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Synthesis, in vitro, and in vivo characterization of an integrin
avb3-targeted molecular probe for optical imaging of tumor
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Abstract—Integrin avb3 is a widely-recognized target for the development of targeted molecular probes for imaging pathological
conditions. avb3 is a cell-surface receptor protein that is upregulated in various pathological conditions including osteoporosis, rheu-
matoid arthritis, macular degeneration, and cancer. The synthesis of an avb3-targeted optical probe 7 from compound 1, and its in
vitro and in vivo characterization is described. A series of aliphatic carbamate derivatives of the potent non-peptide integrin antag-
onist 1 was synthesized and the binding affinity to avb3 was determined in both enzyme linked immunosorbent assay (ELISA) and
cell adhesion inhibition assays. The hydrophobic carbamate-linked appendages improved the binding affinity of the parent com-
pound for avb3 by 2–20 times. A Boc-protected neopentyl derivative in the series is shown to have the best binding affinity to
avb3 (IC50 = 0.72 nM) when compared to compound 1 as well as to c-RGDfV. Optical probe 7 utilizes the neopentyl linker and
demonstrates increased binding affinity and significant tumor cell uptake in vitro as well as specific tumor accumulation and reten-
tion in vivo. These results illustrate the potential of employing integrin-targeted molecular probes based on 1 to image a multitude of
diseases associated with avb3 overexpression.
Published by Elsevier Ltd.
1. Introduction

The integrins are a family of cell-surface glycoproteins
that mediate cell survival, proliferation, and cell migra-
tion through explicit non-covalent interactions with
endogenous extra cellular matrix (ECM) proteins. To
date, 19 alpha and 8 beta mammalian subunits have
been identified in this class and their distinct pair-wise
combinations consequently provide 25 unique heterodi-
meric transmembrane receptor proteins.1 Investigations
into the basic structure of the integrins utilizing electron
microscopy2 reveal that these proteins consist of a large
N-terminal extra cellular domain, a membrane-spanning
region, and a short cytoplasmic tail. The structure of the
integrins allows them to function as bidirectional cellu-
lar signal transducers.3 Conformational changes in-
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duced by ligand binding to integrins invoke signaling
cascades inside the cell that regulate gene expression,
activate kinases, and direct cytoskeletal organization.4

Alternatively, internal cellular activation can produce
both conformational changes and multimeric clustering
of the integrins, which results in non-constitutive bind-
ing to ligands, ECM components, as well as other cells.5

The type and degree of the signaling event is determined
by the conformation and nature of the ligand and is regu-
lated by divalent cations bound to metal ion-dependent
adhesion sites on the integrin receptor.6

The vital role integrins play in fundamental cellular pro-
cesses renders them as attractive targets for the develop-
ment of treatments for a variety of diseases. Among the
more prominent targets is the integrin avb3, which has
been implicated in the formation of new blood vessels
(angiogenesis) and tissue remodeling in major diseases
such as osteoporosis,7 rheumatoid arthritis,8 macular
degeneration,9 and cancer.10 The avb3 integrin receptor
has also been shown to mediate the internalization of
rotavirus11 and adenovirus.12 Integrin avb3 binds to
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the natural ligands vitronectin, fibrinogen, osteopontin,
and bone sialoprotein by recognizing the amino acid se-
quence Arg-Gly-Asp (RGD).13 Several research groups
have synthesized peptide and peptidomimetic small mole-
cule antagonists based on this motif that demonstrate
remarkable affinity and selectivity to avb3.

14

Targeting the integrin avb3 by directly interfering with
its function is potentially a very effective strategy for
the treatment of several diseases.15 Administration of
small molecule antagonists of avb3 has been shown to re-
duce bone resorption in animal models of osteoporo-
sis.16 The monoclonal antibody Vitaxin as well as the
potent cyclic peptide c-[RGDf(N-Me)V] are currently
in clinical trials for avb3-targeted anti-angiogenic cancer
therapy.17 Angiogenesis is a result of multiple biochem-
ical pathways17a,18 and inhibiting solely avb3 might be a
less effective strategy for anti-angiogenic therapy. Re-
cently, the integrin antagonist 1 (Scheme 1) was em-
ployed as the targeting agent for targeted gene delivery
to tumor neovasculature.19 Transfection of a mutant
Raf gene to the tumor associated endothelium led to
tumor cell apoptosis and regression of primary and met-
astatic tumors in M21 tumor-bearing mice. Research in
our laboratory is focused on developing avb3-targeted
low molecular weight compounds and nanoparticle
based therapeutic materials as well as imaging probes.
Apart from the prospective use of the avb3 antagonists
as anti-angiogenic agents, we are also developing novel
delivery systems that use avb3 antagonists as targeting
agents while simultaneously carrying a payload for
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Scheme 1. Synthesis of compounds. Reagents and conditions: (a)

(Boc)2O, Et3N, CH2Cl2; (b) 1,1
0-carbonyldiimidazole, DIEA, CH2Cl2;

(c) DIEA, DMSO, 70 �C; (d) 4 M HCl, dioxane, 0 �C. Yield 5a–d:

66%, 23%, 36%, and 33%, respectively. Compounds 6a–d were

obtained as hydrochloride salts in quantitative yield.
imaging or therapy. The payloads include fluorescent
dyes for optical imaging, gadolinium complexes for
MRI, 111In complexes for SPECT, 18F-labeled probes
for PET, as well as cytotoxic agents or genes for ther-
apy. Several research groups have demonstrated the util-
ity of coupling peptide or peptidomimetic ligands of
avb3 to molecular beacons for use in non-invasive in
vivo imaging of tumor-related angiogenesis.20–23 18F-la-
beled RGD-containing cyclic peptides have been applied
as PET probes.20 DOTA-conjugated non-peptide inte-
grin antagonists chelating 111In or 90Y have been used
for avb3-targeted SPECT imaging as well as therapy,
respectively.21 MRI probes have been developed for in
vivo imaging of tumor models in animals by attaching
avb3 specific antibodies to paramagnetic nanoparticles.22

Most recently, several research groups have prepared
avb3-targeted near-infrared probes utilizing the cyclic
peptide c-RGDyK as the targeting agent for optical imag-
ing in vivo.23 In this paper we describe the synthesis of
novel carbamate linkers of a known integrin antagonist
1 and also the synthesis, in vitro, and in vivo characteri-
zation of an integrin avb3 probe 7 derived from com-
pound 1. Compound 7 represents the first example of
a non-peptide integrin avb3-targeted optical probe. The
convergent synthesis of 1, a nanomolar inhibitor of
avb3, has been previously described as a component of
a liposomal-based nanoparticle system.19 The cen-
trally-constrained benzoylamino-3-propionic acid scaf-
fold originally developed by Duggan et al.24 provides
optimum spacing between the acidic and basic portions
of this RGD mimic. Previous work demonstrated that
when the amine 1 was attached to a nanoparticle system
through an amide linkage, it retained significant binding
affinity to avb3 after conjugation, however extensive
structure–activity studies on the amine terminus of 1
were not examined.19 The current study focuses on
determining the structure–activity relationship potential
at the ethylamine terminus of the molecule and exploit-
ing this potential by attaching a molecular beacon for
optical imaging. Herein, we describe the synthesis of a
series of aliphatic carbamate derivatives of 1 that have
enhanced binding affinity for avb3 and the development
of an integrin-targeted optical probe 7, synthesized from
6a, for in vivo tumor imaging. The in vitro binding affin-
ity of 7 for avb3 and the in vivo biodistribution of 7 in a
mouse melanoma model are also described.
2. Results and discussion

2.1. Synthesis of carbamate-linked derivatives

The synthesis of the carbamate-linked derivatives of 1
(Scheme 1) begins with commercially available amino
alcohols 2a–d. The amines were first protected as their
t-butoxycarbonyl derivatives 3a–d by the method de-
scribed by Ensch and Hesse,25 and their purity was veri-
fied by NMR.26 Protection was followed by activation
of the alcohols as monocarbonylimidazoles 4a–d. The
activated alcohols were then coupled to the free amine
1 in DMSO to provide carbamates 5a–d. In each case,
selective deprotection of the Boc carbamate in the pres-
ence of neopentyl, ethyl, propyl, or butyl carbamate was
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achieved with anhydrous HCl in dioxane at 0 �C to pro-
vide amines 6a–d. Following lyophilization, no appre-
ciable amount of unreacted 1 was detected after
deprotection reactions.27 Compound 7 was synthesized
(Scheme 2) by reacting the amine 6a and the commer-
cially available fluorescein isothiocyanate. All intermedi-
ates and final compounds were characterized by 1H
NMR, 13C NMR, and high-resolution mass spectro-
metry.

2.2. In vitro binding affinity assay

The integrin antagonist compounds were evaluated for
their ability to competitively inhibit the attachment of
the natural ligand vitronectin to purified human avb3
by ELISA and avb3-expressing M21 melanoma cells in
cell adhesion assays. ELISA measured competitive bind-
ing of the integrin antagonist and biotinylated human
vitronectin for the immobilized receptor avb3. For cell
adhesion assays, the M21 cells were first incubated with
the integrin antagonists then subsequently added to 96-
well plates previously coated with human vitronectin.
Inhibition of cell adhesion efficiency was measured by
the detection of the remaining cells stained with crystal
violet after plate washing. The results are summarized
in Table 1. Inhibition of cell adhesion is expressed as a
ratio (Q) relative to the parent compound 1 due to the
inherent variability of the cells used in the assay. The re-
Table 1. In vitro evaluation of carbamate-linked integrin antagonists

Compds R n Y ELISA

IC50, nM
a

Cell

adhesion

Qb

1 — — — 14.1 (±1.4) —

5a CH3 1 –CO2C(CH3)3 0.72 (±0.08) 65.8

5b H 0 –CO2C(CH3)3 1.70 (±0.20) 5.8

5c H 1 –CO2C(CH3)3 1.02 (±0.12) 22.8

5d H 2 –CO2C(CH3)3 1.34 (±0.14) 4.7

6a CH3 1 H 2.94 (±0.19) 5.4

6b H 0 H 3.64 (±0.30) 4.0

6c H 1 H 6.68 (±0.54) 3.9

6d H 2 H 3.13 (±0.33) 1.8

7 CH3 1 Fluorescein 3.4 (±0.33) —

c-[RGDfV]c — — — 6.41 (±0.49) —

aValues are averages of at least three determinations.
b Ratio of the IC50 of 1 to test compound per individual determination.
c Purchased from Bachem Bioscience.
sults of both the ELISA and cell adhesion assays show
that the aliphatic carbamate derivatives of the parent
compound 1 had equal or increased binding affinity
for avb3. In the ELISA, the Boc-protected neopentyl
derivative 5a had an IC50 of 0.72 nM compared to
14.1 nM for compound 1. The propyl derivative 5c,
which had the same chain length but less steric bulk than
5a had only slightly decreased activity.

Deprotection to reveal the terminal amine resulted in a
net decrease in activity for all four linker lengths studied,
however the neopentyl 6a retained superior activity in
this free amine series. The most conspicuous decrease
in activity is observed for the deprotection of the propyl
derivative indicating the geminal methyl groups of the
neopentyl derivatives favor interaction with the recep-
tor. The trends observed in the ELISA are mirrored in
the cell adhesion assay results. Most notable is the dra-
matic increase in activity seen for 5a when compared to
1. This is particularly encouraging as the cell adhesion
assay is designed to more closely resemble activity in
vivo when compared to the ELISA. Furthermore, both
neopentyl derivatives 5a and 6a show superior avb3

binding affinity when compared to the potent cyclic pep-
tide c-[RGDfV] in our assay system.

2.3. In vitro fluorescence microscopy

Further studies with fluorescence microscopy were used
to determine the cellular distribution of 7 in the context
of avb3-expressing cells (M21) in vitro. The M21 cells
were incubated for 5 min following the addition of
500 lL of 7 (50 lg/mL). Cells were mounted and coun-
terstained with 4 0,6-diamidino-2-phenylindole (DAPI)
to delineate the vessels and observed with fluorescence
microscopy. Negative controls were given the same con-
centration of FITC only. Figure 1 summarizes the re-
sults, which suggest that the signal from 7 is found on
the cell membrane surface compared to controls, which
demonstrate non-specific accumulation of FITC outside
the cell.

2.4. In vivo tumor accumulation and biodistribution

Optical imaging of excised organs was accomplished by
using a multispectral imaging system using tunable filter
technology optically coupled to a CCD to generate



Figure 1. Bar represents 20 lM. Fluorescence microscopy of in vitro

cell assay of compound 7 and FITC. M21 human melanoma cells

expressing avb3 were cultured in glass chambers. Cells were given fresh

media 30 min prior to treatment. Compound 7 (500 lL, 50 lg/mL) was

added to each glass chamber and left to incubate for 5 min. Cells were

washed with warm PBS three times and subsequently mounted,

counterstained with DAPI and observed under a fluorescence micro-

scope. Control chambers were given the same concentration of FITC

without compound 7. Signal from compound 7 is present on the cell

membrane surface compared to controls, which demonstrate non-

specific accumulation of FITC signal outside the cell. (A) Cell uptake

of compound 7; (B) cell uptake of the negative control FITC.
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multispectral data. During image acquisition, FITC was
characteristically excited at 494 nm although emission
data were collected from 500 to 950 nm including data
from FITC�s characteristic emission at 518 nm. Because
fluorescein derivates are best suited for imaging superfi-
cial tissues due to the shallow penetration of blue light in
tissue, tumors and various organs were excised to obtain
more accurate biodistribution data.28 For in vivo optical
imaging, the M21 cells were injected into the right flanks
of mice and allowed to grow for 14–21 days into a pal-
pable mass. Compound 7 was injected into the lateral
tail vein of M21 tumor-bearing mice. Controls were
M21 tumor-bearing mice that received no injection.
Preferential retention of the agent in the tumor was fast
and showed marked signal in the tumor at 30 min com-
pared to other organs. The signal remained pronounced
in the tumor and showed decreased signal in the liver at
4 h. The results are summarized in Figure 2. Qualitative
data from the images in Figure 2 are summarized in Fig-
ure 3. At 30 min, the signal intensity in the tumor is
nearly three times that found in the liver and muscle.
At 4 h, the signal intensity in the tumor is nearly four
times that in the liver. These results suggest that com-
pound 7 rapidly accumulates in tumor tissue and contin-
ues to stay bound to avb3-expressing cancer cells despite
partial clearing by the hepatobiliary system after 4 h.
This rapid accumulation of compound 7 in the cancer
cell is consistent with in vitro data aforementioned,
which demonstrates 7 binding to the cancer cell mem-
brane surface after 5 min. To further elucidate the accu-
mulation of compound 7 in avb3-expressing tumors in
vivo, M21 tumor-bearing mice were injected with 7
and subsequently received a lateral tail vein injection
of rhodamine–lectin 2 h later, just prior to eutha-
nization. Rhodamine–lectin is used to delineate the ves-
sels during the microscopic imaging. Tumors were
sectioned, mounted, and counterstained with DAPI
and observed under a fluorescence microscope. The re-
sults are summarized in Figure 4 and they suggest the
intracellular accumulation of compound 7 in avb3-
expressing cancer cells.
3. Conclusion

In conclusion, attachment of aliphatic carbamate linkers
to integrin antagonist 1 resulted in a series of com-
pounds with enhanced binding affinity to avb3. The neo-
pentyl derivative 5a, with the most lipophilic and bulky
linker, was the most efficacious inhibitor of the series in
both ELISA and cell adhesion assays. In addition, in
vitro and in vivo data suggest compound 7 binds to
and accumulates in avb3-expressing tumor cells. Biodis-
tribution data obtained from optical imaging of ex vivo
tumors and various tissues also suggest the preferential
binding of compound 7 in avb3-expressing tumor cells
even after partial hepatobiliary clearance. The terminal
amine of compound 6a can be functionalized to conju-
gate molecular beacons. Using the amine functionality
in compound 6a, integrin avb3-targeted small molecule
imaging probes for other imaging modalities including
PET, SPECT, and MRI are currently being developed
by conjugating appropriate molecular beacons to 6a.
4. Experimental

4.1. General

All solvents and reagents were purchased from commer-
cial sources and used without further purification. Infra-
red spectra were prepared as KBr pellets and recorded
on a Perkin–Elmer Spectrum GX FT-IR spectropho-
tometer. 1H NMR and 13C NMR data were recorded
on a Bruker Ultrashield 300 instrument at 300 MHz
for proton and 75 MHz for carbon using DMSO-d6 or
CDCl3. Mass spectral data for compounds 4a–d were re-
corded on a PE/SCIEX API 2000 instrument whereas
high and low resolution mass spectral data for all other
compounds were recorded on a JEOL JMS HX110
instrument using positive mode FAB with NBA (meta-
nitro benzoic acid) matrix. Purified human integrin
avb3 and purified human vitronectin were purchased
from Chemicon International (Temecula, CA). c-
[RGDfV] was purchased from Bachem Bioscience, Inc.
(King of Prussia, PA) and was used as acquired. For
in vitro assay screening, stock solutions of integrin
antagonistic substances were prepared in anhydrous
DMSO and diluted with purified water. Chemilumines-
cence for ELISA assays and A590 for cell adhesion as-
says were recorded on a Wallac Victor2 1420 Multilabel
Counter.

4.2. Representative procedure for synthesis of N-Boc-
aminoalkyl-carbonyl-imidazoles

4.2.1. 3-(Boc-amino)-neopentyl-1-O-carbonylimidazole
(4a). N,N-Diisopropylethylamine (1.7 mL, 9.85 mmol)
was added to a stirred solution of 3a (2.00 g, 9.85 mmol)



Figure 2. Biodistribution of compound 7 in ex vivo tissues. Imaging of excised tumors and organs 30 min and 4 h post-injection of compound 7 in

M21 avb3-expressing tumor-bearing mice. The organs include tumor, heart, lung, liver, spleen, kidney, and skeletal muscle. Compound 7 is excreted

through the hepatobiliary and genitourinary system. Compound 7 retains signal in the tumor even after partial clearance through the hepatobiliary

system at 4 h. Left panels show the tissue layout, right panels show the results from optical imaging.
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in anhydrous CH2Cl2 (8 mL) under argon. To this solu-
tion, 1,1 0-carbonyldiimidazole (2.80 g, 17.3 mmol) in
CH2Cl2 (22 mL) was added as a slurry and this mixture
was stirred at room temperature for 3 h. The mixture
was diluted to 50 mL with CH2Cl2, cooled to 0 �C,
and washed with ice-cold water (2 · 50 mL). The solvent
was dried over Na2SO4, evaporated under reduced
pressure, and dried under high vacuum to give 4a
(2.72 g, 9.16 mmol, 93%) as a white solid. IR (KBr,
cm�1) 3367w, 3142m, 1759s, 1709s, 1474s, 1303s,
1179s, 1006m. 1H NMR (300 MHz, DMSO-d6): 8.28
(s, 1H), 7.61 (s, 1H), 7.08 (s, 1H), 7.00 (t, J = 6.4 Hz,
1H), 4.04 (s, 2H), 2.95 (d, J = 6.4 Hz, 2H), 1.35 (s,
9H), 0.92 (s, 6H). 13C NMR (75 MHz, DMSO-d6):
156.5, 148.8, 137.7, 130.6, 117.9, 78.0, 73.6, 47.2, 36.0,
28.6, 22.6. MS (electrospray): m/z 298 (100, [M+H]+,
calcd 298).

4.2.2. 2-(Boc-amino)-ethyl-1-O-carbonylimidazole (4b).
White solid. Yield 90%. IR (KBr, cm�1) 3403s, 2980m,
1748s, 1713s, 1526s, 1322s, 1166s, 1006m. 1H NMR
(300 MHz, DMSO-d6): 8.27 (s, 1H), 7.61 (s, 1H), 7.15
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(t, J = 5.7 Hz, 1H), 7.07 (s, 1H), 4.33 (t, J = 5.1 Hz, 2H),
3.33 (m, 2H), 1.36 (s, 9H). 13C NMR (75 MHz, CDCl3):
155.8, 148.6, 137.2, 130.7, 117.2, 80.0, 67.4, 39.4, 28.3.
MS (electrospray): m/z 256 (100, [M+H]+, calcd 256).

4.2.3. 3-(Boc-amino)-propyl-1-O-carbonylimidazole (4c).
White solid. Yield 92%. IR (KBr, cm�1) 3337s,
3141m, 2977m, 1753s, 1721s, 1520s, 1415m, 1160s,
1016m. 1H NMR (300 MHz, DMSO-d6): 8.27 (s, 1H),
7.60 (s, 1H), 7.08 (s, 1H), 6.94 (t, J = 5.5 Hz, 1H), 4.37
(t, J = 6.2 Hz, 2H), 3.09 (m, 2H), 1.84 (m, 2H), 1.35 (s,
9H). 13C NMR (75 MHz, CDCl3): 155.9, 148.7, 137.1,
130.5, 117.1, 79.5, 66.0, 37.1, 29.2, 28.3. MS (electro-
spray): m/z 270 (100, [M+H]+, calcd 270).

4.2.4. 4-(Boc-amino)-butyl-1-O-carbonylimidazole (4d).
Clear oil. Yield 90%. IR (KBr, cm�1) 3407s,
2976m, 2934m, 1764s, 1712s, 1526s, 1475m, 1283s,
1174s, 1004m. 1H NMR (300 MHz, DMSO-d6): 8.26
(s, 1H), 7.60 (s, 1H), 7.08 (s, 1H), 6.84 (t, J = 5.8 Hz,
1H), 4.37 (t, J = 6.3 Hz, 2H), 2.97 (m, 2H), 1.72 (m,
2H), 1.51 (m, 2H), 1.37 (s, 9H). 13C NMR (75 MHz,
Figure 4. Bar represents 50 lM. Fluorescence microscopy of M21 avb3-expre
bearing mice were injected with 7 and subsequently received a tail vein injec

were sectioned, mounted, and counterstained with DAPI and observed

accumulation of compound 7 in avb3-expressing cancer cells. (A) Compound
DMSO-d6): 156.1, 148.8, 137.6, 130.1, 117.9, 77.9,
68.3, 38.6, 28.7, 26.1, 25.7. MS (electrospray): m/z 284
(100, [M+H]+, calcd 284).

4.3. Representative procedure for coupling IA 1 with N-
Boc-aminoalkyl-carbonyl-imidazoles

4.3.1. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(3-butyloxycarbonylamino-neopenta-
1-carbamyl)]-aminoethylsulfonylamino-b-alanine (5a). To
a mixture of 4a (0.42 g, 1.42 mmol) in anhydrous
DMSO (12 mL) under argon, was added (0.50 g,
1.02 mmol) of 1, as the hydrochloride salt, followed by
addition of N,N-diisopropylethylamine (0.53 mL,
3.05 mmol). The mixture was stirred under argon at
70 �C for 18 h. Excess solvent was removed by rotary
evaporation and the remaining residue was washed with
water (2 · 5 mL) then with EtOAc (2 · 3 mL). The
remaining solid was dissolved in hot EtOH, cooled
and the resulting precipitate was collected by vacuum
filtration then dried under high vacuum to give 5a
(0.65 g, 0.95 mmol, 66%) as an off-white solid. IR (KBr,
cm�1) 3323s, 3051m, 2973s, 2884m, 1704s, 1650s,
1607s, 1533m, 1505s, 1319s, 1146s, 1057m. 1H NMR
(300 MHz, DMSO-d6): 8.86 (br, 1H), 8.58 (br, 2H),
8.29 (br, 1H), 7.73 (d, J = 8.6 Hz, 2H), 7.29 (t,
J = 5.3 Hz, 1H), 7.02 (br, 1H), 6.92 (d, J = 8.6 Hz,
2H), 6.79 (t, J = 5.8 Hz, 1H), 4.04 (t, J = 4.8 Hz, 2H),
3.73 (m, 1H), 3.67 (s, 2H), 3.55 (m, 2H), 3.47 (m, 2H),
3.37 (t, J = 7.0 Hz, 2H), 3.24 (br, 4H), 3.18 (m, 2H),
2.82 (d, J = 5.8 Hz, 2H), 1.80 (m, 2H), 1.37 (s, 9H),
0.79 (s, 6H). 13C NMR (75 MHz, DMSO-d6): 173.5,
165.8, 160.8, 156.8, 156.5, 153.6, 129.2, 127.7, 114.5,
77.9, 70.5, 66.5, 56.6, 51.8, 47.5, 43.3, 38.4, 36.2, 35.9,
28.7, 22.6, 20.2, 15.6. MS (FAB, NBA): m/z 686 (100,
[M+H]+). HR-MS (FAB, NBA): m/z 686.3181
([M+H]+, C29H48N7O10S, calcd 686.3184).

4.3.2. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(2-butyloxycarbonylamino-ethyl-1-
carbamyl)]-aminoethylsulfonylamino-b-alanine (5b). White
powder. Yield 23%. IR (KBr, cm�1) 3380s, 3048w,
2976m, 2886w, 1702s, 1652s, 1607s, 1529m, 1367m,
1254s, 1056m. 1H NMR (300 MHz, DMSO-d6): 8.73
(br, 1H), 8.48 (br, 2H), 8.35 (br, 1H), 7.72 (d,
ssing tumors treated with compound 7. M21 (avb3 expressing) tumor-

tion of rhodamine–lectin 2 h later, just prior to euthanization. Tumors

under a fluorescence microscope. Results suggest the intracellular

7; (B) DAPI; (C) rhodamine–lectin; (D) merge.
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J = 8.6 Hz, 2H), 7.36 (t, J = 5.9 Hz, 1H), 6.96 (br, 1H),
6.92 (d, J = 8.6 Hz, 2H), 6.90 (t, J = 5.8 Hz, 1H), 4.04
(t, J = 5.3 Hz, 2H), 3.91 (t, J = 5.5 Hz, 2H), 3.63 (m,
1H), 3.55 (m, 2H), 3.47 (m, 2H), 3.34 (br, 2H), 3.24
(br, 4H), 3.16 (m, 2H), 3.11 (m, 2H), 1.81 (m, 2H), 1.37
(s, 9H). MS (FAB, NBA): m/z 644 (100, [M+H]+). HR-
MS (FAB, NBA): m/z 644.2716 ([M+H]+,
C26H42N7O10S, calcd 644.2714).
4.3.3. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(3-butyloxycarbonylamino-propyl-
1-carbamyl)]-aminoethylsulfonylamino-b-alanine (5c).
Off-white powder. Yield 36%. IR (KBr, cm�1) 3380s,
2976m, 2928m, 2881w, 1687m, 1647s, 1607s, 1504s,
1367m, 1255s, 1178m, 1054w. 1H NMR (300 MHz,
DMSO-d6): 9.07 (br, 1H), 8.67 (br, 2H), 8.28 (br, 1H),
7.72 (d, J = 8.6 Hz, 2H), 7.34 (t, J = 5.3 Hz, 1H), 7.01
(br, 1H), 6.90 (d, J = 8.6 Hz, 2H), 6.85 (t, J = 5.5 Hz,
1H), 4.02 (t, J = 4.6 Hz, 2H), 3.92 (t, J = 6.2 Hz, 2H),
3.67 (m, 1H), 3.55 (m, 2H), 3.47 (m, 2H), 3.34 (br,
2H), 3.23 (br, 4H), 3.18 (m, 2H), 2.96 (m, 2H), 1.80
(m, 2H), 1.63 (m, 2H), 1.37 (s, 9H). 13C NMR
(75 MHz, DMSO-d6): 173.7, 165.7, 160.7, 156.6, 156.0,
153.7, 129.2, 127.7, 114.5, 78.0, 66.5, 62.3, 56.7, 51.6,
43.5, 38.4, 37.3, 35.9, 29.7, 28.7, 20.2 (21 of 22 reso-
nances observed). MS (FAB, NBA): m/z 658 (100,
[M+H]+). HR-MS (FAB, NBA): m/z 658.2872
([M+H]+, C27H44N7O10S, calcd 658.2870).
4.3.4. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(4-butyloxycarbonylamino-butyl-1-
carbamyl)]-aminoethylsulfonylamino-b-alanine (5d). Off-
white powder. Yield 33%. IR (KBr, cm�1) 3380s,
3051w, 2975m, 2935m, 2874m, 1687m, 1647s, 1607s,
1504s, 1366m, 1255s, 1148m, 1055m. 1H NMR
(300 MHz, DMSO-d6): 9.06 (br, 1H), 8.66 (br, 2H),
8.28 (br, 1H), 7.72 (d, J = 8.2 Hz, 2H), 7.33 (t,
J = 5.1 Hz, 1H), 6.98 (br, 1H), 6.90 (d, J = 8.2 Hz,
2H), 6.83 (t, J = 5.5 Hz, 1H), 4.02 (t, J = 4.7 Hz, 2H),
3.91 (t, J = 5.9 Hz, 2H), 3.66 (m, 1H), 3.55 (m, 2H),
3.46 (m, 2H), 3.41 (br, 2H), 3.23 (br, 4H), 3.18 (m,
2H), 2.90 (m, 2H), 1.80 (m, 2H), 1.49 (m, 2H), 1.47
(m, 2H), 1.36 (s, 9H). MS (FAB, NBA): m/z 672 (100,
[M+H]+). HR-MS (FAB, NBA): m/z 672.3029
([M+H]+, C28H46N7O10S, calcd 672.3027).
4.4. Representative procedure for deprotection of butyl-
oxycarbonyl integrin antagonists

4.4.1. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(3-amino-neopenta-1-carbamyl)]-amino-
ethylsulfonylamino-b-alanine hydrochloride (6a). A mix-
ture of 5a (0.10 g, 0.14 mmol) and 4 M HCl in dioxane
(50 mL) was stirred under argon at 0 �C for 3 h. The
heterogeneous mixture was frozen at �80 �C then
lyophilized to dryness to give 6a in quantitative yield
as a hydrochloride salt. 1H NMR (300 MHz, DMSO-
d6): 12.97 (br, 1H), 8.49 (br, 1H), 7.99 (br, 2H), 7.95
(br, 2H), 7.88 (br, 1H), 7.84 (d, J = 8.3 Hz, 2H), 7.60
(t, J = 5.1 Hz, 1H), 7.40 (t, J = 5.0 Hz, 1H), 7.02 (d,
J = 8.3 Hz, 2H), 4.12 (t, J = 6.4 Hz, 2H), 3.79 (s, 2H),
3.70 (m, 1H), 3.53 (m, 2H), 3.51 (br, 2H), 3.48 (m,
2H), 3.26 (br, 4H), 3.17 (m, 2H), 2.70 (br, 2H), 1.82
(m, 2H), 0.94 (s, 6H). MS (FAB, NBA): m/z 586 (100,
[M+H]+). HR-MS (FAB, NBA): m/z 586.2657
([M+H]+, C24H40N7O8S, calcd 586.2659).

4.4.2. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(2-amino-ethyl-1-carbamyl)]-amino-
ethylsulfonylamino-b-alanine hydrochloride (6b). 1H
NMR (300 MHz, DMSO-d6): 12.97 (br, 1H), 8.50 (br,
1H), 8.06 (br, 2H), 7.97 (br, 2H), 7.90 (br, 1H), 7.84
(d, J = 8.7 Hz, 2H), 7.59 (t, J = 5.5 Hz, 1H), 7.21 (t,
J = 5.0 Hz, 1H), 7.02 (d, J = 8.7 Hz, 2H), 4.14 (br,
2H), 4.12 (br, 2H), 3.70 (m, 1H), 3.53 (m, 2H), 3.51
(br, 2H), 3.49 (m, 2H), 3.26 (br, 4H), 3.17 (m, 2H),
3.03 (m, 2H), 1.82 (m, 2H). MS (FAB, NBA): m/z 544
(100, [M+H]+). HR-MS (FAB, NBA): m/z 544.2187
([M+H]+, C21H34N7O8S, calcd 544.2189).

4.4.3. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(3-amino-propyl-1-carbamyl)]-amino-
ethylsulfonylamino-b-alanine hydrochloride (6c). 1H
NMR (300 MHz, DMSO-d6): 12.96 (br, 1H), 8.50 (br,
1H), 7.95 (br, 2H), 7.91 (br, 2H), 7.87 (br, 1H), 7.83
(d, J = 8.6 Hz, 2H), 7.57 (t, J = 5.1 Hz, 1H), 7.29 (t,
J = 4.9 Hz, 1H), 7.02 (d, J = 8.6 Hz, 2H), 4.12 (t,
J = 4.7 Hz, 2H), 4.01 (t, J = 5.5 Hz, 2H), 3.70 (m, 1H),
3.55 (m, 2H), 3.50 (br, 2H), 3.48 (m, 2H), 3.26 (br,
4H), 3.15 (m, 2H), 2.84 (m, 2H), 1.84 (m, 2H), 1.82
(m, 2H). MS (FAB, NBA): m/z 558 (100, [M+H]+).
HR-MS (FAB, NBA): m/z 558.2344 ([M+H]+,
C22H36N7O8S, calcd 558.2346).

4.4.4. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(4-amino-butyl-1-carbamyl)]-amino-
ethylsulfonylamino-b-alanine hydrochloride (6d). 1H
NMR (300 MHz, DMSO-d6): 12.96 (br, 1H), 8.50 (br,
1H), 8.02 (br, 2H), 7.95 (br, 2H), 7.88 (br, 1H), 7.84
(d, J = 8.6 Hz, 2H), 7.63 (t, J = 5.7 Hz, 1H), 7.22 (t,
J = 5.3 Hz, 1H), 7.01 (d, J = 8.6 Hz, 2H), 4.12 (br,
2H), 3.95 (br, 2H), 3.68 (m, 1H), 3.54 (m, 2H), 3.51
(br, 2H), 3.48 (m, 2H), 3.26 (br, 4H), 3.15 (m, 2H),
2.79 (m, 2H), 1.81 (m, 2H), 1.66 (m, 2H), 1.61 (m,
2H). MS (FAB, NBA): m/z 572 (100, [M+H]+). HR-
MS (FAB, NBA): m/z 572.2507 ([M+H]+,
C23H38N7O8S, calcd 572.2502).

4.5. 4-[2-(3,4,5,6-Tetrahydropyrimidin-2-ylamino)ethyl-
oxy]benzoyl-2-(S)-[N-(3-amino-neopenta-1-carbamyl)]-
aminoethylsulfonylamino-b-alanine fluorescein thiourea
(7)

To a mixture of 6a (0.11 g, 0.17 mmol) in anhydrous
DMSO (10 mL) under argon, was added N,N-diisoprop-
ylethylamine (0.06 mL, 0.34 mmol) followed by addi-
tion of fluorescein isothiocyanate (0.07 g, 0.19 mmol).
This mixture was stirred under argon at 40 �C for
18 h. Excess solvent was removed by rotary evaporation
and the remaining residue was purified by reverse phase
HPLC (4:1 MeOH–H2O, 1 mL/min, tR 10.5 min, C18
Microsorb, Varian, Inc.). The collected fractions were
combined and excess solvent was removed by rotary
evaporation followed by high vacuum to give 7
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(0.04 g, 0.04 mmol, 24%) as a dark orange powder. 1H
NMR (300 MHz, MeOD-d4): 8.18 (s, 1H), 7.83 (d,
J = 8.0 Hz, 1H), 7.68 (d, J = 8.5 Hz, 2H), 7.11 (d,
J = 8.0 Hz, 1H), 7.10 (m, 2H), 6.82 (d, J = 8.5 Hz,
2H), 6.50 (s, 2H), 6.49 (m, 2H), 4.02 (t, J = 6.0 Hz,
1H), 3.92 (t, J = 4.5 Hz, 2H), 3.89 (s, 2H), 3.83 (m,
2H), 3.74 (s, 2H), 3.68 (d, J = 6.0 Hz, 2H), 3.62 (br,
2H), 3.43 (t, J = 5.9 Hz, 2H), 3.18 (t, J = 5.6 Hz, 4H),
1.85 (m, 2H), 1.05 (s, 6H). MS (electrospray): m/z 1020
(100, [M+2Na�H]+), m/z 973 (100, [M�H]�). HR-MS
(FAB, NBA): m/z 975.3021 ([M+H]+, C45H50N13O8S2,
calcd 975.2939).
4.6. In vitro assay procedures

4.6.1. ELISA. Purified integrin avb3 protein (Chemicon
International, Temecula, CA) was applied to 96-well
polystyrene microtiter plates at 0.1 lg/well. After over-
night incubation at 4 �C the plates were washed, and
then blocked with milk solution (KPL, Inc., Gaithers-
burg, MD) at room temperature for 2 h. The blocking
buffer was removed, and the plates were inoculated in
quadruplicate with integrin antagonistic substances with
a typical starting concentration of 1.25 lM. Serial dilu-
tions were prepared in the 96-well plates using multi-
channel pipettes. To each well was added biotinylated
vitronectin solution (0.1 lg/well) as standard competi-
tor. The plates were incubated at room temperature
for 3 h, washed, and the bound vitronectin was detected
using NeutrAvidin-HRP conjugate at 0.01 lg/well
(Pierce, Rockford, IL) and LumiGlo chemiluminescent
substrate system (KPL, Inc., Gaithersburg, MD). The
luminescence was read using a Wallac Counter. The
concentration of inhibitor producing 50% inhibition
(IC50) of vitronectin binding to avb3 was calculated
based on a curve fitting model using KaleidaGraph 3.5
(Synergy Software, Reading, PA).
4.6.2. Cell adhesion assay. Integrin antagonistic sub-
stances were incubated with human melanoma M21 cells
expressing avb3 integrin proteins on their surface. At a
starting concentration of 0.5 mM, serial dilutions of
the integrin antagonist/cell culture mixture were added
to 96-well plates previously coated with purified human
vitronectin (Chemicon International, Temecula, CA)
and blocked with BSA. After incubation at 30 �C for
1 h, the plates were washed with distilled water to re-
move the unbound cells. The bound cells were then
stained with 0.05% Crystal Violet, washed again with
distilled water, and lysed with 1% SDS. Absorption @
590 nm was measured on a Wallac Counter and the con-
centration of inhibitor producing 50% inhibition (IC50)
of vitronectin binding to avb3 is calculated based on a
curve fitting model using KaleidaGraph 3.5 (Synergy
Software, Reading, PA).
4.6.3. Cell uptake assay. M21 human melanoma cells
expressing avb3 were cultured in glass chambers. Cells
were given fresh media 30 min prior to treatment. Com-
pound 7 (500 lL, 50 lg/mL) was added to each glass
chamber and left to incubate for 5 min. Cells were
washed with warm PBS three times and subsequently
mounted, counterstained with DAPI and observed
under a fluorescence microscope. Negative control
chambers were given the same concentration of FITC
only.

4.7. In vivo procedures

4.7.1. Animal protocols. All studies were conducted in
compliance with the National Institutes of Health Clini-
cal Center Animal Use and Care Committee�s require-
ments for the care and use of laboratory animals in
research. The human melanoma (M21, received from
Dr. David Cheresh of Scripps Research Institutes, La
Jolla, CA) expressing avb3 was induced by subcutaneous
injection in the right flank. Palpable masses were de-
tected at 14–21 days post implant. The animals were
manually restrained during tail vein injection. All tail
vein injections were carried out with a 30 gauge needle
placed in a lateral tail vein. Each animal weighing about
18–20 g received 100 lL of a 6 mg/mL solution of com-
pound 7. In experiments where animals were given a
rhodamine–lectin injection to outline tumor vasculature,
mice were given 250 lL of rhodamine–lectin (5 mg/mL)
through the lateral tail vein.

4.7.2. Imaging procedure. A simple noninvasive in vivo
multispectral fluorescence imaging apparatus employed
to assess the localization and distribution of various
fluorophores has been previously described.29 Laser
light of the appropriate incident wavelength to excite
the fluorophore was launched into a fiber optic bundle.
A defocusing lens in position after the bundle expanded
the beam such that the entire mouse was illuminated. An
argon laser excited the fluorescein compound at the
appropriate wavelength of 494 nm and a 515 nm long
pass filter was used to detect all emissions past 515 nm
up to 950 nm. The detector was a CRI, Inc. Maestro
CCD camera. An interference filter in front of the
CCD (515 nm for fluorescein) allowed for detection of
the emitted fluorescent light only. Images were acquired
and processed using Maestro acquisition and analysis
software from CRI, Inc. Typically, control and treated
ex vivo tumor and organ tissue was imaged concurrently
under fixed settings. Data analysis consisted of subtract-
ing (pixel by pixel) background auto fluorescence in
control tissues from treated tissue in the same image
and displaying the results in gray scale or false color.
Semi-quantitative data were obtained by using ImageJ
analysis software to semi-quantitate the signal intensity
values recorded in Maestro acquisition and analysis
software.
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