearing hydroxamates 3b and 4b (IC50 ca. 10 μM), while the others only
reached moderate (2b, 3c) or low (2c, 3d) cytotoxicity values. Further-
more, comparison between the activities of the analog compounds with-
out BTA moiety (2b and 2c) and those with this moiety (3b, 4b, and 3c)
confirms the important contribution of the extrafunctional BTA group of
these MMPIs on the enhancement of their anti-tumor activity. The in-
creased lipophilicity associated to the BTA-based derivatization does not
seem a rationale for the activity enhancement, since 3d is the most lipo-
philic derivative and it presented one of the lowest activities. Interesting-
ly, the compounds differing only on ZBG type presented some parallelism
between the activity orders followed for the cell cytoxocity and theMMP
inhibition (2b > 2c and 3b > 3c > 3d), whereas no direct correlation
would be apparently expected. Although several possible explanations
have been suggested for BTA-based anticancer agents (from formation
of adducts with DNA to tyrosine kinase inhibition [53–55]), the mecha-
nism responsible for the cytotoxicity of these particular bifunctional
BTA-bearing MMP inhibitors against the ovarian carcinoma cells still
needs further clarification.

Altogether, our results have shown that with a rational molecular
design it will be possible to tune the “BTA-spacer” moiety to optimize
the MMP inhibitory activity. At the same time, the BTA substituent
might be varied and optimized to enhance the overall antiproliferative
action against tumor cells of a new generation of MMPIs.

4. Conclusions

A new set of bifunctional matrix metalloproteinase inhibitors
(MMPIs) has been developed and studied herein, aimed at improving
the anti-cancer activity and decreasing drawbacks associated with the
MMPIs containing hydroxamate (HA) zinc-binding groups (ZBG). As a
first strategy, inspired in the pharmacophore mapping of the HAs
when bound to the catalytic center of the matrix metalloproteinases
(MMPs), a series of inhibitor models, bearing a set of different ZBGs
(hydrazide (2c), arylsulfonyl- and aryl-hydrazide (2d, 2f), as well as
acylhydrazone (2e and 2g)), have been developed and studied. Solution
equilibrium studies, performed for some of those model compounds, re-
vealed similar affinities for the Zn(II) (pZn values ca. 6.8 at pH 7.4). The
inhibitory activities towards two tumor-related MMPs (MMP2 and 14,
over-expressed in human ovarian tumor cells) showed that the most

image of Fig.�7
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potent inhibitorwas of HA type (2b, IC50 0.46 nMwithMMP2), followed
by the carboxylic (2a, 814 nM), the hydrazide (2c, 7.2 μM) and the
arylhydrazide (2f, 41 μM) analogues. In a second step of our strategy to
reinforce the anti-tumor activity, a selection of those models was
further extra-functionalized with benzothiazole (BTA), a moiety with
recognized antitumor activity. Some of the new bifunctional compounds
revealed considerable MMPI activity, as compared with the model com-
pounds, ranging from subnanomolar to micromolar concentration activ-
ity (e.g. the hydroxamate 3b, IC50 0.6 nM, and the hydrazide 3c towards
MMP2). Similarly, this BTA-derivatization lead to a great improvement
on the anti-proliferative activity of a human ovarian cancer cell line
(A2780). Remarkable was the fact that the bifunctional BTA-hydrazide
derivatives presented considerably high activity on theMMP2 inhibition
(eg. 3c, IC50 300 nM) and also on the anti-proliferation of ovarian cancer
cells (IC50 45 μM), besides demonstrating hydrazide resistance to hydro-
lysis, in opposition to the HA lability. Therefore, although further studies
need to be done, this set of results suggests that some of these
bi-targeting compounds may be considered as lead compounds for a
new generation of MMPIs with anticancer properties although, by now,
implications for therapy applications are obviously only speculative.
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