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Abstract

Several studies have demonstrated a positive correlation between tumor progression and expression of
extracellular proteinases such as matrix metalloproteinases (MMPs). MMP-2 and MMP-9 have become
attractive targets for cancer research because of their increased expression in human malignant tumor tissues of
various organs, providing a target for medical imaging techniques. Radioiodinated carboxylic and hydroxamic
MMP inhibitors 2-(4'-['*Iiodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid (9) and 2-(4'-
['*I]iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide (11) were synthesized by electrophilic
aromatic substitution of the tributylstannyl derivatives and resulted in radiochemical yields of 60% + 5% (n = 3)
and 70% £ 5% (n = 6), respectively. In vitro zymography and enzyme assays showed high inhibition capacities
of the inhibitors on gelatinases. In vivo biodistribution showed no long-term accumulation in organs and the
possibility to accumulate in the tumor. These results warrant further studies of radioiodinated carboxylic and
hydroxamic MMP inhibitor tracers as potential SPECT tumor imaging agents.

Keywords: Radiolabeled MMP inhibitors; lodine-123; In vitro assay; In vivo biodistribution; SPECT; Tumor
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1. INTRODUCTION

Cancer is one of the most feared diseases in the modern society. Approximately 50% of cancer patients die
because the initial tumor becomes metastatic [1]. Several studies have demonstrated a positive correlation
between tumor progression and expression of extracellular proteinases such as matrix metalloproteinases
(MMPs) [2-5]. In addition, high MMP levels were associated with poor prognosis in cancer patients. MMPs are
proteolytic enzymes and their basic mechanism of action—degradation of extracellular matrix components
(ECM)—regulates various cell behaviours with relevance for cancer biology [6]. These include cancer cell
growth migration, invasion, and the regulation of tumor angiogenesis [5-9] . The MMP family is now known to
include at least 20 enzymes and is categorized into several classes based on substrate specificity and domain
structure [10]. Among the subfamilies of MMPs, gelatinases (MMP-2 and MMP-9) have become attractive
targets for research on cancer and development of anticancer drugs [11-14] because of their increased
expressions and activities in human malignant tumor tissues of various organs such as breast, colon, and lung
[15-23]. This overexpression of MMPs in tumors provides a target for medical imaging techniques such as single
photon emission computed tomography (SPECT) imaging of tumors [8]. Gelatinase inhibitor analogues, labelled
with the gamma-emitting radionuclide iodine-123, may enable non-invasive monitoring of cancer MMP levels,
diagnosis of primary and secondary tumors, and tumor response to MMP inhibitor therapy using SPECT [24,25].

There has been a great interest in the design and development of MMP inhibitors as therapeutic agents [9,26,27]
that are orally active and that may restore the balance of MMP regulation in pathological processes [10]. The
majority of MMP inhibitors contain effective chelating groups (hydroxamic acid, carboxylic acid), which
interact with the active-site zinc. To improve selectivity, MMP inhibitors are substituted with side chains that
interact with specific sub-sites within the active site of the MMP and that determine the selectivity and binding
capacities for a particular subtype [8]. The S1' subsite (important pocket of MMPs) for the gelatinases is
relatively deeper than for other subtypes and is targeted to obtain highly selective inhibitors. Therefore a
sulfonamide group is incorporated in the inhibitor to improve the enzyme-inhibitor binding, not only by forming
hydrogen bonds to the enzyme but also by properly directing the hydrophobic substituent to the S1' subsite and
enabling it to plunge in deeply [28]. The substances 2-(4'-iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-
propionic acid, 2-(4'-iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide and their iodine-123
analogues are developed from structure-activity data of compounds [10,29] with low nanomolar ICs, potencies
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for gelatinases. Compounds have been tested in vitro for their MMP inhibitory activity. This study reports on
primary biodistribution of iodine-123 labelled analogues in Naval Medical Research Institute (NMRI) mice to
check their suitability for future SPECT studies.

2. METHODS AND MATERIALS
2.1. General

The biphenyl sulfonamide derivatives are synthesized via a modified method from the literature [10,30]. All
commercially available reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
specified and were used without further purification. Dichloromethane, ethylacetate, hexane, and methanol were
purchased from Lab-Scan analytical sciences (Dublin, Ireland). Ethanol was purchased from VWR International
(Leuven, Belgium). ['*’I] Sodium iodide (in 0.05 mol/L NaOH) was purchased from Bristol-Myers Squibb
Pharma (Brussels, Belgium). The fluorescent substrate, Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2, was
purchased from Bachem AG (Bubendorf, Switzerland). Solutions containing intermediate products were dried
over anhydrous magnesium sulfate (MgSO,). All moisture-sensitive reactions were performed under nitrogen
atmosphere. Analytical thin layer chromatography (TLC) was carried out using Fs4 precoated silica gel plates
(Polygram Sil G/UV,s4 Machery-Nagel, Duzen, Germany). Purifications of intermediate or final products were
performed by column chromatography using silica gel (silica, 50-200 um, Sigma-Aldrich, St. Louis, MO, USA)
or preparative TLC using precoated silica gel plates (Sil G-200 UV,s, Machery-Nagel). Melting points are
uncorrected and were measured on an Electrothermal IA9100 digital melting point apparatus. 'H-NMR spectra
were recorded on a 300 MHz NMR spectrometer (Varian Mercury 300, Palo Alto, CA, USA) using CD;COCD;,
CDCl30r DMSO-d; as solvent and tetramethylsilane (TMS) as an internal standard. Chemical shift data for the
proton resonances were reported in parts per million (8) relative to the internal standard TMS (6 0.0).
Abbreviations used are: s = singulet, d = doublet, t = triplet, m = multiplet. If necessary, assignment of the
signals was confirmed by COSY. Mass spectra and exact masses were obtained using a time of flight (Q-Tof-2,
Mi-cromass, Manchester, UK) mass spectrometer equipped with a standard electrospray ionization (ESI)
interface (KUL, Rega Institute, Belgium). Radiochromatography was performed using an Alltech Alltima Cig
column (250 x 4.6 mm, Sum) and a Waters 510 pump. The effluent was monitored with an UV-VIS detector at A
=254 nm (PU 4110 UV/VIS, Philips) and a Nal detector (Bicron Frisktech™, probe 1 x 1 inch).

2.2. Synthesis of standards and precursors
2.2.1. 4'-Bromo-biphenyl-4-sulfonic acid (1)

Chlorosulfonic acid (2.999 g, 25.714 mmol) was added dropwise to a stirred solution of 4'-bromo-biphenyl (5 g,
21.428 mmol) in chloroform (50 mL). During the addition a white solid precipitated. The mixture was stirred for
4 hours at room temperature (RT), and the precipitate was collected by filtration and washed with cold
chloroform. The white solid was dried at 40°C in an oven. The yield of 1 was up to 98% and no purification was
needed, mp 140-142°C. "H-NMR (CD;COCDs): 8 7.95 (d, 2H, ArH), 7.85 (d, 2H, ArH), 7.69 (s, 4H, ArH), 2.0
(s, 1H, -SOsH). Exact mass (ESI-MS) [M-H] calculated for C;,H;,SO;Br 310.9378-312.9378, found 310.9381-
312.9381.

2.2.2. 4'-Bromo-biphenyl-4-sulfonyl chloride (2)

1 (6 g, 19.23 mmol) was brought into a system under nitrogen equipped with a reflux cooler and a gas trap. The
sulfonic acid derivative was diluted with thionylchloride (25 mL) and a catalytic amount of anhydrous N,N-
dimethylfor-mamide (DMF) was added dropwise. The reaction mixture was refluxed for 4 hours at 80°C. The
cooled mixture was concentrated in vacuo and toluene was used to remove residual thionyl chloride. This
washing procedure was repeated twice and resulted in a yellow solid. The residue was analyzed with TLC
(hexane/ethylacetate: 90/10) and two spots were observed, the starting material 1 (R¢0.1) and one newly formed
product 2 (R¢ 0.5) (yield 90%). mp 122-124°C. '"H-NMR (CDCl;): & 8.1 (d, 2H, ArH), 7.8 (d, 2H, ArH), 7.65 (d,
2H, ArH), 7.5 (d, 2H, ArH).

2.2.3. 2-(4'-Bromo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid methyl ester (3)

A mixture of D-Tryptophan methyl ester (5 g, 19.63 mmol) and the sulfonyl chloride derivative 2 (6.48 g, 19.63
mmol) in aqueous tetrahydrofuran (1:1, 200 mL) was treated dropwise with 2 equivalents of triethylamine (1.97
g, 39.26 mmol). The reaction mixture was stirred at RT for 1 hour, followed by the addition of ethylacetate (300
mL) and aqueous HC1 (1 mol/L, 300 mL), respectively. The organic phase was separated, dried over anhydrous
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magnesium sulfate and concentrated in vacuo. The residue was analyzed with TLC (hexane/ethylacetate: 60/40)
and two spots were observed, the starting material 2 (R; 0.63) and one newly formed product 3 (R¢0.22). The
mixture was purified by column chromatography (silica, 200 X 30 mm) with hexane/ethylacetate (75/25) as
eluent, and resulted in a white solid (yield 85%). mp 190-192°C. '"H-NMR (CDC15): & 11.0 (s, 1H, non aryl
indoylH), 8.05 (s, 1H, -SO,NH-), 7.78 (d, 2H, ArH), 7.6 (d, 2H, ArH), 7.55 (d, 2H, ArH), 7.45 (d, 2H, ArH), 7.3
(d, 1H, aryl indoylH), 7.15 (t, 1H, aryl indoyIH), 7.05 (d and t, 2H, aryl indoylH), 5.2 (d, 1H, non aryl indoylH),
4.3 (m, 1H, non aryl indoylH), 3.5 (s, 3H, -COOCHy), 3.25 (m, 2H, non aryl indoylH). Exact mass (ESI-MS)
[M-H] calculatedforC,4H, SO4N,Br511.0405-513.0405, found 511.0330-513.0330.

2.2.4. 2-(4'-Bromo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid (4)

The methyl ester 3 (10 g, 19.53 mmol) was suspended in p-dioxane/water (1:1, 600 mL) followed by the addition
of lithium hydroxide monohydrate (8.5 g, 119 mmol). The reaction mixture was stirred at RT for 24 hours and
diluted with water. The suspension was acidified with HC1 (1 mol/L) and the product extracted with
ethylacetate. The organic phase was separated, dried over anhydrous magnesium sulfate and concentrated in
vacuo to result in a slightly yellow solid. TLC evaluation (hexane/ethylacetate: 60/40) showed one new spot 4
(R¢ 0.1). The crude product (yield 95%) was used for further synthesis, mp 172-174°C. ‘H-NMR (DMSO-dg): &
12.75 (s, 1H, COOH), 10.8 (s, 1H, non aryl indoylH), 8.2 (s, 1H, -SO,NH-), 7.72 (d, 2H, ArH), 7.62 (d, 2H,
ArH), 7.55 (d, 2H, ArH), 7.45 (d, 2H, ArH), 7.38 (d, 1H, aryl indoylH), 7.32 (d, 1H, aryl indoylH), 7.08 (s, 1H,
non aryl indoylH), 6.98 (t, 1H, aryl indoylH), 6.9 (t, 1H, aryl indoylH), 4 (m, 1H, non aryl indoylH), 3.1 (m, 2H,
non aryl indoylH). Exact mass (ESI-MS) [M-H] calculated for C,3H;9SO4N,Br 497.0171-499.0171, found
497.0172-499.0172.

2.2.5. 2-(4'-Bromo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl) -N-trityloxy-propionamide (5)

The carboxylic acid 4 (4.98 g, 10 mmol), N-(3-dimeth-ylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC) (2.49 g, 13 mmol) and 1-hydroxy-1H-benzotriazole hydrate (HOBt) (1.76 g, 13 mmol) were brought into
a two-neck, round-bottom flask, provided with a reflux cooler and a gas trap. The system was brought under
nitrogen atmosphere and anhydrous tetrahydrofuran (150 mL) and N-methylmor-pholine (NMM) (1.517 g, 15
mmol) were added through a septum with a needle. After stirring at RT for 20 minutes O-trityl hydroxylamine
(2.75 g, 15 mmol) was added. After stirring for another 16 hours at RT, the mixture was diluted with diethylether
and washed with 0.1 mol/L NaHCOs, 0.1 mol/L HC1 and water respectively. The extract was dried over
anhydrous magnesium sulfate and concentrated in vacuo. TLC analysis (hexane/ethylacetate: 60/40) of the
mixture showed a newly formed product 5 (R¢ 0.35). Purification was conducted on a silica column (silica, 200 x
30 mm) starting with pure hexane and gradually changing to hexane/ethylacetate (70/30). The pure fractions
were evaporated and a yellow solid was obtained (50% yield). mp 126-128°C. '"H-NMR (DMSO-dg): & 10.6 (s,
2H, CO-NH-0, non aryl indoylH), 8 (d, 1H, -SO,NH-), 7.72-7.34 (2 x dd, 8H, ArH), 7.25 (m, 15H, tritylH), 7.20
(d, 1H, aryl indoylH), 7.14 (d, 1H, aryl indoylH), 6.95-6.77 (2 t and s, 3H, 2 aryl indoylH and 1 non aryl
indoylH), 3.9 (m, 1H, non aryl indoyIH), 3.3 (m, 2H, non aryl indoylH). Exact mass (ESI-MS) [M-H] calculated
for C4,H34SO4N;Br 754.1375-756.1375, found 754.1385-756.1381.

2.2.6. 2-(4'-Bromo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide (6)

To a solution of 5 (0.6 mmol) in dichloromethane (4 mL) saturated with water was added a solution of 50%
trifluoro acetic acid (TFA) in dichloromethane (2 mL) so as to maintain a deep yellow color. The solution was
stirred for 1 hour at RT, diluted with dichloromethane, washed with 0.5 mol/L NaHCOs3, and dried over
anhydrous magnesium sulfate. The mixture was evaluated with TLC (ethylacetate/ hexane: 80/20) and showed a
new formed product 6 (R¢0.37). The TLC was sprayed with a 5% solution of iron (III) chloride in hydrochloric
acid (0.5 mol/L) to give a red spot showing the formation of hydroxamic acids. Purification was conducted on a
silica column (silica, 200 x 30 mm) starting with hexane/ethylacetate (55/45) and gradually changing to
hexane/ethylacetate (35/65). A yellow oily substance was obtained (30% yield). H-NMR (DMSO-dg): & 10.8 (s,
2H, CO-NH-O-, non aryl indoyl), 8.85 (s, 1H, -SO,NH-), 7.72-7.34 (2 d and s, 8H, ArH), 7.25 (d, 1H, aryl
indoylH), 7.2 (d, 1H, aryl indoylH), 7.0 (s, 1H, non aryl indoylH), 6.8 (2 t, 2H, aryl indoylH), 4.0 (m, 1H, non
aryl indoylH), 3.0-2.8 (m, 2H, non aryl indoyIH), 1.9 (s, 1H, CO-NH-OH). Exact mass (ESI-MS) [M-H]
calculated for Cp3H,0SO4N;Br 512.0280-514.0280, found 512.0282-514.0282.

2.2.7. Synthesis of iodine analogues

All steps in the synthesis of the iodine molecules were similar to those described for bromine analogues with
more or less the same yields. 4'-Iodo-biphenyl was purchased from Daniels Fine Chemicals Ltd. (Edmonton, AL,
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Canada).
2.2.7.1. 2-(4"-lodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid (4").

TLC evaluation of the yellow solid (hexane/ethylacetate: 60/40) showed one spot 4' (Rf 0.1, yield 85%). mp 207-
208°C. 'H-NMR (DMSO-dg): 8 12.7 (s, 1H, COOH), 10.7 (s, 1H, non aryl indoylH), 8.2 (s, 1H, -SO,NH-), 7.83-
7.43 (2 d and s, 8H, ArH), 7.4 (d, 1H, aryl indoylH), 7.21 (d, 1H, aryl indoylH), 7.02 (s, 1H, non aryl indoylH),
6.98 (t, 1H, aryl indoylH), 6.86 (t, 1H, aryl indoylH), 3.2 (m, 1H, non aryl indoylH), 3 (m, 2H, non aryl
indoylH), Exact mass (ESI-MS) [M-H] calculated for C,3H;9SO4N,I 545.0033, found 545.0016.

2.2.7.2. 2-(4'-Iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide (6').

TLC evaluation of the yellow oily substance (ethylacetate/hexane: 80/20) showed one spot 6' (R 0.37, 30%
yield). "H-NMR (DMSO-dc): 5 10.6 (s, 2H, CO-NH-0-, non aryl indoylH), 8.0 (s, 1H, -SO,NH-), 7.72-7.34 (2 d
and s, 8H, ArH), 7.25 (d, 1H, aryl indoylH), 7.2 (d, 1H, aryl indoylH), 7.0 (s, 1H, non aryl indoylH), 6.8 (2 t, 2H,
aryl indoylH), 3.8 (m, 1H, non aryl indoylH), 3.0-2.8 (m, 2H, non aryl indoylH), 1-9 (s, 1H, CO-NH-OH)- Exact
mass (ESI-MS) [M-H] calculated for Cy3H;0SO4N3I 560.0142, found 560.0156.

2.2.8. 2-(4'-Tributylstannyl-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid (7)

4 (165 mg, 0.33 mmol) was flushed with nitrogen for 2 hours and then dissolved in dry toluene (5 mL).
Hexabutylditin (570 mg, 0.98 mmol) and a catalytic amount of tetrakistriphenylphosfinepalladium were added
and the mixture was refluxed under nitrogen for 15 hours. The reaction mixture was diluted with ethylacetate and
washed with water. The organic phase was dried over anhydrous magnesium sulfate and concentrated in vacuo.
The mixture was purified on preparative TLC using dichloromethane/methanol/glacial acetic acid (90/8/2) as
eluent to give a white oily substance 7 (R¢ 0.65, yield 40%). "H-NMR (DMSO-dq): & 12.75 (s, 1H, COOH), 10.8
(s, 1H, non aryl indoylH), 8.2 (s, IH, -SO,NH-), 7.72 (d, 2H, ArH), 7.62 (d, 2H, ArH), 7.55 (d, 2H, ArH), 7.45
(d, 2H, ArH), 7.38 (d, 1H, aryl indoylH), 7.32 (d, 1H, aryl indoylH), 7.08 (s, 1H, non aryl indoylH), 6.98 (t, 1H,
aryl indoylH), 6.9 (t, 1H, aryl indoylH), 4 (m, 1H, non aryl indoylH), 3.1 (m, 2H, non aryl indoylH), 1.6-0.8 (m,
27H, (Bu);SnH). Exact mass (ESI-MS) [M-H] calculated for C35H46SO4N,Sn 709.2121, found 709.2128.

2.2.9. 2-(4'-Tributylstannyl-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl) -N-trityloxy-propionamide (8)

5 (150 mg, 0.2 mmol) was flushed with nitrogen for 2 hours and then dissolved in dry toluene (5 mL). Hexabu-
tylditin (322.4 mg, 0.6 mmol) and a catalytic amount of tetrakistriphenylphosfinepalladium were added and the
mixture was refluxed under nitrogen for 15 hours. The reaction mixture was diluted with ethylacetate and
washed with water. The organic phase was dried over anhydrous magnesium sulfate and concentrated in vacuo.
Purification was conducted on a silica column (silica, 200 x 30 mm) starting with hexane/ethylacetate (90/10)
and gradually changing to hexane/ethylacetate (75/25). TLC evaluation with hexane/ ethylacetate (60/40)
showed one spot 8 (R¢ 0.51). A yellowish oil was obtained (yield 40%). '"H-NMR (DMSO-dg): & 10.6 (s, 2H,
CO-NH-O, non aryl indoylH), 8 (d, 1H, -SO,NH-), 7.72-7.34 (2 x dd, 8H, ArH), 7.25 (m, 15H, tritylH), 7.20 (d,
1H, aryl indoylH), 7.14 (d, 1H, aryl indoylH), 7.0-6.8 (21 and s, 3H, 2 aryl indoylH and 1 non aryl indoylH), 3.9
(m, 1H, non aryl indoylH), 2.2 (m, 2H, non aryl indoylH), 1.6-0.8 (m, 27H, (Bu); SnH). Exact mass (ESI-MS)
[M-HT] calculated for Cs;Hg;SO4N3Sn 966.3326, found 966.3343.

2.3. Radiosynthesis of iodine-123 labelled carboxylic and hydroxamic MMP inhibitor
2.3.1. 2-(4"-[**®1] lodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid (9)

1 (500 pg, 0.71 pmol) was dissolved in ethanol (130 pL). N.c.a. ['*I]Nal in sodium hydroxide solution (15 pL
0.05 mol/L), chloramine T (1 pL, 0.1 mol/L solution) and glacial acetic acid (5 uL) were added respectively. The
mixture was stirred and left for 5 minutes at RT. Afterwards sodium metabisulfite (1 pL, 0.2 mol/L solution) was
added to quench the reaction. The mixture was purified by HPLC on an Alltech Alltima C,;g column (250 x 4.6
mm, 5pm) with ethanol/phosphate buffer (0.05 mol/L, pH 2) (50/50) as mobile phase at a flow rate of 1| mL/min.
The radiolabelled product 9 was collected (R; 20 min) and analyzed with the same HPLC system. The
radiochemical yield was 60% + 5% (n = 3), the radiochemical purity > 98% and the specific activity > 50
Ci/umol.
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2.3.2. 2-(4"-[***1]1odo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide (11)

8 (300 pg, 0.31 umol) was dissolved in ethanol (130 pL). N.c.a. ['*I]Nal in sodium hydroxide solution (15 pL
0.05 mol/L), chloramine T (1 pL, 0.1 mol/L solution), and glacial acetic acid (5 pL) were added respectively.
The mixture was stirred and left for 5 minutes at RT. Afterwards sodium metabisulfite (1 pL, 0.2 mol/L solution)
was added to quench the reaction. The mixture containing radiolabelled product 10 was analyzed by HPLC on an
Alltech Alltima C,g column (250 x 4.6 mm, Sum) with ethanol/ phosphate buffer (0.05 mol/L, pH 6) (70/30) as
mobile phase at a flow rate of 1 mL/min (R, 26 min). In a one-pot reaction 30 pL trifluoroacetic acid was added
to compound 10 and stirred for 1 hour to obtain compound 11. This second mixture was purified with the same
HPLC conditions as described for product 10 using an ethanol/phosphate buffer (0.05 mol/L, pH 6) (50/50) as
mobile phase. The radiolabelled product 11 was collected (R, 26 minutes) and analyzed with the same HPLC
system. Compound 10 was eluated much later than 26 minutes. The radiochemical yield was 70% = 5% (n = 6),
the radiochemical purity > 98% and the specific activity > 58 Ci/umol.

2.4. Zymography and enzyme assays to determine inhibition capacities of the compounds on gelatinases
2.4.1. Zymography

Analysis of gelatinolytic activities was performed by gelatin zymography as previously described [31]. Briefly,
samples of 10 pl conditioned medium (HT1080) were mixed with equal volumes of sample buffer (62.5 mmol/L
pH 6.8 Tris-HCI, 2% SDS, 10% glycerol, and 0.1% bromo-phenol blue) and directly submitted to
electrophoresis on 10% acrylamide gels containing 0.1% gelatin. Gels were run at 10 mA, washed with 2%
Triton X-100 for 1 hour, and incubated in activation buffer (50 mmol/L pH 7.4 Tris-HCI, 200 mmol/L NaCl, 5
mmol/L CaCl,, and 0.02% NaNj3) or different concentrations of inhibitor for 16 hours at 37 °C. After staining
with Coomassie Brilliant Blue R-250, the gelatinolytic activities were detected as clear bands against a blue
background [32].

2.4.2. In vitro enzyme assays

For enzyme assays, the recombinant catalytic domain of MT1-MMP (cMTI), MT3-MMP (cMT3), and pro-
MMP-2 were produced in Liége. Pro-MMP-9 was purchased from R&D Systems. Activation of pro-MMP-2 and
pro-MMP-9 was achieved by incubating the enzyme with 1 mmol/L APMA (4-aminophenylmercuric acetate) at
25°C for 2 hours for pro-MMP-2 and at 37°C for 16 hours for pro-MMP-9. The solutions were aliquoted and
frozen at -20°C until needed.

For inhibition assays, all kinetic Tris-HC] measurements were performed in 50 mmol/L pH 7.5 Tris/HCI, 10
mmol/L CaCl,, 0.05% Brij 35. For each enzyme ([MMP-2] = 0.02 nmol/L, [cMT1] = 0.1 nmol/L, [cMT3] =0.1
nmol/L, [MMP-9] = 0.25 nmol/L), the initial rate of cleavage of the fluorescent substrate Mca-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg-NH2 (5 umol/L for MMP-2 and ¢cMT3 and 3 pumol/L for cMT1 and MMP-9) was measured over
15-20 minutes in the absence and the presence of the inhibitor at different concentrations (0.5-500 nmol/L). The
percentages of inhibition (% of inhibition) at the different inhibitor concentrations were calculated. ICsy values
were obtained by fitting the data to equation 1.

% of inhibition = a/(1 + ([I}/ICs0)®) + back ()

Where a is the experimental range of the percentage of inhibition, [I] is the inhibitor concentration, ICs is the
concentration of inhibitor that gives 50% of inhibition, s is the value of the slope at the inflection point of the
curve, and back is the background of the experiment [10]. The program GraFit 3.09 (Erithacus Software Ltd.,
Horley, UK) was used to carry out nonlinear least-squares fitting of the data. Measurements of fluorescence were
made on a Spectra Max Gemini-XS spectrofluorimeter (Molecular Devices, Sunnyvale, California, USA) with
Aexc = 328 nm and A= 393 nm. The Spectra Max Gemini-XS was controlled by the SOFT Max® PRO 3.1
software (Molecular Devices, Sunnyvale, USA). Replicate measurements (N = 3) were averaged to obtain
tabulated values.

2.5. Biodistributions in NMRI mice

All animals were treated according to the regulations of the Belgian law and the local Ethical Committee.
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2.5.1. In vivo evaluation of compounds 9, 11

Approximately 37 kBq (1 pnCi) of tracer 9 or tracer 11, dissolved in ethanol/water (200 pL, 5/95), was injected in
the tail vein of white mice (NMRI, 20-25 g) of either sex. At 20 and 40 seconds, 1, 1.5, 2, 3, 5, 10, 20, and 40
minutes and 1, 2, 3, 6, 9, 15, 24, and 48 hours post injection, animals (n = 3) were sacrificed by decapitation after
halothane anaesthesia. Blood was taken, organs were excised, and excretion was collected. All tissues were
weighed and counted for radioactivity with a single-channel gamma-ray spectrometer equipped with a 3 x 3" Nal
(T1) detector. The concentration of radioactivity was expressed as a percentage of the injected dose/g of tissue
and decay corrected. The excretion results were expressed as a percentage of the injected dose.

Scheme 1: Synthesis of standards and precursors.
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Scheme 2: Radiosynthesis of 1-123 radiotracers.
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3. Results and discussion

The aim of this study was to assess the biological activity and usefulness of different gelatinase inhibitors in
vitro and in vivo. To be an effective inhibitor of MMPs, the molecule requires a functional group (such as
carboxylic acid, hydroxamic acid, or sulfhydryl) capable of chelating the active-site zinc (II) ion [28]. To
improve selectivity these inhibitors are substituted with side chains which interact with specific subsites and
undergo effective van der Waals interactions [33]. Structure-activity data of compounds [10,29] with low
nanomolar ICs potencies for gelatinases were studied and combined to obtain a higher inhibitory activity.

Standards and precursors were synthesized as shown in Scheme 1. The chemical yields of synthesized
compounds were moderate to excellent and are detailed in the Methods and materials section. In the literature,
different methods of hydroxamic acid synthesis have been described [10,29,34-36]. Some of these pathways
were attempted but gave no or insufficient yields. The radio-iodination was conducted by electrophilic aromatic
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substitution of the tributylstannyl derivatives (Scheme 2). Mixtures were purified by HPLC on C;g column at a
flow rate of 1 mL/min. The radiochemical yield for synthesis of radioiodinated compound 9 was 60% + 5% (n =
3), radiochemical purity of the collected fraction >98% and the specific activity > 50 Ci/umol. The
radiochemical yield for synthesis of radioiodinated compound 11 was 70% + 5% (n = 6), the radiochemical
purity of the collected fraction was >98%, and the specific activity >58 Ci/umol.

Fig. 1: Zymogram of compounds (4, 6, 4', 6') in two different concentrations (10"mol/L; 10”° mol/L) next to a
control without inhibitor. The control was run to exclude the impact of DMSO on inhibition of gelatinases.

MMP-9
MMP-2
6 4 4 control

-
10'M 10'M 10'M 10'M  DMSso
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4

6" 6 4
10°M 10°M 10°™M 10°M DMso

Table 1: I1Cx, values of (4, 4', 6, 6") for MMP-2, MMP-9, cMT1, and cMT3 are expressed in nmol/L and
averaged (n = 3), standard deviations are reported*

MMP-2 MMP-9 cCMT1-MMP CMT3-MMP

Br-COOH (4) 73+0.6 239.7+15.7 437.0+22.6 2523+ 122

I-COOH (4') 93+ 1.5 201.0 + 58.6 859.0  31.1 678.7+45.3
Br-CONHOH (6) 0.5+0.1 49+3.1 250+ 6.2 7.0+4.6
I-CONHOH (6" 0.6+ 0.05 24414 217+64 73+0.6

* Kinetic measurements were performed in Tris-HCI 50 mmol/L pH 7.5, CaCl, 10 mmol/L Brij 35 0.05%. Details are described in the
Methods and materials setion.

Table 2: Tissue concentrations of radioactivity at various time points after intravenous administration of 2-(4'-
[*21]iodo-biphenyl-4-sulfonylamino)-3-(1H/-indol-3-yl)-propionic acid (9)*

Blood

Brain

Heart

Time (min) Time (h)

0.33 0.66 1 1.5 2 3 5 10 20 40 1 2 3 6 9 15
15.02+ 27.63+ 1586+ 9.12+ 454+ 246+ 3.63 218+ 220+ 199+ 194+ 179+ 125+ 0.73+ 047+ 0.004
0.00 13.92 7.46 5.56 2.07 0.66 +2.15 0.25 0.14 0.61 0.35 0.22 0.21 0.12 0.18 0.00
2.14 + 088+ 143+ 1.17+ 048+ 201+ 1.16+ 023+ 039+ 048+ 042+ 049+ 043+ 023+ 023+ 0.004
0.80 0.38 1.30 1.10 0.38 2.49 1.61 0.14 0.14 0.11 0.09 0.15 0.04 0.03 0.11 0.00

16.55+ 829 534+ 473+ 203+ 238+ 1.85 I.11+ 1.15+ 1.00+ 097+ 088+ 1.16 045+ 036+ 0.004

7.17

+423 187 024 0.68 1.04 +£0.72 028 029 0.08 022 006 +0.73 0.05 0.16 0.00
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Lungs 13.15+ 897+ 7.13+ 579+ 3.54+ 3.13 521+ 196+ 197+ 2.09+ 1.98 144+ 104+ 0.66+ 0.51+ 0.004
6.57 3.70 1.93  2.13 129 +£275 444 029 015 026 +087 014 036 009 0.17 0.00
Stomach 0.98 + 1.01+ 121+ 177+ 1.09+ 197+ 430 462+ 626+ 386+ 11.88+557+ 240+ 462+ 251+ 0.154
1.19 0.15 050 0.67 041 039 +£3.57 2.00 6.76 1.76  9.61 5.57 077 3.18 1.73 0.12
Spleen  15.10+ 3.78+ 4.14+ 3.17+ 2.14+ 291+ 224+ 150+ 134+ 137+ 145+ 128+ 145+ 044+ 030+ 0.004
22.88 1.38 0.21 0.63 0.47 1.03 1.04 024 032 028 031 0.30 1.18  0.01 0.17  0.00
Liver 18.01+ 4131+ 53.82+ 53.52+ 71.52+ 56.08 52.56+ 7425+ 70.02+ 4825+ 4440+ 3297+936+ 375+ 255+ 0.694
5.30 16.87 9.35 2423 14772 +£23.71 2047 2347 13.89 13.78 19.15 1995 5.99 0.17 0.89 0.47
Kidneys 11.51+ 20.79+ 19.56 1532+ 15.14+ 1030+ 1043+ 741+ 958+ 582+ 6.10 525+ 5.16 246+ 1.74+ 0.21+4
7.18 6.73 +3.87 7.01 6.66 3.38 6.54 6.16 5.94 2.93 +2.76 1.38 +2.25 0.13 0.54 0.20
Small 230+ 1.89+ 166+ 1.68+ 150+ 1.72+ 1.80 442+ 857+ 16.74 2523+ 27.81+ 19.23+ 598 251+ 0.334
intestine 1.85 059 046 044 024 060 +0.74 056 325 +224 6.61 10.81 18.09 +2.78 1.56 0.17
Large 1.68 + 1.01+£ 099+ 090+ 0.71+ 173+ 146+ 059+ 0.72+ 7.69+ 096+ 990+ 4850+ 67.53+ 28.79+ 1.114
intestine  1.66 0.15 0.10 0.23 0.19 091 1.55 020 0.12 12.08 0.07 1543 2290 5.67 10.00 0.69
Bladder 6.82+ 648+ 181+ 732+ 173+ 490+ 5.11+ 372+ 455+ 317+ 759+ 257+ 325+ 393+ 271+ 0.004
3.59 582 017 9.19 043 4.03 421 3.53 291 3.29 8.38 1.67 048 3.02 220 0.00
Fat 3.06 £ 407+ 3.02+ 499+ 200+ 223+ 167+ 813+ 267+ 265+ 142+ 178+ 134+ 048+ 033+ 0.014
1.79 1.50  0.41 318 030 0.13 0.18 11.49 157  0.62 1.62 122 0.55 0.03 0.03 0.02
Excretion 0.00 + 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 041+ 055+ 094+ 2.80 1.67+ 534+ 7.89+ 59.49+ 9492
*ox 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.26 0.89 +232 0.78 3.02 9.13 1842 +£2.57
* Animals were injected intravenously with 37 kBq ['**1] 2-(4'-iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionic acid (9) and
sacrificed at designated times. Units are expressed as % injected dose/g of tissue (n = 3) corrected for background radiation and averaged.
Below are reported the standard deviations.
** The results of the excretion are expressed as % of the injected dose.
Table 3: Tissue concentrations of radioactivity at various time points after intravenous administration of 2-(4'-
[*#*-1]iodo-biphenyl-4-sulfonylamino)-3-(1Hndol-3-yl)-propionamide (11)*
Time (min) Time (h)
0.33 0.66 1 1.5 2 3 5 10 20 40 1 2 3 6
Blood 46.18 2636+ 1494 9.05+ 462+ 321+ 210+ 2.06+ 268+ 199+ 210+ 282+ 136+ 141
+12.42 499 +2.09 2.09 1.17 146 1.01 1.03 091 051 0.55 .34 1.26  0.53
Brain 1.05+ 134+ 0.66+ 041+ 086+ 026+ 043+ 130+ 055+ 0.79+ 0.74+ 3.17 1.12+ 042
0.40 0.80 0.15 026 0.67 0.14 0.33 1.62 0.16 0.10 0.19 +4.28 0.66 0.02
Heart 1771+ 12184+ 9.70+ 775+ 6.84+ 632+ 585+ 945+ 560+ 3.31 308+ 6.72+ 274+ 1.30:
4.84 2.14 1.33 031 0.89 1.75 034 792 207 +£1.27 134 820 2.10 1.19
Lungs 28.11 2486+ 1843 1591 1243 977+ 829+ 572+ 6.08+ 3.15+ 265+ 607 3.06+ 1.16:
+£475 566 £2.82 £1.71 £1.77 3.50 .12 2.17 248 157 063 £7.29 1.69 0.29
Stomach 0.81+ 0.81+ 1.02+ 093+ 0.78+ 135+ 138+ 2.83+ 157+ 335+ 481 3.76+ 395+ 6.21
0.65 0.28 043 069 036 041 .21 297 1.18 1.73  +£4 .33 131 3.13 2.64
Spleen 411+ 509+ 638+ 694+ 735+ 643+ 592+ 539 390+ 267+ 206+ 743 349+ 0.84
1.07 0.91 0.79 290 228 193 199 +2.74 1.12 0.72 1.08 +9.77 326 0.21
Liver 1457+ 22784+ 33.17 50.69 48.72 45.08+ 56.38 49.18+ 36.79 1794 15,57 9.08 9.78+ 6.39
542 2.88 +6.37 + + 6.00 + 2026 +£7.79 £930 =+£3.61 +3.27 2.96 1.96
12.45 12.10 14.55
Kidneys 16.97 1936+ 22.04 2230 1790 21.27+ 1837 1250+ 10.39 636+ 493+ 624 455+ 4.07
+4.25 091 +1.27 £336 £555 5.09 +4.08 6.77 +2.89 249 .21 #2271 132 0.82
Small 1.89+ 242+ 263+ 294+ 251+ 262+ 323+ 723+ 1626 2092 3480 27.04 20.69 8.62
intestine 0.68 0.40 0.51 026 026 0.68 0.27  2.03 +1.80 £9.82 +£134 +4.12 +6.26 4.00
Large 070+ 0.87+ 091+ 1.03+ 090+ 085+ 081+ 094+ 095+ 101+ 794+ 3325 38.88 48.6¢
intestine 0.15 0.17 0.10 0.14 0.15 034 0.17 0.61 026 037 11.22 =+ + 25.1¢
26.77 20.25
Bladder 500 297+ 375+ 5.03 646+ 330 720+ 421+ 8.17+ 225+ 479+ 2298 872+ 3.61
1.53 2.01 030 +£247 394 +£278 848 312 486 073 351 <+ 10.04 0.89
29.45
Fat 363+ 334+ 319+ 349+ 252+ 3.08+ 3.10+ 348+ 3.66+ 227+ 2.19+ 383 198+ 0.92
0.51 1.69 054 054 0.60 144 0.64 1.31 1.14 055 0.75 +£3.63 0.61 0.06
Excretion** 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 1.03+ 0.15+ 1445 040+ 2.74+ 325+ 23.2¢
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.46 0.01 + 0.14 122 046  28.6(
24.14

*Animals were injected intravenously with 37 kBq ['*'I] 2-(4'-iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide (11) and
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sacrificed at designated times. Units are expressed as % injected dose/g of tissue (n = 3) corrected for background radiation and averaged.
Below are reported the standard deviations.
** The results of the excretion are expressed as % of the injected dose.

Zymography was used to obtain a preliminary estimation of the inhibition capacities of the inhibitors on
gelatinases (MMP-2 and MMP-9). The control (1% DMSO in incubation buffer) shows two clear bands
(proMMP-2 72 kDa, proMMP-9 92 kDa) against a blue background of undegraded gelatin whereas the strips
incubated in inhibitor (4, 4', 6, 6') concentrations (107, 10™ mol/L) show no or small bands (Fig. 1).

In vitro enzyme assays using quenched fluorescent peptide substrates were used to determine ICsovalues of the
different compounds for MMP-2, MMP-9, cMT1, and cMT3. The results show for both hydroxamic acid
compounds (6, 6') a high inhibition activity and a rather lower selectivity for gelatinases. In opposite, the
carboxylic acids (4, 4') show a much higher selectivity for MMP-2 but a lower activity, though still exploitable
(Table 1).

To further evaluate the pharmacokinetics (dehalogena-tion, metabolization, excretion, etc.) of tracers 9 and 11,
biodistribution studies were performed in NMRI mice. Approximately 37 kBq (1 pCi) of tracer was injected in
the tail vein of white mice (NMRI, 20-25 g) and the concentration of radioactivity in various tissues as a function
of time was evaluated, as shown in Table 2 (9) and Table 3 (11). Among the organs the heart, lung, stomach,
liver, and kidney showed no long-term accumulation of the tracers (9 hours: <3% ID/g). Up to 1.41% ID/g of 11
was accumulated in the blood until 6 hours and approximately the same percentage of 9 up to 3 hours, giving the
possibility to accumulate in the tumor in a later phase of this study. There was also an uptake in fat tissue (3
hours: 1.34% ID/g for 9 and 1.98% ID/g for 11). The radioactivity was cleared from the body after 15 hours, and
no dehalogenation was observed.

4. CONCLUSION

Radioiodinated carboxylic and hydroxamic MMP inhibitors 2-(4'-['**I]iodo-biphenyl-4-sulfonylamino)-3-(1H-
indol-3-yl)-propionic acid (9) and 2-(4'-['**T]iodo-biphenyl-4-sulfonylamino)-3-(1H-indol-3-yl)-propionamide
(11), their standards and precursors were synthesized. Preliminary findings of in vitro zymography and enzyme
assays showed high inhibition capacities of the inhibitors on gelatinases. In vivo biodistribution showed no long-
term accumulation in organs and the possibility to accumulate in the tumor. These data suggest that they may be
potential useful agents for non-invasive monitoring of cancer MMP levels in vivo, diagnosis of primary and
secondary tumors and tumor response to MMP inhibitor therapy using SPECT. These results also warrant further
evaluation of tumor uptake in tumor-bearing athymic mice and metabolite studies of the radioiodinated MMP
inhibitors.
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