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ABSTRACT: Integrins are heterodimeric transmembrane
protein receptors consisting of different @ and f subunits.
a,f; integrins are overexpressed on many tumor cells and
tumor-associated angiogenic vessels, whereas ayf; is a
receptor for, e.g., fibrinogen and mediates platelet aggregation.
In this study, a near-infrared fluorescent imaging probe has
been designed and synthesized by conjugating fluorescent dyes
to a non-peptidic, pharmacophore-based ligand, based on a
molecular modeling design approach. Affinity values were
determined, and in vitro cell binding assays and preliminary in
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vivo xenograft studies in nude mice were performed to evaluate target binding. Competition assays revealed excellent binding and

selectivity to

a5 compared to that for oy fB;. In vitro, the probe showed high target binding on a,fB;-positive M-21 cells and

negligible binding to a,f;-negative MCF-7 cells. In vivo, the tracer is able to image target expression in U-87 xenografts with a
maximum signal-to-noise ratio (SNR) of 2.5:1 at 24 h after injection.

B INTRODUCTION

Integrins are a large family of cell adhesion molecules consisting
of one ¢ and one f subunit. To date, more than 20 of these
heterodimeric transmembrane receptors are known. They func-
tion as cell adhesion mediators and signal transduction platforms
in a large variety of (patho)physiological processes, including
immune response, platelet aggregation, and cell migration and
proliferation.' ™ The a3, integrin is mainly located on
platelets, where it comprises about 80% of the proteins expressed
on the surface. On activation, it is respons1ble for platelet
aggregation and, finally, thrombus formation.” 67 Integrin a,f; is
known to be highly expressed on the surface of angiogenic
endothelial cells and a variety of solid tumors. In particular,
pathophysiologic angiogenic processes are mediated by o,

Besides a,; and ayyf;, a large number of other integrins bind
ligands via an Arg-Gly-Asp (RGD) amino acid motif. Ligands
include fibronectin, ﬁbrmo en, vitronectin, von Willebrand
factor, laminin, and others.*® One common element of these
ligands is the Asp carboxylic acid function, which coordinates to
the bivalent cation at the metal ion-dependent adhesion site
(MIDAS) of the f-subunit." The in vivo imaging of integrins,
especially o, f; as a potential marker for angiogenic activity, has
become very prominent due to the availability of small peptides
with the RGD motif.” "> Molecular imaging of a,f3; expression
could potentially aid in the evaluation of tumor-related
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angiogenesis (e.g, as a surrogate for tumor aggressiveness) and
facilitate the assessment of therapy response to antiangiogenic
drugs (e.g, Bevacizumab).'* Recently, for diagnostic as well as
for therapeutic purposes, non-peptidic RGD mimetic com-
pounds have become available. Tirofiban, a selective oyyfs
inhibitor, is approved for use in percutaneous coronary inter-
vention and in acute coronary syndromes for thrombosis
prevention.'>'® MK-0429, a potent a3, antagomst, is undergo-
ing clinical trials for prostate cancer patients.'” The affinity of
ligands to aypf; would be potentially detrimental, especially for
therapeutic purposes targeting other integrins, because of its
involvement in platelet aggregation and thrombus formation.
Therefore, the selectivity of antagonists for, e.g, a,f; is of great
importance.® On the basis of a recently published lead structure
(5, Figure 1),'® we present here the synthesis of a fluorescent
integrin probe with high specificity and selectivity, which may
facilitate the assessment of . f3; integrin expression in vivo by
means of near-infrared optical imaging.

B MATERIALS AND METHODS

General. All chemicals, reagents, and solvents used for the
synthesis of compounds were analytical grade and purchased from
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commercial sources. Sulfobenzoic acid monopotassium salts (12a and
12b) and (S)-2,3-diaminopropionic acid (DAP) were from Sigma-Aldrich
(Schnelldorf, Germany). The poly(ethylene glycol) (PEG) derivatives
2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethylamine (NH,-PEG,-N;)
and 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethylmethanesulfonate
(MsO-PEG,-N;) were synthesized according to recently described
procedures."” Lead compound § was synthesized as shown in Scheme 1
and reported in the literature.'® The RGD peptide used for blocking
studies (cyclo-[CRGDC]GK) was purchased from Bachem (Buben-
dorf, Switzerland) and has been used before.>**' Nuclear magnetic
resonance (NMR) spectra ('H, ®C and "F) were recorded on a
Bruker AV 300 or AV 400 instrument (Bruker BioSpin GmbH,
Rheinstetten, Germany) or an Agilent DD2 600 instrument (Agilent
Technologies Deutschland GmbH, Boeblingen, Germany), respec-
tively. Mass spectrometry (MS) was performed using a Bruker
MALDI-TOF-MS Reflex IV (matrix: DHB, Bruker Daltonics GmbH,
Bremen, Germany) or a Waters QUATTRO LCZ (high-resolution
mass spectrometry, HRMS, Waters Micromass, Manchester, UK)
spectrometer with a nanospray capillary inlet. High-pressure liquid
chromatography (HPLC) analysis and purification was performed on a
gradient reversed-phase (RP)-HPLC using a Knauer system with two
K-1800 pumps, an S-2500 UV detector (Herbert Knauer GmbH,
Berlin, Germany), and RP-HPLC Nucleosil 100-5 C18 columns
(250 mm X 8.0 mm and 250 mm X 20 mm). The recorded data was
processed by ChromGate HPLC software (Knauer). Unless otherwise
mentioned, the purity of the synthesized compounds was determined
with the same HPLC system and Nucleosil 100-5 C18 column
(250 mm X 8.0 mm). All compounds tested had >95% purity.

Docking Studies. Docking studies were performed with the
AutoDock Vina software tool using default parameters. The crystal
structure 1LSG from the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank was chosen. The co-
crystallization RGD peptide and water molecules were subtracted
using AutoDock Tools, and hydrogen atoms were added or subtracted
at polar amino acid sites. In addition, the Mn** atom at the MIDAS in
the a,f3; crystal structure was replaced with Mg®*. The 3D structure of
parent compound S was constructed using ChemDraw Ultra 12.0
together with the MM2 force-field method from Chem3D. Degrees of
freedom and rotatable bonds were defined by AutoDock Tools
software.”> The binding pocket was placed inside a grid (x = 16, y =
42, z = 41) with a size of 45 X 45 X 45 A’ and a distance of points of
1 A. The evaluation of the docking results and the visualization were
performed using PyMOL 1.3 viewer software.

Synthetic Methods. 4-(Benzyloxy)benzenesulfonic Acid (7).
Monosodium-4-hydroxybenzenesulfonic acid dihydrate (6) (20.0 g
86.1 mmol) was dissolved in 200 mL of DMF, and NaH (60%, 4.13 g,
103.4 mmol) was added. The mixture was cooled to —10 °C, and
benzyl bromide (12.3 mL, 103.4 mmol) was added under vigorous
stirring. After stirring for 6 h at room temperature (rt), the reaction
was quenched by the addition of ethyl acetate (20 mL). The
suspension was filtered, and the residue was washed twice with ethyl
acetate. The solvent was evaporated, and the residue was recrystallized
from ethyl acetate, yielding 22.8 ¢ (86 mmol, 93%) of a colorless solid.
mp 93—94 °C. '"H NMR (300 MHz, DMSO-dg)  7.63—7.20 (m, 7H),
6.95—6.89 (m, 2H), 5.10 (s, 2H). 3C NMR (75 MHz, DMSO-d;)
5 1588, 141.6, 137.4, 1289, 1282, 128.1, 127.5, 114.1, 69.6.
Corresponding spectroscopic data can also be found in the literature.*®
HRMS (ESI7): C,3H,0,8 — H* caled, 263.0373; found, 263.0382.

4-(Benzyloxy)benzene-1-sulfonyl Chloride (8). A solution of
4-(benzyloxy)benzenesulfonic acid (22.0 g, 83 mmol) in dimethylform-
amide (DMF, 150 mL) was treated with thionylchlorid (6.6 mlL,
90.0 mmol) at 0 °C and then stirred for 2 h at rt. The mixture was
carefully diluted with water and then extracted with methylene
chloride. The combined extracts were dried over MgSO,, filtered, and
evaporated to give 22.8 g (80 mmol, 97%) of a light-brown solid. 'H
NMR (300 MHz, CDCl;) § 8.03—7.96 (m, 2H), 7.52—7.34 (m, SH),
7.19-7.08 (m, 2H), 5.19 (s, 2H). *C NMR (75 MHz, CDCl,)
o0 1639, 136.3, 135.2, 129.6, 1289, 128.6, 127.5, 115.5, 70.7.
Corresponding spectroscopic data can also be found in the literature.”®

Methyl-(S)-2-Amino-3-[(tert-butoxycarbonyl)amino]propanoate
(9). (S)-2,3-Diaminopropanoic acid (DAP, 10.0 g 71.4 mmol)
was converted to its methyl ester by treatment with thionyl chloride
(170 mL) in methanol (300 mL) at reflux for 48 h. After evaporation
and azeotropic distillation of excess thionyl chloride with toluene, the
product dihydrochloride remained as a colorless solid in 96% yield
(13.0 g 68.4 mmol). 'H NMR (400 MHz, DMSO-dy) & 8.96 (s, 6H,
NH,), 4.44 (t, [y = 5.9 Hz, 1H), 3.73 (s, 3H), 3.40—3.26 (m, 2H).
13C NMR (101 MHz, DMSO-d;) & 166.9, 53.4, 49.9, 38.2. Subsequent
Boc (tert-butoxycarbonyl)-protection at the a-position was possible
by treatment of the above dihydrochloride (10.0 g, 52.6 mmol) with
0.9 equiv of Boc,0 (104 g, 0.48 mmol) and triethylamine (30 mL,
200 mmol) in methylene chloride (800 mL) at low temperature
(=78 °C). The desired monoprotected product (S) was obtained in
53% yield (4.32 g) after chromatographic purification (2.5%
methanol/ethyl acetate). 'H NMR (300 MHz, CDCl;) & 5.11
(s, 1H, NH), 3.71 (s, 3H), 3.60—3.46 (m, 2H), 3.31- 3.15 (m, 1H),
1.64 (s, 2H, NH,), 1.42 (s, 9H). 3C NMR (75 MHz, CDCl,) 6 174.5,
155.9, 79.5, S4.4, 52.3, 44.2, 28.3. GC-MS m/z (%): 162 (11), 145
(13), 130 (9), 103 (22), 101 (20), 89 (50), 88 (43), 74 (26), 57 (100),
41 (63). HRMS: CoH,(N,0, + H* caled, 219.1339; found, 219.1324;
CoH,sN,0, + Na* calcd, 241.1159; found, 241.1143.

Methyl-(S)-2-[4-(Benzyloxy)phenylsulfonamido]-3-[(tert-
butoxycarbonyl)lamino]propanoate (10). Methyl-(S)-2-amino-3-
[ (tert-butoxycarbonyl)amino]propanoate (9) (2.01 g, 9.2 mmol) was
dissolved in methylene chloride and treated with triethylamine
(4.5 mL, 37 mmol) and 4-(benzyloxy)benzene-1-sulfonyl chloride
(8) (2.60 g, 9.2 mmol) at 0 °C. After stirring overnight at rt, the
mixture was diluted with water and extracted with methylene chloride.
The combined extracts were dried over MgSO,, filtered, and evap-
orated to give the raw product, which was purified by column chroma-
tography (cyclohexane/ethyl acetate, 2:1). Yield: 3.2 g (6.9 mmol,
93%). 'H NMR (300 MHz, CDCl,) § 7.87—7.65 (m, 2H), 7.53—7.29
(m, SH), 7.08—6.94 (m, 2H), 5.46 (d, *Jy;_y = 7.8 Hz, 1H, NH), 5.12
(s, 2H), 4.90 (s, 1H, NH), 3.94 (dt, *Jy_yy = 7.8 Hz, *Jy_yy = 4.9 Hg,
1H), 3.55 (s, 3H), 3.52—3.34 (m, 2H), 1.42 (s, 9H). *C NMR
(75 MHz, CDCl,) 6 170.3, 162.2, 155.9, 135.0, 131.0, 129.4, 128.8,
128.4, 127.5, 115.2, 77.2, 70.3, 55.9, 52.1, 43.2, 28.2. HRMS (ESI*):
C,,HysN,O0,S + Na' caled, 487.1509; found, 487.1507;
(C5,HyN,0,5), + Na* caled, 951.3127; found, 951.3151.

Methyl-2-[4-(2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethoxy)-
phenylsulfonamido]-3-[(tert-butoxycarbonyl)lamino]propanoate
(11).  Methyl-(S)-2-[4-(benzyloxy)phenylsulfonamido]-3-[ (tert-butoxy-
carbonyl)amino]propanoate (10) (3.0 g 6.9 mmol) was dissolved in
40 mL of a I:1 mixture of methanol and 1,4-dioxane in a hydro-
genation apparatus, and Pd(OH), (10% w/w) was added. Hydro-
genolysis of the benzyl protecting group was performed at a hydrogen
pressure of 40 atm. After filtration and evaporation the deprotected
product, methyl (S)-2-(4-hydroxyphenylsulfonamido)-3-[(tert-butoxy-
carbonyl)amino]propanoate was isolated as a colorless powder.
Yield: 2.5 g (6.9 mmol, 98%), mp 80.2 °C (recrystallized from
methanol). '"H NMR (400 MHz, CDCL;) 6 7.69 (d, *Jy_y = 8.8 Hz,
2H), 6.90 (d, *Jy_y = 8.8 Hz, 2H), 5.59 (d, *Jy;_y = 8.1 Hz, 1H), 5.05
(s, 1H), 3.96 (dt, *Jyy_y = 7.5 Hz, 3Jy_y = 5.1 Hz, 1H), 3.57 (s, 3H),
3.49—3.40 (m, 2H), 1.79 (s, 1H), 1.43 (s, 9H). *C NMR (101 MHz,
CDCly) 6 1704, 1604, 156.2, 130.2, 129.6, 115.9, 80.4, 55.8, 53.1
(g, C-5), 432 (t, C-8),28.3 (q, C-11). HRMS (ESI*): C;sH,,N,0,S +
Na* caled, 397.1040; found, 397.1039; (C,sH,,N,0,S), + Na* calcd,
771.2182; found, 771.2172.

The above methyl (S)-2-(4-hydroxyphenylsulfonamido)-3-[ (tert-
butoxycarbonyl)amino Jpropanoate (2,0 g, 5.35 mmol) and 2-{2-[2-(2-
azidoethoxy)ethoxy]ethoxy}ethylmethanesulfonate (MsO-PEG,-N;)
(2.0 g, 8.03 mmol) were dissolved in DMF (1S mL) and treated with
K,CO; (1.1 g, 8.03 mmol). The mixture was heated at 90 °C overnight,
diluted with water (40 mL), and extracted with chloroform (3 X
S0 mL). After drying over MgSO, and evaporation of the solvent, 11
was purified by column chromatography (cyclohexane/ethyl acetate
2:1). Yield: 0.55 g (0.54 mmol, 10%). '"H NMR (400 MHz, CDCl,)
5766 (d, Jy_y = 88 Hz, 2H), 6.90 (d, 3Jy_y = 8.8 Hz, 2H), 522
(t, *Jy_ua = 6.1 Hz, 1H), 426—4.19 (m, 1H), 3.97 (t, *Jy_y = 4.9 Hz, 1H),
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3.80—3.60 (m, 12H), 3.55 (s, 3H), 3.45 (t, ¥Jg_g = 5.5 Hz, 2H), 3.39
(m, 2H), 1.42 (s, 9H). *C NMR (101 MHz, CDCl,) § 170.6, 160.9,
156.5, 129.5, 116.0, 80.5, 70.0 (several signals), 69.1, 63.7, 55.8, 53.0,
50.7, 43.2, 28.3. HRMS (ESI*): C,3H;,NO;0S + H' calcd, 576.2334;
found, 576.2339; C,3H;N;O;,S + Na' caled, 598.2154; found,
598.2160. Anal. Caled: C, 50.27; H, 6.19; N, 7.82. Found: C, 50.27;
H, 6.11; N, 7.66.

3- and 4-(Chlorosulfonyl)benzoyl Chloride (13a,b). The bis-
chlorination of monopotassium sulfobenzoic acids 12a and 12b was
accomplished by treating the solid salts with an excess of freshly
distilled thionyl chloride and a catalytic amount of DMF at reflux
under argon. In detail, from 1.80 g (4.20 mmol) of 12a and 20 mL of
thionyl chloride containing 100 uL of DMEF, after filtration,
evaporation, and azeotropic distillation with toluene, product 13a
was obtained as a colorless solid in a yield of 97% (0.96 g, 4.01 mmol).
From 2.70 g (630 mmol) of 12b and 30 mL of thionyl chloride
containing 150 yL of DMF, 13b was obtained and as a colorless oil in
ayield of 98% (1.50 g, 6.28 mmol). 13a: '"H NMR (300 MHz, CDCl;)
5 8.40-8.34 (m, 2H), 8.25-8.18 (m, 2H). ®C NMR (75 MHz,
CDCl,) 6 167.0, 148.9, 138.5, 132.2, 127.5. 13b: '"H NMR (300 MHz,
CDCly) 6 8.77 (t, *Jyu_u = 1.8 Hz, 1H), 8.49 (ddd, *Jy_ = 7.9 Hz,
Ygou = 17 Hz, SJy_y = 1.1 Hz, 1H), 8.36 (ddd, *f;_ = 8.0 Hz,
Yuu = 1.9 Hz, ’Jy_y = 1.1 Hz, 1H), 7.85 (t, }Jy_y = 8.0 Hz, 1H).
3C NMR (75 MHz, CDCl;) § 166.5, 145.4, 136.9, 134.9, 132.8, 130.8,
129.4. GC-MS m/z (%): 203 (100), 175 (9), 139 (15), 104 (16),
76 (29), 50 (20).

3- and 4-[(2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}ethyl)-
carbamoyl]benzene-1-sulfonyl Chloride (14a,b). The chlorosulfo-
nylbenzoyl chlorides 13a and 13b were treated with 2-{2-[2-(2-
azidoethoxy)ethoxy]ethoxy}ethylamine (0.9 equiv) and triethylamine
(0.9 equiv) in tetrahydrofuran (THF) at —78 °C via addition of
catalytic amounts of dimethylaminopyridine (DMAP). In detail, from
3.00 g (12.5 mmol) of 13a and 2.61 g (11.9 mmol) of the amine in
70 mL of THF containing 1.20 g (11.8 mmol) of triethylamine, the
carboxy-amide 14a was obtained after chromatographic purification
(cyclohexane/diethyl ether 1:1) in a yield of 72% (3.60 g, 8.57 mmol).
From 4.00 g (16.7 mmol) of 13b and 3.30 g (15.0 mmol) of amine in
70 mL of THF containing 1.50 g (15.0 mmol) of triethylamine, the
carboxy-amide 14b was obtained after chromatographic purification
(cyclohexane/diethyl ether 1:1) in a yield of 61% (4.20 g, 10.7 mmol).
14a: '"H NMR (300 MHz, CDCL,) § 8.30—8.19 (m, 4H), 7.13 (s, 1H,
NH), 3.82—3.58 (m, 14H), 3.35 (t, }Jg_y = 5.0 Hz, 2H). 3C NMR
(75 MHz, CDCl,) 5 165.2, 146.1, 140.8, 128.6, 127.2, 70.6, 70.4, 70.2,
69.9, 69.4 (2 signals), 50.6, 40.1. HRMS: C,;H,,CIN,OS + H" calcd,
421.0951; found, 421.0949; C,.H,,CIN,0.S + Na* calcd, 443.0770;
found, 443.0767. 14b: "H NMR (300 MHz, CDCl;) & 8.49 (t, *Jyy_yy =
1.8 Hz, 1H), 8.28—8.22 (m, 1H), 8.16 (ddd, ¥Jy_ = 8.0 Hz, Jy_pyy =
1.8 Hz, ¥Jyy_g = 1.1 Hz, 1H), 7.73 (t, }Jy_p = 7.9 Hz, 1H), 7.28 (s, 1H,
NH), 3.75—3.60 (m, 14H), 3.36 (t, *Jy_y = 5.0 Hz, 2H). *C NMR
(75 MHz, CDCl;) § 164.8, 144.5, 136.4, 134.1, 130.1, 129.3, 125.5,
70.6, 70.6, 704, 70.2, 69.9, 69.5, 50.6, 40.2. HRMS: C,H,,CIN,O4S +
Na* caled, 443.0770; found, 443.0767.

(S)-Methyl-N-alpha-arylsulfonamide-diaminopropionates
(15a,b). The PEGylated sulfonyl chlorides 14a and 14b were treated
with 9 to yield after deprotection the (S)-methyl-3-amino-2-(4-[ (2-{2-[2-
(2-azidoethoxy)ethoxy]ethoxy}ethyl) carbamoyl]phenylsulfonamido)-
propanoates 15a and 15b. In detail, 1 equiv of 9 (0.93 g, 4.26 mmol) and
1.2 equiv of triethylamine (710 pL, S.11 mmol) were diluted in
methylene chloride and cooled to 0 °C. After addition of 1.1 equiv
of 14a or 14b (1.96 g, 4.69 mmol), respectively, the mixtures were
stirred for S h at rt followed by aqueous workup. Purification by
column chromatography (cyclohexane/ethyl acetate 1:1) gave the
Boc-protected derivatives in 93 and 73% yield, respectively. 'H NMR
(400 MHz, CDCl;) § 7.98—7.84 (m, 4H), 5.75 (s, 1H, NH), 4.99
(s, 1H, NH), 4.10-3.92 (m, 1H), 3.78-3.61 (m, 14H), 3.57—3.61
(m, 3H), 3.54—3.41 (m, 2H), 3.36 (t, *Jy_y = 5.0 Hz, 2H), 1.95
(s, 1H, NH), 1.54—1.34 (m, 9H,). ®C NMR (101 MHz, CDCl,)
5 170.1, 165.8, 156.1, 142.1, 138.7, 128.0, 127.3, 80.2, 70.7, 70.5, 70.3,
70.0 (2 signals), 69.5, 56.1, $3.0, 50.6, 43.3, 40.0, 28.2. HRMS:
C,4H34NO oS + Na* caled, 625.2262; found, 625.2255;

(CyH3sNgO0S), + Na* caled, 1227.4611; found, 1227.4600. 'H
NMR (400 MHz, CDCl;) & 827 (s, 1H), 8.09 (d, *J,_y = 7.8 Hg,
1H), 7.96 (ddd, *Jyy_y = 7.8 Hz, *Jy_yy = 1.7 Hz, J_y = 1.2 Hz, 1H),
7.59 (t, ¥Jg_y = 7.8 Hz, 1H), 6.11 (s, 1H, NH), 5.12 (t, *Jy_y = 6.4
Hz, 1H, NH), 4.09—4.05 (m, 1H), 3.80—3.59 (m, 14H), 3.57 (s, 3H),
3.53—3.43 (m, 2H), 3.37 (t, 3Jy_p = 5.0 Hz, 2H), 2.26 (s, 1H, NH),
1.42 (s, 9H). *C NMR (101 MHz, CDCl;) § 171.2, 165.7, 156.1,
1402, 135.8, 132.1, 129.5, 129.4, 125.4, 80.1, 70.6, 70.5, 70.2, 69.9
(2 signals), 69.6, $6.1, 52.9, 50.7, 43.1, 40.1, 28.3. HRMS:
C,4sH3sNgO (S + H* caled, 603.2443; found, 625.2444;
Cy,H3sN4O,S + Na* caled, 625.2262; found, 625.2258.

Subsequent deprotection of the intermediates with HCI (4 M in
dioxane) gave 15a and 15b as monohydrochlorides in yields of 94%
(15a, 2.00 g, 3.71 mmol) and 96% (15b, 1.61 g 2.98 mmol),
respectively. 15a: '"H NMR (300 MHz, CD,0OD) § 8.04—7.93 (m,
4H), 4.32 (dd, ¥Jy_y = 9.0 Hz, ’Jy_y = 4.9 Hz, 1H), 3.72—3.56 (m,
16H), 3.44 (s, 3H), 3.34 (t, *Jy_y = 4.8 Hz, 2H), 3.29—3.33 (m, 1H)
3.10-2.93 (m, 1H). *C NMR (101 MHz, CD,0D) § 169.4, 168.6,
143.9, 139.9, 129.2, 128.6, 71.6, 71.5, 71.3, 71.1, 70.4, 68.1, 55.0, 53.5,
51.8, 42.1, 41.1. HRMS: C4H;oN¢O4S + H* calcd, 503.1919; found,
503.1927; C,oH3,N4O4S + Na* calcd, $25.1738; found, 525.1747. 15b:
'"H NMR (400 MHz, CD;0D) & 8.34 (s, 3H), 8.07 (dd, *J;_gz = 24.0
Hz, 3y = 7.6 Hz, SH), 7.70 (t, *fy_y = 7.7 Hz, 1H), 4.33 (dd,
Ja-u = 8.8 Hz, ¥Jy_y = 47 Hz, 1H), 3.83-3.49 (m, 16H), 3.43
(s, 3H), 3.34 (t, *Jy_y = 4.7 Hz, 2H), 3.29-3.33 (m, 1H), 3.18—2.87
(m, 1H). C NMR (75 MHz, CD;0D) & 169.5, 168.4, 142.0, 136.8,
132.5, 131.1, 130.7, 127.6, 71.6, 71.5, 71.3, 71.1, 70.5, 68.2, 54.9, 53.5,
51.7, 42.1, 41.2. HRMS: C,;;H;(N(OgS + H* calcd, 503.1919; found,
503.1926; C,gH;N4OsS + Na* calcd, 525.1738; found, 525.1739.

3- and 4-Substituted Methyl-(S)-2-{[(2-{2-[2-(2-Azidoethoxy)-
ethoxyjethoxyjethyl)carbamoyliphenylsulfonamido})-3-{3-[4-(pyri-
midin-2-ylamino)piperidin-1-yl]-5-(trifluoromethyl)benzamido]-
propanoates (16a,b). 3-[4-(Pyrimidin-2-ylamino)piperidin-1-yl]-5-
(trifluoromethyl)benzoic acid (3, 0.38 g, 1.00 mmol) was suspended
in DMF (15 mL) and cooled to 0 °C. N-Methylmorpholine (NMM,
0.20 g, 1.60 mmol) and (benzotriazol-1-yloxy)tris(dimethylamino)-
phosphonium hexafluorophosphate (BOP, 0.50 g, 1.10 mmol) were
added, and the mixture was stirred for 10 min at 0 °C. The amino
derivative (15a or 15b, 0.50 g, 0.94 mmol) was added, and the mixture
was stirred at room temperature overnight. After aqueous workup and
chromatographic purification (C-18-RP, MeOH/H,0, 3:2), the pro-
ducts were obtained in 56% (16a, 0.45¢g, 0.53 mmol) and 96% (16b,
0.77 g, 0.90 mmol) yield, respectively. 16a: '"H NMR (600 MHz,
CDCly) 6 826 (d, Jy_y= 4.8 Hz, 2H), 7.87—7.78 (m, 4H), 7.47
(s, 1H), 7.36 (t, 3Jy_y = 6.0 Hz, 1H, NH), 7.31 (s, 1H), 7.14 (s, 1H),
7.09 (t, *Jy_u = 5.4 Hz, 1H, NH), 6.50 (t, *Jy;_y = 4.8 Hz, 1H), 5.81
(d, ¥y = 7.7 Hz, 1H, NH), 420 (m, 1H), 4.01-3.94 (m, 1H),
3.83—3.73 (m, 2H), 3.66—3.56 (m, 16H), 3.55 (s, 3H), 3.30 (t, *Jy_y =
49 Hz, 2H), 3.02—2.92 (m, 2H), 2.08 (t, 3Jy_y = 8.6 Hz, 2H),
1.60—1.52 (m, 2H). C NMR (151 MHz, CDCl,) § 170.1, 167.4,
165.8, 161.4, 158.0, 151.4, 142.3, 138.4, 1354, 131.6 (q, YJor =
32 Hz), 1279, 127.1, 1239 (q, Yc_r = 273 Hz), 1176, 114.8, 113.2,
110.5, 70.5, 70.4, 70.1, 69.9, 69.5, 55.7, 53.0, 50.6, 47.7, 47.4, 42.5, 40.0,
31.4. YF-NMR (564 MHz, CDCl;) § —62.7. HRMS: C34H,sF3N ;0,8
+ H" caled, 851.3165; found, 851.3166; C3H,sF3N;iOS + Na* calcd,
873.2936; found, 873.2964. 16b: 'H NMR (600 MHz, DMSO-d;)
5 824 (d, ¥Jy_y = 47 Hz, 1H, NH), 820 (t, ¥Jy_y = 1.6 Hz, 1H),
8.02—7.96 (m, 1H), 7.84 (ddd, ¥y_y = 7.8 Hz, *Jy_n = 1.8 Hz, *Jy_y =
1.1 Hz, 1H), 7.56 (t, 3Jy_y = 7.8 Hz, 1H), 7.50 (s, 1H), 7.35 (s, 1H),
7.28 (s, 1H), 7.09 (d, Jy_g = 7.9 Hz, 1H, NH), 6.51 (t, ¥Jy_y =
4.8 Hz, 1H), 4.14 (d, ¥Jy_y = 7.3 Hz, 1H), 3.96—3.87 (m, 1H), 3.83
(d, ¥4y = 13.0 Hz, 2H), 3.56—3.46 (m, 14H), 3.56—3.45 (m, 1H),
3.41 (s, 3H), 3.35—3.32 (m, 1H), 2.99—2.82 (m, 2H), 1.93 (d, ¥Jyg_u =
10.3 Hz, 2H), 1.55 (dd, *Jy_y = 11.3 Hz, *Jy_y = 2.7 Hz, 2H). BC
NMR (151 MHz, DMSO-d;) § 170.5, 166.2, 1652, 162.1, 158.4,
151.4, 141.5, 136.0, 135.5, 131.3, 130.5 (q, JJo_r = 32 Hz), 129.6,
129.3, 1258, 1246 (q, YJe_r = 272 Hz), 117.6, 1139, 113.0,
1104, 702, 702, 70.1, 70.0, 69.7, 69.2, 552, 52.4, 50.4, 47.8,
47.5, 41.8, 36.9, 31.2. YE-NMR (564 MHz, DMSO-d;) § —61.6.
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HRMS: C;H,sNoF;0,S + H* caled, 851.3117; found, 851.3103;
C3¢H4sN oF30,S + Na* caled, 873.2936; found, 873.2927.

3- and 4-Substituted (S)-2-{[(2-{2-[2-(2-Aminoethoxy)ethoxy]-
ethoxyjethyl)carbamoyliphenylsulfonamido}-3-(3-{4-[(1,4,5,6-tetra-
hydropyrimidin-2-yl)amino]piperidin-1-yl}-5-(trifluoromethyl)-
benzamido)propanoic Acid (17a,b). The final precursor amino
propanoic acids 17a and 17b were obtained after hydrogenolytic
reduction and subsequent saponification. In detail, compounds 16a
(0.50 g, 0.59 mmol) and 16b (0,91 g, 1.10 mmol) were dissolved in
methanol/dioxane 1:1 (60—100 mL) containing 1 N HCI (1-2 mL)
and platinum dioxide (1% w/w) in a stainless steel autoclave.
Hydrogenolytic reduction was accomplished by stirring for 4 h at a
hydrogen pressure of 12 atm. After filtration and evaporation, the
products were obtained as the monohydrochloride salts in yields of
81% (from 16a, 397 mg, 480 umol) and 67% (from 16b, 610 mg,
750 umol), respectively. Subsequent saponification with LiOH
(5 equiv) in a THF/MeOH/H,O mixture (3:1:1) at room tem-
perature for S h yielded the propanoic acids in 75% (17a, 291 mg,
357 pmol) and 45% (17b, 410 mg, SO1 umol) yield, respectively, after
HPLC purification. 17a: "H NMR (400 MHz, DMSO-d,) & 8.78 (t,
3y = 5.4 Hz, 1H, NH), 8.70 (t, ¥J5_y = 5.8 Hz, 1H, NH), 8.46 (d,
Ju-n = 92 Hz, 1H, NH), 7.93 (d, ’Jy_y = 8.5 Hz, 2H), 7.83
(d, u_y = 8.6 Hz, 2H), 7.64 (d, 3Jy_y = 8.2 Hz, 1H, NH), 7.55
(s, 1H), 7.41 (s, 1H), 7.30 (s, 1H), 4.11 (dt, *Jy_y; = 89 Hz, Jy_y =
7.0 Hz, 1H), 3.84 (d, 3Jy_g = 12.8 Hz, 1H), 3.64—3.46 (m, 13H),
3.45-329 (m, 3H), 3.28—3.19 (m, 4H), 2.88 (t, Jy_y = 11.5 Hz
2H), 1.91 (d, ¥Jg_g = 10.4 Hz, 2H), 1.82 (dt, *Jy_y; = 11.3 Hz, ¥Jg_g =
5.8 Hz, 2H), 1.49 (dd, *Jy_y = 20.6 Hz, ¥4_y =10.6 Hz, 1H). *C
NMR (101 MHz, DMSO-dy) & 171.0, 165.5, 164.9, 158.4 (q, *Jc_r =
36 Hz), 151.8, 150.7, 143.2, 137.4, 135.7, 130.0, 127.7, 126.4, 124.1
(g Ye_p= 273 Hz), 117.3, 113.5, 1132, 69.6, 69.6, 69.5, 69.5, 68.7
66.6, 54.8, 47.3, 46.6, 41.5, 39.6, 37.9, 30.8, 19.6. ’F-NMR (564 MHz,
DMSO-dg) § —61.2. HRMS: CyqH,oFiN;O,S + H calcd, 815.3355;
found, 815.3368. 17b: 'H NMR (600 MHz, DMSO-d;) & 824
(d, 3Jyy_n = 4.7 Hz, 1H, NH), 8.20 (t, *;;_y; = 1.6 Hz, 1H), 8.02—7.96
(m, 1H), 7.84 (ddd, 3Jy_y = 7.8 Hz, ¥Jy_y = 1.8 Hz, ’J,;,_y = 1.1 Hg,
1H), 7.56 (t, *Jy_y = 7.8 Hz, 1H), 7.50 (s, 1H), 7.35 (s, 1H), 7.28
(s, 1H), 7.09 (d, *Jy_g = 7.9 Hz, 1H, NH), 6.57—6.48 (m, 1H), 4.14
(d, *Jy_y = 7.3 Hz, 1H), 3.96—3.87 (m, 1H), 3.83 (d, *J3_y = 13.0 Hz,
2H), 3.56—3.45 (m, 13H), 3.35—3.32 (m, 4H), 2.99—2.82 (m, 2H),
1.93 (d, ¥Ju_u = 10.3 Hz, 2H), 1.79 (dd, ¥Jy_y = 11.4 Hz, 3y =
5.8 Hz, 2H), 1.54—1.45 (m, 2H). *C NMR (151 MHz, DMSO-d;)
5 171.5, 165.8, 165.2, 162.1, 152.5, 151.6, 141.7, 136.0, 135.4, 131.3,
1304 (q, ¥Jc_r = 32 Hz), 129.6, 129.3, 125.8, 124.6 (q, Jer =
272 Hz), 118.2, 113.9, 114.3, 70.2, 70.1, 70.1, 70.0, 69.6, 69.2, 55.2,
47.8, 47.5, 41.5, 38.9, 384, 36.9, 31.0, 20.1. F-NMR (282 MHz,
DMSO-dg) § —61.3. HRMS: CyqH,oF3N;O,S + H calcd, 815.3368;
found, 815.3375; CayeHusFsNgOoS + Na* caled, 837.3188; found,
837.3162.

Echistatin Assay. Plates (96 well) were coated with integrin (a,f;
or afs, 1 pg/mL, 100 L) in coating buffer (Tris-HCI 25 mM, NaCl
150 mM, CaCl, 1 mM, MgCl, S00 uM, MnCl, 1 mM) at 4 °C
overnight. Surfaces were blocked with 1% bovine serum albumin
(BSA) in coating buffer for 2 h at rt and washed twice with binding
buffer (0.1% BSA, Tris-HCl 25 mM, NaCl 150 mM, CaCl, 1 mM,
MgCl, S00 M, MnCl, 1 mM). Antagonists S, 17a, 17b, and RGD
peptide (concentrations from 1 pM to 100 M) and '*I-echistatin
(60 pM, PerkinElmer Life Sciences) were added, and incubation was
maintained for 3 h at rt. After washing twice with binding buffer, the
remaining radioactivity was removed with hot 2 N NaOH (200 uL),
transferred to counting tubes, and determined with a y-counter
(Wallac Wizard 3, PerkinElmer Life Sciences).

Fluorescent Labeling of Amino-PEG Derivative. Amino
derivative 17a was chosen for labeling experiments. An amount of
1.0 umol of 17a was dissolved in 100 uL of DMSO and transferred
into 700 uL of 0.1 M NaHCO; buffer, pH 8.6—9.2. To this solution
was added 1.0 ymol of dye-NHS ester (DY-495 or Cy S.5) dissolved in
200 puL of DMSO. After shaking for 4—6 h at room temperature, the
mixtures were transferred into the HPLC system and purified using
the following semipreparative setup: Nucleosil 100-5 C18 column

(250 mm X 8.0 mm); A = 254 nm; flow =5.5 mL/min; eluents: A,
water for injection/trifluoroacetic acid (TFA) 1000:1 (v/v); B,
acetonitrile/TFA 1000:1 (v/v); DY-495-derivatives were purified as
follows: elution gradient: 90% A to 35% A in 1S min, 35% A for
15 min, from 35% to 90% A in 2 min (tg = 25.9 min for 17a—DY-495).
The Cy S$.5 derivative was purified as follows: elution gradient: 90%
A to 45% A in 15 min, 45% A for 15 min, from 45% to 90% A in
2 min (tg = 14.7 min). The desired fractions were collected, and after
evaporation of the solvent, the residues were reconstituted in PBS
(17a=Cy S.5) or PBS containing 20% DMSO (17a—DY-495). The
identities of the conjugates were proven by mass spectrometry.

MALDI-MS of 17a—Cy 5.5: C;6Hy,F3N100,,8s" caled m/z, 1713.5;
found m/z, 1713.4; C,sHg,F3N;(0,,SNa* caled m/z, 1735.5; found
m/z, 1735.4; C;¢HooF3N;(0,,SsNa," caled m/z, 1757.5; found m/z,
1757 4.

HRMS of 17a—DY-495: Cx,H; F3NgO,S* caled m/z, 1286.4686;
found m/z, 1286.4700; Cs,H,,F3NyO,(S** caled m/z, 643.7380; found
m/z, 643.7383.

The concentrations of the tracers were determined by photometric
measurements using a Hitachi U-3010 spectrophotometer (Hitachi
High-Technologies Europe GmbH, Mannheim, Germany). At least
five different concentrations of the reconstituted solutions were
measured at wavelengths of 493 nm (17a—DY-495) and 676 nm
(17a—Cy S.5), respectively. After recording the absorption values, the
concentrations were determined employing Lambert—Beer’s law
(absorption coefficient &, = 70 000 and 250 000 L-mol™'-cm™ for
DY-495 and Cy S.5, respectively). The determined yields after these
steps were 30% (17a—DY-495) and 48% (17a—Cy S.5).

Cell Culture. Human melanoma M-21 cells,** the human
adenocarcinoma cell line MCF-7 (ATCC: HTB-22; Manassas, VA),
and human glioblastoma U-87MG cells (ATCC: HTB-14; Manassas,
VA) were cultured in RPMI-1640 or MEM (Invitrogen Corporation,
San Diego, CA) supplemented with 10% fetal calf serum, penicillin,
and streptomycin. Cells were grown routinely in a monolayer culture
at 37 °C in a 5% CO, humidified air atmosphere in T75 cell culture
flasks. Medium was changed every 3—4 days. Before use, the cells were
incubated with trypsin/EDTA and resuspended in PBS at appropriate
concentrations.

In Vitro Studies on Cells. Cells (50000 cells/100 uL) were
seeded on slides, incubated at 37 °C (5% CO,) overnight, washed with
PBS, and incubated in fixation solution (4% formalin, rt, 10 min). After
washing with PBS, the cells were incubated in blocking solution (PBS/
BSA, 0.1%, 15 min, rt), washed twice in PBS (Ca®*/Mg*), and
preincubated in binding buffer (50 mM NaCl, 10 mM MgCl,, 10 mM
MnCl,, pH 7.2) for 1 min. The cells were incubated with 17a—DY-495
(0.2 nmol/100 L) at room temperature for 3 h and washed with PBS.
Nuclear counterstaining was performed with 4’,6-diamidino-2-phenyl-
indole (DAPI). Fluoromount (Sigma-Aldrich, St. Louis, MO) and
cover slides were added. For blocking studies, cells were washed with
PBS twice and treated with 0.1 gmol of RGD peptide in binding buffer
for 10 min. The blocking solution was removed, and 100 pL/well of
fluorescent tracer 17a—Cy 5.5 (0.2 nmol/100 uL) was added. After an
incubation period of 1 h at room temperature, cells were washed again
with PBS/ Caz"/Mg2+ and Fluoromount, and cover slides were added.
Immunofluorescence was evaluated using fluorescence microscopy
(20X objective magnification, Nikon TE 2000-S). The microscope
was equipped with a mercury vapor lamp, 377/447, 480/535, and
620/775 nm (excitation/emission) filters (DAPL, FITC, and Cy S.5,
respectively), a Nikon DXM1200F camera, and Nikon’s NIS-Elements
software (Nikon, Tokyo, Japan).

Xenografts. All animal experiments were carried out according to
approved protocols of the animal ethics committee of the University of
Miinster, Germany. Athymic 7- to 9-week-old female nude mice were
obtained from Charles River (Sulzfeld, Germany) and maintained in a
pathogen-free animal facility with food and water available ad libitum.
The U-87MG xenografts were established by the subcutaneous
injection of 3 X 10° viable tumor cells suspended in 200 yL of saline
into the right hemithorax or the right flank of the animals through
26-gauge needles. Cells were allowed to grow for 8 to 12 days to reach
tumor sizes of 4—8 mm.
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In Vivo Fluorescence Reflectance Imaging (FRI). Near-infrared
FRI was performed using the In-Vivo FX Pro Imaging System (Bruker
BioSpin GmbH, Rheinstetten, Germany) equipped with a 400 W
halogen illuminator with Cy S.S bandpass excitation (625 + 18.0 nm)
and emission filters (700 + 17.5 nm). Fluorescence signals were captured
with a 4 X 10° pixel cooled charge-coupled device (CCD) camera
equipped with a 10X zoom lens. Mice were anesthetized by isoflurane
inhalation and received Cy 5.5-labeled tracer 17a—Cy 5.5 (2.0 nmol/
animal, n = 3—6) dissolved in saline (150 yL) via the tail vein. Images
were captured at several time points up to 48 h after probe injection, with
an acquisition time of S s and identical window settings (binning, f-stop,
field of view). For biodistribution studies, animals were sacrificed after
24 h (flank xenografts) or 48 h (breast xenografts) by carbon dioxide

inhalation. Organs were removed, washed, and placed on a Petri dish for
fluorescence imaging. Fluorescence images were analyzed and
coregistered with the anatomic white light images, and region of interest
(ROI) analyses were performed using Bruker MI 7.1 software.
Histological Examination of Tumor Tissue. After FRI, tumors
(breast xenografts) were snap-frozen in cryopreservation medium
(OCT) and cryosectioned (S pm). Frozen tissue sections were fixed in
methanol for 10 min, air-dried, washed with PBS, and blocked with
10% goat serum/PBS for 20 min. After additional washing, sections
were incubated with primary antibody (ab7166, Abcam, Cambridge,
UK) at a dilution of 1:100 for 1 h, washed again, and incubated with
secondary antibody (FITC-labeled goat anti-mouse 115-095-208,
Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:100

Cilengitide

Figure 1. (A) Docking results of compound 5 with protein structure 1LSG. (B) Overlay image of the co-crystallized cyclic RGD peptide cilengitide
(red) with compound § (green) at the MIDAS site of @, f; showing the unsubstituted phenyl sulfonamide residue. (C) Molecular structures of lead
compound § and cilengitide with the important sites displayed in blue.

Scheme 1. Preparation of Lead Compound § as Adapted from Kubota'®*
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Na[BH(AcO),]; (vi) H,, PA(OH),; (b) (i) 2-bromopyrimidine, MeOH; (ii) THF/MeOH/H,O 3:1:1, LiOH (5 equiv); (c) BOP, NMM, DMF;
(d) Pd/C, H,, TFA, MeOH; (e) THF/MeOH/H,O 3:1:1, LIOH (5 equiv).
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for 1 h. Nuclear counterstain was performed with DAPI Staining
procedures in the absence of the primary antibody served as a control.
Slides were washed again with PBS, and Fluoromount and cover slides
were added. Tracer binding to tumor tissue was evaluated by
incubating fixed sections with 2 yM 17a—Cy 5.5 in binding buffer
for 1 h at 37 °C. After nuclear counterstaining, slides were washed with
PBS, and Fluoromount and cover slides were added. Fluorescence was
directly visualized by fluorescence microscopy.

Scheme 2. Synthesis of Building Block 11 Starting from and
p-Hydroxybenzensulfonate 6 and Diaminopropionic Acid
(DAP)*

OH OBn OBn
a b
® .0 .0 .0
na® CoS% HOS%0 crSo
6 7 8
OBn
HoN NHZOH : Ho N 8d
Ny Boc N ~"co,Me S0
(6] 7
9 ,N\/\
DAP Boc CO,Me
10
OBn O/\(\/O\J;\Ns
e, f
H HN,SOZ _— H HN,SOz
NOA
Boc CO,Me Bo c’N\)*\Cone
10 1

“Reactions and conditions: (a) BnBr, NaH, DMF; (b) SOCl,, DMF;
(¢) (i) SOCl,, MeOH; (ii) Boc,O, Et;N, CH,Cly; (d) Et;N, CH,Cl,,
0°C; (e) PA(OH),, H, (40 atm), MeOH/dioxane 1:1; (f) MsO-PEG,-N,,
DMEF, Na,CO,, 90 °C, 16 h.

B RESULTS AND DISCUSSION

The degree of angiogenic activity of tumor lesions is typically
closely related to their growth behavior and aggressiveness.
One relevant molecular factor determining the angiogenic
potential of tumor cells is integrin receptor expression.
Particularly in the vasculature, where integrin cell adhesion
receptors are highly expressed on proliferating but not on
quiescent endothelial cells, integrin activation results in
angiogenic sprouting of new vessels and tumor progression.
The most common integrin binding sequence, the Arg-Gly-Asp
(RGD) motif, has been widely used for endothelial targetin§
for diagnostic and therapeutic purposes in cancer."®?
Therapeutic targeting of the a,f; integrin has been successfully
performed using fusion peptides containin§ the RGD sequence
combined with a truncated tissue factor.”>*” The cyclic RGD
peptide cilengitide,”®** a specific @,f3; integrin antagonist, is
currently undergoing clinical trials; this is also true for specific
antibodies and a first non-peptide a@,3; integrin antago-
nist.'”***! Radiolabeled RGD peptide motifs have been applied
as diagnostic agents, demonstrating in vivo target expression by
PET.>'*'***%3 More recently, fluorochrome labeling of RGD
peptides and tumor targeting with these optical probes using
fluorescence reflectance and tomographic imaging methods
have been shown to be feasible.'>"'**%*"**=3" This work aimed
at the synthesis and first in vitro and in vivo evaluation of an
RGD-mimetic near-infrared fluorescent integrin ligand. Non-
peptidic structures offer a number of advantages: they feature
wide variability with respect to chemical modifications, e.g., for
specificity tuning, options for large-scale syntheses, and high
stability. We chose a recently published compound with high
affinity and specificity as our lead structure.'®

Docking. To investigate for possible modification sites on
the chosen compound, we performed a virtual molecular
docking study using the published crystal structure of integrin
a,f; (PDB code 1L5G) and the free software AutoDock Vina.
The co-crystallized RGD ligand cilengitide was removed, and a
3D structure of S was inserted. The two different ligands are
shown in Figure 1C. Figure 1A shows the location of § within
the MIDAS binding domain of ;. The docking results
show a bent structure of the molecule at the binding site. In

Scheme 3. Synthesis of 15a and 15b via PEGylated Arylsulfonyl Chlorides 14a and 14b“
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15a R = 4-C(O)NH-(CH,CH,0)3CH,CH,N3
15b R = 3-C(O)NH-(CH,CH,0)3CH,CH,N;

“Reactions and conditions: (a) SOCl,, DMF; (b) NH,-PEG,-N,, THF, Et;N, DMAP, —78 °C; (¢) (i) CH,Cl,, Et;N, 0 °C; (ii) 4 M HCl/dioxane, 0 °C.
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Figure 2. Results from competition binding experiments with '*I-echistatin on a,f; and qyf; showing the competition curves of (A) lead
compound 5, (B) a cyclic RGD peptide, and the amino-PEG-derived precursor compounds (C) 17a and (D) 17b.

Scheme 4. Synthesis of Precursor Compounds 17a and 17b*

R
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15a R = 4-C(O)NH-(CH,CH,0)3CH,CH,N3
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R'

b CF3 s/o
g OHNTT2
xS

17a R’ = 4-C(O)NH-(CH,CH,0)3CH,CH,NH, 74%
17b R' = 3-C(O)NH-(CH,CH,0);CH,CH,NH,, 45%

“Reactions and conditions: (a) BOP, NMM, DMF 0 °C; (b) (i) PtO,,
H, (12 atm) MeOH, HCI (1 N), (i) THF/MeOH/H,0 3:1:1, LIOH
(5 equiv).

comparison to cilengitide (Figure 1B), it is obvious that the two
binding moieties (guanidine and carboxylic acid) show similar
orientations. Examining for possible modification sites shows
that the aromatic sulfonamide side chain is placed inside a small
swale that is easily accessible and suggests that a modification at
the para or meta position should be possible without
compromising the binding affinity. The calculated orientation
of § is contrary to that of earlier pharmacophore-based

Table 1
compound ICsy a3 (nM)  ICgy oy (nM)  specificity
S 77.9 + 30.7 707 + 240 1:9
5° 18 2000 1:110
17a 58.0 + 9.7 2800 + 1050 1:45
17b 25.5 + 6.0 2340 + 800 1:88
cyclo-[CRGDC]GK 14.0 + 4.2 446 + 157 1:32
cilengitide” 0.58 860 1:1500
“Kubota et al.'® ®Mas-Moruno et al?’
o H\*\ /*/H R £o0H_on
o N
S \(BI/\/\/\H O C
”
CF, 7
so.
y HNE2 17a-DY-495
aNcasha :
NN 0
H H

Figure 3. Molecular structures of the two synthesized fluorescent
tracers for selective a,f3; imaging. (Top) Fluorescein-derived 17a—DY-
495 can be used for in vitro studies; (Bottom) NIR-dye labeled 17a—
Cy 5.5 is a dedicated tracer for preclinical in vivo imaging.

modeling results, where the Arg-mimetic group often showed
different orientations,® but it is similar to more recent studies,
h ifi d d 39—-43
where more specific compounds were tested.
Chemistry. The general strategy for the sl&nthesis of lead
compound § was developed by Kubota et al.'"** This synthesis
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Figure 4. In vitro cell binding studies with 17a—DY-495 on (A) M-21
melanoma, (B) U-87MG glioblastoma, and (C) MCF-7 adenocarci-
noma cells. Green, tracer fluorescence; blue, DAPI nuclear counter-
stain.

Figure S. In vitro cell binding studies with 17a—Cy 5.5 on M-21
melanoma cells showing the specificity of binding with (C, D) and
without (A, B) coincubation with an excess of RGD peptide. Red,
tracer fluorescence (A, C); blue, DAPI nuclear counterstain (B, D).

Figure 6. Exemplary in vivo overlay images (X-ray/fluorescence) of
mice bearing U-87MG xenografts on the (A, B) breast and (C) flank.
Animals received 2.0 nmol of 17a—Cy S.5; images were acquired
after 24 h.

involved amide coupling of tricyclic aminopyrimidine benzoic
acid building block 3 to sulfonamide derivatized amino-
propionic acid 4 followed by hydrogenation of the amino-
pyrimidine moiety and subsequent hydrolysis of the ester group
(Scheme 1). In order to assemble the corresponding ligand
furnished with a short spacer and an amine functionalization, a
mini-PEG chain should be introduced at the phenylsulfonamide
residue. The mini-PEG approach has recently been shown to
separate dgre and ligand sufficiently for preserved receptor
affinity.*>*® Our first approach to modify ligand § is outlined in
Scheme 2. 4-(Benzyloxy)benzenesulfonyl chloride was synthe-
sized from commercially available sodium-4-hydroxybenzene-
sulfonate 6 in two steps, as reported by Wang et al,*” in 72%

overall yield. The resulting arylsulfonyl chloride 8 was coupled
with N-$-Boc-L-2,3-diaminopropionic acid methyl ester 9 to
yield compound 10. After deprotection of the benzyl group
(hydrogenolysis), the resulting phenol was coupled with PEG-
derivative MsO-PEG,-N; under basic conditions. Unfortu-
nately, the basic conditions used (relatively high temperatures,
strong base) in this step promoted the isomerization of the
chiral center in the & position related to the carbonyl group.
Because changing these conditions, such as changing the
temperature and leaving group or attempts to PEGylate
sodium-4-hydroxybenzenesulfonate 6 directly, offered no
significant improvement, we turned our attention to a
conceptually different approach based on PEGylated arylsufonyl
chlorides 14a/14b as building blocks (Scheme 3). This allows
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Figure 7. Results of in vivo imaging experiments. (A) Fluorescence intensity time curves of tumor xenografts (flank and breast) in comparison to
muscle fluorescence. (B) Biodistribution results after 24 h (flank) and 48 h (breast). The fluorescence intensity from selected explanted organs is
measured. (C) Comparison of tumor-to-muscle (t/m) ratios of the two xenograft models. Histological examination of target expression in tumor
samples (20X magnification). (D) The CDS1/CD61 antibody demonstrates a high amount of integrin a,f; on tumor sections. (E) Control
experiment without primary antibody depicting secondary antibody background. (F) Tracer distribution on adjacent tumor sections shows a
comparable accumulation at the cell surface (blue, DAPI nuclear counterstain).

coupling under mild conditions with chiral amino acid deriva-
tives like 9.

The syntheses of key building blocks 15a/15b were realized
by starting from commercially available sulfobenzoic acid
monopotassium salts 12a/12b, which were converted to their
corresponding acid chlorides 13a/13b using thionyl chloride
in DMF. The following selective amid coupling with amino
PEG derivative NH,-PEG,-N; was carried out at low tem-
perature (—78 °C) in the presence of catalytic amounts of
4-(dimethylamino)pyridine (DMAP) in order to promote the
amide formation with carbonyl chloride over sulfochloride
function. Furthermore, optimization of the reaction conditions
identified THF as the best solvent, giving a yield of up to 72%.
N-Boc deprotection was carried out by treatment with
hydrochloric acid in dioxane to yield building blocks 15a/15b.
In the following step (Scheme 4), tricyclic aminopyrimidine

benzoic acid building block 3 was coupled with 15a/15b to
afford the amides 16a/16b. Both the azide function and the
aminopyrimidine ring were then reduced with hydrogen gas
(pH, = 12 atm) and PtO, in a mixture of hydrochloric acid and
methanol. Finally, hydrolysis of the ester group with LiOH in a
THF/MeOH/H,O solvent system™® was performed, giving the
desired precursor compounds 17a/17b.

Competition Binding Assay Using '%I-Echistatin. The
binding potential of the synthesized precursor compounds 17a
and 17b was evaluated in a competition binding assay by
replacing '*I-echistatin (Figure 2). The established RGD
peptide ¢yclol CRGDC]GK and lead compound $ were also
tested for comparison. All new compounds showed excellent
binding to integrin a,f;, with ICs, values in the low nanomolar
range, and a good specificity compared to binding to oy
(Table 1). The binding of the RGD peptide showed moderate
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specificity for a,f;, whereas the values we received for
compound 5 showed only a low specificity and therefore
differed from those found in the literature.

Cell Binding Studies. Human melanoma M-21 cells,
human adenocarcinoma MCEF-7 cells, and human glioblastoma
U-87MG cells were tested for target expression by RT-PCR
(data not shown), which confirmed described expression
patterns.”***° For in vitro cell binding studies, 17a—DY-495
and 17a—Cy S.5 were used (Figure 3). 17a—DY-495 shows
binding to a,f;-positive M-21 melanoma and U-87MG cells
(Figure 4A,B) but not to @, f3;-negative MCF-7 cells (Figure 4C).
The binding specificity was evaluated with 17a—Cy 5.5 on
M-21 cells by predosing with excess RGD peptide. The
experiment shows that binding of 17a—Cy 5.5 to M-21 cells
was inhibited in the presence of RGD peptide (Figure $),
confirming binding of the tracer to integrin o f;.

In Vivo Imaging and Target Identification. We imaged
two different U-87MG xenograft models with 17a—Cy S5.5: one
model with tumors on the flank and one with tumors on the
breast. Both models showed excellent tracer accumulation at
several time points (Figure 6). ROI analysis demonstrated that
tumor lesions show an enhancement of signal intensity (SI)
between 30 and 60 min, whereas muscle fluorescence is
declining (Figure 7A). One hour p., both xenografts show
highly significant differences between muscle and tumor tissue.
This significant difference can mainly be observed throughout
the course of the experiment up to 24 or 48 h. Significant
differences in SI between the both xenografts were not
observed. Tumor-to-muscle (t/m) ratios of breast tumors,
however, do not rise above 1.5:1 (measured at 1 h), whereas
tumors on the flank show ratios of up to 2.5:1 at 24 h (Figure 7C).
The biodistribution of the tracer was examined after 24 h in
animals bearing xenografts on the flank and after 48 h in
animals bearing xenografts on the breast (Figure 7B). In both
cases, SI in tumor tissue was highest, followed by kidneys, liver,
lung, and gall bladder. At 24 h, a significantly higher SI was
observed in the kidneys and the gall bladder compared to 48 h
values. This is probably due to a not yet complete excretion of
the tracer at the earlier time point. Also, in tumor tissue, a
significant difference in SI was observed, although this might be
attributed to the different xenograft location. Histological
analysis of tissue sections revealed a high amount of @, f; in the
tumor xenografts, as identified from specific CD51/CD61
antibody staining (Figure 7D,E). This staining showed similar
patterns as those from staining with 17a—Cy 5.5 (Figure 7F)
on adjacent sections, also suggesting the specificity of the
developed tracer.

B CONCLUSIONS

In summary, we present here a new non-peptidic fluorescent
tracer capable of binding to a,f; integrin with high affinity and
selectivity with respect to platelet fibrinogen receptor oS
The synthesis of the new compound was possible by
introducing a PEG-modified arylsulfonyl chloride as the key
building block. The in vitro evaluation of the synthesized tracer
shows promising results, especially because of the high
specificity to the target structure. These favorable characteristics
are also reflected in in vivo experiments with murine xenograft
models of high a,f; integrin expression and will possibly enable
a better understanding of integrin pathophysiology.
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