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Novel carbon-11 labeled 4-dimethylamino-but-2-enoic acid
[4-(phenylamino)-quinazoline-6-yl]-amides: potential PET bioprobes for

molecular imaging of EGFR-positive tumors

Eyal Mishania,*, Galith Abourbeha,b, Yulia Rozena, Orit Jacobsona, Desideriu Lakya,
Iris Ben Davida, Alexander Levitzkib, Mazal Shaula
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bstract

We have previously reported of labeled reversible and irreversible EGFR inhibitors, such as 4-(3,4-dichloro-6-fluoroanilino)-6,7-
imethoxyquinazoline (ML01) and 6-acrylamido-4-(3,4-dichloro-6-fluoroanilino)quinazoline (ML03), to be suboptimal as imaging agents.
n the basis of these studies, a new generation of novel, more chemically stable irreversible inhibitors was labeled with carbon-11 as
otential positron emission tomography (PET) biomarkers for molecular imaging of epidermal growth factor receptor (EGFR)–positive
umors. In these new labeled, irreversible inhibitors the acryl-amide group at the 6-position of the quinazoline ring was replaced with a
-dimethylamino-but-2-enoic amide. The nonlabeled compounds were evaluated in vitro to determine their EGFR autophosphorylation IC50

alues. The IC50 values indicated that these new irreversible compounds possess similar potencies towards the EGFR, as the parent
ompound, ML03. These compounds were labeled with carbon-11 at the dimethylamine moiety, using the well known labeling reagent C-11
eI. The labeling procedure was automated using a commercial module. The final products were obtained with 10% decay corrected

adiochemical yield, 99% radiochemical purity, 96% chemical purity, and a high specific activity of 2.7 Ci/�mol EOB. The high potency
f these new labeled bioprobes towards the EGFR establishes their potential to serve as PET agents for molecular imaging of EGFR-positive
umors. © 2004 Elsevier Inc. All rights reserved.
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. Introduction

The understanding that cancer cells differ from normal
ells in their aberrant signal transduction has given impetus
o cancer researchers to target them for cancer therapy and,
ore recently, for cancer diagnosis. Overexpression of the

pidermal growth factor receptor (EGFR) and its enhanced
ignaling are a hallmark of epithelial human cancers, and it
as been suggested to contribute to the initiation, progres-
ion and/or invasiveness of human cancers [1-4]. The cor-
elation between high EGFR levels and poor prognosis or
hort survival time has been established in patients with
arious types of cancers [1]. There are several Food and
rug Administration–approved anticancer drugs that target

he EGFR: namely, Iressa, and several others that are pres-

* Corresponding author. Fax: 972 2 6421203.

iE-mail address: mishani@md2.huji.ac.il (E. Mishani).

969-8051/04/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.nucmedbio.2003.12.005
ntly undergoing clinical Phase 3 trials, such as, Tarceva
OSI Pharmaceuticals, Melville, NY, USA) and the anti-
GFR antibody Erbitux (ImClone Systems Inc., New York,
Y, USA). Based on the findings from these drugs, to
ptimize the therapeutic potential of EGFR inhibition in
ancer, specific analysis of EGFR expression in tumor
hould be established, before EGFR-targeted therapy. In-
eed, recently, there has been a growing interest in the use
f tyrosine kinase inhibitors as radiotracers for imaging
uman tumors that overexpress the EGFR by nuclear med-
cine modality [5–11]. Our research interest is associated
ith the development of positron emission tomography

PET) bioprobes, particularly the 4-anilinoquinazoline
lass, as a tool for molecular imaging of malignant tumors
hat overexpress the EGF receptor [9–11]. During the
ourse of this study, several reversible and irreversible [12–
4] inhibitors were labeled with fluorine-18 and carbon-11
Fig. 1), and their potential as PET biomarkers was exam-

ned in vitro and in vivo. In the case of labeled reversible
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nhibitors, the presence of high cellular concentrations of
ompetitive ATP molecules brought to a fast washout of our
abeled lead, ML01, from the target tumor cells, and thus
isqualified it for further development [12]. With irrevers-
ble compounds such as ML03, the fast washout was abro-
ated because of the formation of covalent bonding between
he double bond of the acryl-amide group at the 6-position
f the quinazoline ring and CYS-773 at the receptor’s ty-
osine kinase domain. However, the unsaturated acryl-
mide bond of ML03 is chemically reactive and leads to
apid metabolism, low bioavailability, and low accumula-
ion of the labeled compound in the tumor [13]. To reduce
he chemical reactivity of these irreversible labeled inhibi-
ors and increase the tumor uptake of the labeled biomark-
rs, we labeled a new, more stable generation of EGFR-TK
rreversible inhibitors, as reported recently by Tsou et al.
15].

. Methods and materials

All chemicals were purchased from Sigma-Aldrich (Tel
viv, Israel), Fisher Scientific (Pittsburgh, PA, USA),
erck (Darmstadt, Germany), or J.T. Baker (New Jersey,
SA). Chemicals were used as supplied, excluding THF,
hich was refluxed over sodium and benzophenone, and
as freshly distilled before use. Mass spectroscopy was
erformed in EI mode on a Thermo Quest–Finnigan Trace
S-mass spectrometer at the Hadassah-Hebrew University
ass spectroscopy facility. 1H-NMR spectra were obtained

n a Bruker AMX 400 MHz instrument. Elemental analysis
as performed at the Hebrew University Microanalysis
aboratory. Radiosyntheses were carried out on a

11C]CH3I module (Nuclear-Interface, Munster, Germany).
pecific radioactivities were determined by HPLC, using
old mass calibration curves. [11C]carbon dioxide was pro-
uced by the 14N(p, �)11C nuclear reaction on nitrogen
ontaining 1% oxygen, using an 18/9 IBA-cyclotron. Bom-
ardment was carried out for 15-30 minutes with a 26 �A
eam of 16 MeV protons. At the end of bombardment the
arget gas was delivered and trapped by a cryogenic trap in
he [11C]CH3I module.

A431 human epidermoid vulval carcinoma cells were

ig. 1. Chemical structure of labeled reversible and irreversible epidermal
rowth factor receptor inhibitors.
rown in Dulbecco’s modified Eagle’s medium (DMEM)
Biological industries, Kibbuts Beit Haemek, Israel) supple-
ented with 10% fetal calf serum and antibiotics (penicillin

05 units/L, streptomycin 100 mg/L) at 37°C, 5% CO2.

.1. Chemistry

For the preparation of the nonlabeled compounds, we
ollowed the general outlines of Tsou et al. [15], with minor
odifications, and prepared the known compound (5b) and

he two new compounds (5a and 5c).

.1.1. 4-Dimethylamino-but-2-enoic acid [4-(3,4-dichloro-
-fluoro-phenylamino)-quinazolin-6-yl]-amide (5a),ML04.

4-chloro-6-nitroquinazoline (3) [16] (0.687 g, 3.28
mol) and 3,4-dichloro-6-fluoroaniline [12] (1.477 g, 8.2
mol) were dissolved in 10 mL isopropanol (i-PrOH) and

efluxed for 3–4 hours. The precipitate was collected,
ashed with i-PrOH and dried in a vacuum oven at 80°C to
ive (4a) (709 mg, 60% yield) Mp � 270-271°C 6-nitro-4-
3,4-dichloro-6-fluoro-phenylamino)quinazoline; MS (m/z)
53.2, 355.2 (M�) [14].

6-Nitro-4-(3,4-dichloro-6-fluoro-phenylamino)quinazoline
4a, 710 mg, 2.2 mmol) was dissolved in 200 mL of EtOH:

2O (9:1) by heating to reflux. The temperature was re-
uced to 60°C, and hydrazine hydrate (250 �L, 5.15 mmol)
nd 0.5 mL Raney-Ni suspension were added [17]. Reflux
as then maintained for 15 minutes. The cold mixture was
ltered over Celite, and the solvent evaporated. The crude
roduct was purified by silica gel chromatography (eluent
-7% MeOH in CH2Cl2) to yield pure 6-amino-4-(3,4-di-
hloro-6-fluoro-phenylamino)quinazoline with 83% yield,
p � 268-270°C; MS (m/z) 323.4, 325.4 (M�) [14].
A solution of 6-amino-4-(3,4-dichloro-6-fluoro-phe-

ylamino)quinazoline (765 mg, 2.37 mmol) in THF (80
L) was cooled in an iced bath, and Br/Cl-crotonyl chloride

15] (3.55 mmol) in THF (5 mL) was added dropwise
ollowed by dropwise addition of N,N-diisoprophylethyl-
mine 620 �L (3.55 mmol). The reaction was stirred for an
dditional 1.5 hours, and ethylacetate (EtOAc) (80 mL) and
ater (100 mL) were added. The aqueous layer was ex-

racted with EtOAc, and the combined organic layers were
ashed with brine, dried with Na2S04, and evaporated. The

rude material was purified by flash chromatography on
ilica gel (MeOH: CH2Cl2, 5%: 95%) to yield 720 mg (66%
ield) of an inseparable mixture of the (2E)-4-bromo/chloro-
-{4-[(3,4-dichloro-6-fluoro-phenyl)amino]-quinazolin-6-yl}-
-butenamide (6a) in a 4:1 ratio, respectively. MS (m/z) 425
M�)�(Cl derivative), 471 (MH�)�(Br derivative), 1H
MR (DMSO-d6) � 10.87 (1H, s), 10.24 (1H, s), 9.08 (1H,

), 8.72 (1H, s), 8.10 (4H, mt), 7.19 (1H, dt, J1 � 15Hz, J2
7.5Hz), 6.69 (1H, d, J � 15 Hz), 4.62 (2H, d, J � 7 Hz).

nal. Calcd. (for ratio 9:1): C, 46.47; H, 2.60; N, 12.04.
ound: C, 47.31; H, 3.2; N, 11.57; HPLC condition: C-18
olumn, 55% Acetate buffer/ 45% Acetonitrile, flow�1.5
L/min; Rt �19.5 minutes (1st peak), 21.9 min (2nd peak).

Dimethylamine (2 mol/L in tetrahydrofuran (THF), 38
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L) was added dropwise to a solution of (2E)-4-bromo-
-{4-[(3,4-dichloro-6-fluoro-phenyl)amino]-quinazolin-
-yl}-2-butenamide (6a, 564 mg, 1.21 mmol) in dry THF.
he reaction was heated to 80°C for 15 minutes, and cooled;
tOAc (50 mL) and saturated NaHCO3 (50 mL) were then
dded. The layers were separated, and the organic layer was
ashed with brine, dried with MgSO4, and evaporated. The

rude material was purified by flash chromatography on
ilica gel (MeOH: CH2Cl2, 5%: 95%) to yield 317 mg
73%) of 4-dimethylamino-but-2-enoic acid [4-(3,4-
ichloro-6-fluoro-phenylamino)-quinazolin-6-yl]-amide
5a, ML04). MS (m/z) 434.1 (MH�); 1H NMR (DMSO-d6)
10.47 (1H, s), 9.95 (1H, s), 8.83 (1H, s), 8.4 (1H, s), 7.92

1H, dd, J1 � 18 Hz, J2 � 3.8 Hz), 7.78 (1H, bd, J � 20
z), 7.22 (2H, mt), 6.86 (1H, dt, J1 � 30Hz, J2 � 11Hz),
.36 (1H, d, J � 30 Hz), 3.08 (2H, d, J � 11 Hz), 2.18 (6H,
). 19F NMR -117.1 ppm (bs). Anal. calculated
C20H18Cl2FN5O�0.5H2O]: C, 54.2; H, 4.29; N, 15.8.
ound: C, 54.48; H, 4.85; N, 15.36.

.1.2. 4-Dimethylamino-but-2-enoic acid [4-(3-bromo-
henylamino)-quinazolin-6-yl]-amide (5b)

This compound was prepared according to the general
oute described by Tsou et al. [15], and similarly to com-
ound 5a (ML04) described above.

MS (m/z) 428.1 (M�); 1H NMR (DMSO-d6) � 10.44
1H, s), 9.92 (1H, s), 8.84 (1H,s), 8.59 (1H, s) 8.18 (1H, m),
.83 (3H, m), 7.32 (2H, m), 6.83 (1H, dt, J1 � 30.7, J2 �
1.5 Hz), 6.36 (1H, d, J � 30.7 Hz), 3.12 (2H, d, J � 11.5
z), 2.19 (6H, s).

.1.3. 4-Dimethylamino-but-2-enoic acid [4-(3-iodo-
henylamino)-quinazolin-6-yl]-amide (5c)

This compound was prepared similarly to compound 5a
ML04) described above.

.1.4. 6-Nitro-4-(3-iodo-phenylamino)quinazoline (4c)
MS (m/z) 392.2 (MH�); 1H NMR (DMSO-d6) � 10.56

1H, s), 9.67 (1H, d, J � 3.2 Hz), 8.78 (1H, s), 8.58 (1H, dd,
1 � 12 Hz, J2 � 3 Hz), 8.27 (1H, bs), 7.96 (2H, m), 7.54
1H, bd, J � 11 Hz), 7.22(1H, t, J � 11 Hz).

.1.5. 6-Amino-4-(3-iodo-phenylamino)quinazoline
This reduction step was performed at 0°C.
MS (m/z) 363 (MH�); 1H NMR (DMSO-d6) � 9.365

1H, s), 8.347 (1H, s), 8.32(1H, t, J � 2.4 Hz), 7.91 (1H, dd,
1 � 10.4 Hz, J2 � 2.4 Hz), 7.52 (1H, d, J � 11.6 Hz), 7.39
1H, bd, J � 9.6 Hz), 7.32 (1H, d, J � 2.8 Hz), 7.23 (1H,
d, J1 � 11.6 Hz, J2 � 2.8 Hz), 7.13 (1H, t, J � 10.4 Hz),
.95 (2H. bs).

.1.6. (2E)-4-bromo/chloro-N-{4-[(3-iodo-phenyl)amino]-
uinazolin-6-yl}-2-butenamide (6c)

MS (m/z) 465.5 (MH�)�(Cl derivative), 509.2
M�)�(Br derivative), 1H NMR (DMSO-d6) � 10.6 (1H, s),

0.24 (1H, s), 8.8 (1H, s), 8.58 (1H, s), 8.27 (1H, s), 7.8 fl
3H, m), 7.47 (1H, d, J � 8 Hz), 7.19 (1H, t, J � 8 Hz), 6.96
1H, bdt, J1 � 15 Hz, J2 � 7.2 Hz)), 6.47 (1H, d, J � 15
z), 4.38 (2H, d, J � 7.2 Hz). Anal. Calcd. (for ratio 1:1):
, 43.27; H, 2.82; N, 11.21. Found: C, 43.60; H, 2.81; N,
1.12.

.1.7. 4-Dimethylamino-but-2-enoic acid [4-(3-iodo-
henylamino)-quinazolin-6-yl]-amide (5c)

MS (m/z) 474 (MH�); 1H NMR (DMSO-d6) � 10.4 (1H,
), 9.8 (1H, s), 8.8 (1H, s), 8.57 (1H, s), 8.32 (1H, s), 7.8
3H, m), 7.47 (1H, d, J � 8 Hz), 7.19 (1H, t, J � 8 Hz), 6.85
1H, dt, J1 � 15 Hz, J2 � 7.2 Hz)), 6.37 (1H, d, J � 15 Hz),
.1 (2H, d, J � 7.2 Hz), 2.19 (6H, s). Anal. Calcd.
C20H20IN5O�0.5H2O]: C, 49.79; H, 4.35; N, 14.52. Found:
, 48.91; H, 4.36; N, 13.59.

.1.8. 4-Methylamino-but-2-enoic acid [4-(phenylamino)-
uinazolin-6-yl]-amides (7a–c)

Methylamine (2 mol/L in THF, 1 mL) was added to a
olution of (2E)-4-bromo-N-[4-(phenylamino)-quinazolin-
-yl]-2-butenamides 6a–c (10 mg) in dry DMSO (70 �L),
t 0°C. After a 15-minute reaction, 0.015 mol/L NaOH (10
L) were added. The solution was passed through 2 � C-18

artridges (Waters Sep-Pak Plus, Massachusetts, USA), pre-
ctivated with 10 mL EtOH and 20 mL of sterile water), and
he cartridges were dried under nitrogen stream. The prod-
ct was eluted with 4 mL of THF, and dried with Na2SO4.
iltration with a 0.45-�m filter and THF evaporation under
educed pressure gave the crude products 7a–c, which were
sed for the radiolabeling without any further purification.

7a: MS (m/z) 419.2 (M�); 7b: MS (m/z) 413 (MH�); 7c:
S (m/z) 460 (MH�).

.2. Radiochemistry

.2.1. Radiolabeling of compounds 5a–c
Carbon-11 MeI was prepared according to well docu-

ented procedures [18]. Briefly, [11C]CO2 (37 GBq, 1000
Ci) was trapped at �160°C. The temperature of the cool-

ng trap was increased to �50°C, and the activity was
ransferred by a stream of argon (40 mL/min) into reactor-1
ontaining 300 �L of 0.25N LiAlH4 in THF at �50°C.
fter 90 seconds the solvent was removed under reduced
ressure. In this manner, more than 80% of the activity was
ecovered. The reactor temperature was increased to 160°C,
I was added, and [11C]MeI was distilled (argon flow of 15
L/min.) through a NaOH column to the second reactor,

ontaining 8 mg of the appropriate 4-mono-methylamino-
ut-2-enoic acid [4-(phenylamino)-quinazolin-6-yl]-amide
recursor in a mixture of 0.3 mL anhydrous THF, 0.1 mL
H3CN and 0.2 mL DMSO at �20°C. At the end of the
-minute distillation step, an average of 550 mCi (n � 30)
as trapped in the second reactor. The reactor was sealed,

nd heated to 100°C for 5 minutes. At the end of the
-minute reaction, THF and CH3CN were removed under

ow of argon at 80°C. The mixture was cooled to 40°C, 0.6
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L HPLC solvent (2% THF, 60% CH3CN, 38% 0.1 mol/L
mmonium formate) were added, and the crude product
average of 370 mCi (n � 30)] was automatically injected to
he HPLC [Bischoff Nucleosil 100-7-C18 reverse phase
reparative column (7 �m, 250 � 16 mm), flow rate of 13
L/min]. The labeled products were collected (Rt. 18 min-

tes 5a (ML04), 17 minutes 5b and 18.5 minutes 5c) in a
ask containing 60 �L of 1 mol/L NaOH in 85 mL of water.
he solution was passed through a C-18 cartridge (Waters
ep-Pak Plus, preactivated with 10 mL EtOH and 20 mL of
terile water), and the cartridge was washed with 4 mL of
terile water. The products were eluted with 0.75 mL of
tOH, followed by 4.25 mL of saline, and collected into the
roduct vial after a total radiosynthesis time of 50 minutes.
dentifications of the products and of chemical and radio-
hemical purities were determined by reverse-phase HPLC
18 analytical column (47% CH3CN, 53% 0.1 mol/L am-
onium formate, flow rate of 1.4 mL/min). The average (n
30) final doses were approximately 0.74 GBq (20 mCi,

0% decay corrected radiochemical yield); specific activity
as 2.1-3.3 Ci/�mol.

.3. Biology

.3.1. Production of A431 cell lysates as an EGFR source
A431 cells were grown in 14-cm Petri dishes to about

0% confluence. The dishes were washed twice with cold
hosphate buffered saline (PBS), and placed over ice before
he addition of 3.25 mL cold, freshly prepared lysis buffer
50 mmol/L N-2-Hydroxyethylpiperazine-N�-2-ethanesul-
onic acid buffer (HEPES), pH 7.4, 150 mmol/L NaCl, 1%
riton X-100, 10% glycerol, 1 mmol/L 4-(2-aminoethyl-

benzenesulfonylfluoride hydrochloride (AEBSF), 1 �g/mL
protinin, 300 �g/mL benzamidine, 10 �g/mL leupeptin,
nd 10 �g/mL soy-trypsin inhibitor) for 10 minutes. The
ells were scraped from the plates with a rubber policeman
nd content was homogenized with a dounce homogenizer
nd centrifuged (Sorval centrifuge, rotor 5, 10,000 rpm, 10
inutes, 4°C). The supernatant, which contained the EGFR,
as collected and frozen at �70°C in aliquots.

.3.2. ELISA screen
EGFR autophosphorylation IC50 values were obtained by

eans of an ELISA screen. All of the following incubations
ere performed at 25°C with constant shaking. The final
olume for each well was 150 �L. After each step the plate
as washed with 200 �L of double distilled water (�4) and
00 �L TBST buffer (10 mmol/L Tris-HCl, pH 7.4 (TBS),
.2% Tween 20, 170 mmol/L NaCl) (�1).

A Corning 96-well ELISA plate was coated with mono-
lonal anti-EGFR antibody (mAb108) by incubating over-
ight (4°C) in a solution of mAb108 diluted in PBS, pH 8.5.
otal mAb108 content per well was 0.75 �g. After remov-

ng unbound mAb108 the plate was washed, and PBS,
ontaining 5% milk (1% fat) was added to block the un-

ound sites in the plate for 30 minutes. One aliquot of A431 p
ell lysate was thawed, diluted in PBS, pH 7.4, and added to
he plate at a final total protein concentration of 10 �g/well.

After 30 minutes, different concentrations of each inhib-
tor were added and, for each series, one well was left with
o inhibitor, as a zero inhibition control. All inhibitors were
iluted in TBS/Dimethylsulfoxide (DMSO) to a final
MSO concentration of 0.5% in each well. After an addi-

ional 25 minutes and without washing the plate, ATP-
nCl2 solution was added to each well for exactly 5 min-

tes, the final concentration being 5 �M ATP, 5 mmol/L
nCl2.
To stop the phosphorylation reaction, an ethylenedia-

ine tetra-acetic acid (EDTA) solution (pH 8.0 100 mmol/L
nal concentration) was added to each well, and after 10
inutes the plate was washed. Polyclonal antiphosphoty-

osine serum (Sugen Inc., Pfizer, New York, USA) diluted
:2000 in TBST containing 5% milk (blocking TBST) was
dded, and the plate was incubated for 45 minutes.

For the colorimetric detection of phosphotyrosine con-
ent in EGFR, commercial TAGO antirabbit peroxidase-
onjugated antibody diluted 1:10,000 in blocking TBST
as added to the wells and allowed to react for 45 minutes.
fter washing with TBST only, the colorimetric reaction
as initiated by adding 100 �L/well ABTS-H2O2 in citrate-
hosphate buffer, pH 4.0 [7.5 mg 2-2�-azino-bis(3-ethyl-
enzethiazoline-6-sulfonic acid) (ABTS), 2 �L 30% H2O2,
5 mL citrate-phosphate buffer, pH 4]. After 5-10 minutes
he plate was read on Dynaytec MR 5000 ELISA reader at
05 nm. Analysis of the data was performed with GraphPad
rism, version 2.01 (GraphPad Software, Inc., California,
SA). For each compound, two independent assays, at

east, with similar results, were performed. Each assay was
arried out in duplicate.

.3.3. Irreversibility test protocol
A431 cells (5 � 105) were grown in six-well plates (35

m diameter, Nalge Nunc) for 24 hours to �90% conflu-
nce, and then incubated in serum-free media for 18 hours.
uplicate sets of cells were treated with varying concentra-

ions of designated compounds to be tested as irreversible
nhibitors for 1 hour. Addition of the inhibitor vehicle made
he final solution 0.05% DMSO and 0.1% EtOH. After
emoval of inhibitor from the medium, PBS wash (�2) and
ddition of serum-free media to the wells one set of cells
as stimulated with 20 ng/mL EGF for 5 minutes at 37°C,

nd then washed with PBS. Cell extracts were made by
dding 0.4 mL boiling Laemmli buffer (10% glycerol, 2%
odium dodecyl sulfate, 5% �-mercaptoethanol, 62.5
mol/L Tris, pH 6.8), containing 0.001% bromophenol

lue, to the cells, scraping them with a rubber policeman
nd heating to 100°C for 10 minutes. The other set of cells
as incubated for 2 hours, washed with PBS, incubated

nother 2 hours, washed again, incubated an additional 4
ours and then stimulated with EGF. Cell lysates were

repared similar to the first set of cells. This assay was
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erformed three times, with similar results, for compound
a and once for compounds 5b and 5c.

.3.4. Western blot analysis

A quantity of 30 �g of protein lysates was separated by
DS-PAGE (8% acrylamide) and electrophoretically trans-
erred to a nitrocellulose membrane. The membrane was
locked in blocking TBST for 30 minutes and incubated
vernight with PY20 antiphosphotyrosine antibody (Santa
ruz Biotechnology Inc., Santa Cruz, CA) diluted 1:2,000

n blocking TBST. The membrane was washed thoroughly
ith TBST, and incubated for 1 hour with a horseradish
eroxidase–conjugated antimouse IgG (Jackson Immuno
esearch, 1:10,000 dilution in blocking TBST). Finally, the
embrane was washed in TBST (4 � 5 min) and immuno-

eactive proteins were visualized using an enhanced chemi-
uminescence detection reagent. Quantification of each band
as performed using Adobe Photoshop 5.0 ME and Na-

ional Institutes of Health NIH-image 1.61/ppc programs.

. Results and discussion

.1. Chemistry

To achieve a higher biological stability, we chose to label
he recently reported and more chemically stable irrevers-
ble inhibitors [15] that also possess a better water solubil-
ty. These compounds demonstrated in vivo efficacy in hu-

an xenograft animal models, indicating that improved
ioavailability could be related to enhancement of antitumor
ctivity. In these new irreversible EGFR inhibitors, the
cryl-amide group at the 6-position of the quinazoline ring
as replaced with a 4-dimethylamino-crotonyl amide. In

his group, the � carbon of the amide is partially positively
harged and thus sufficiently reactive to the nucleophilic
ttack, performed by the cysteine moiety at the receptor-
inding site. The increased chemical stability of these new
abeled inhibitors may be explained by the higher energy
ap between the HOMO LUMO electronic orbitals of the �
arbon center relative to the � carbon center in the acryloyl
roup. This enhanced chemical stability may lead to higher
iological stability and therefore improved bioavailability.
hus, if potency is not dramatically affected and remains in

he nanomolar range, the new labeled inhibitors will remain
t the receptor binding site long enough to allow covalent
inding. The synthesis of compounds 5a–c is outlined in
ig. 2. 6-Nitroquinazolone was reacted with SOCl2 to pro-
uce the 4-chloro-6-nitroquinazoline (3) with 80% chemical
ield and 97% purity. Compound 3 was used as is in the
ext step. Reaction of 4-chloro-6-nitroquinazoline (3) was
erformed with three different aniline derivatives. Each of
hem contained elements that will enable future radiolabel-
ng with fluorine-18, bromine or iodine isotopes. The cou-

ling of the aniline derivatives and the 4-chloro-6-nitro- i
uinazoline was performed in i-PrOH at reflux, and the
roducts were obtained as a bright yellow precipitate.

In the next step, the nitro group at the 6-position of the
uinazoline ring was reduced to amine. It should be noted
hat an undesired reduction at the anilino moiety of the
alogen position was observed only with the iodo deriva-
ive. Therefore, the reduction step of this derivative was
erformed at 0°C. Even at this temperature we observed the
ormation of 10% of the reduction side-product that was
eparated from the desired product by silica chromatogra-
hy. Reaction with bromo/chlorocrotonyl chloride [15]
ave the (2E)-4-bromo/chloro-N-{4-[(phenyl)amino]-
uinazolin-6-yl}-2-butenamides (6a–c) with 66% yield.
he crude materials were purified by flash chromatography
n silica gel column. Compounds 6a–c were used as pre-
ursors for either preparing the standard final compounds
a–c (Fig. 2) or preparing the starting materials 7a–c for the
adiolabeling with C-11 MeI (Fig. 3). For the preparation of
he standard compounds, compounds 6a–c were reacted
ith dimethylamine at 80°C for 15 minutes. The standard

ompounds 5a–c were purified by flash chromatography
ith silica gel column and obtained with 73% yield. For

ynthesis of the precursor for the radiolabeling, the chloro/
romo-crotonylmide derivatives 6a–c were reacted with

ig. 2. Synthesis of irreversible epidermal growth factor receptor inhibi-
ors.

ig. 3. Carbon-11 labeling of irreversible epidermal growth factor receptor

nhibitors.
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onomethylamine in THF at 0°C for 10-15 minutes. Higher
eaction temperatures caused the formation of several side-
roducts. It should be noted that the crude mixture of this
eaction could not be purified by silica gel nor by alumina
el column and was used as is for the radiosynthesis. When
ept as a solution at room temperature or when loaded on
olumn for purification, decomposition was observed by
MR, MS and HPLC. Therefore, at the end of the work-up,

he solvent was quickly removed under reduced pressure
ithout heating, and the crude product was kept at �20°C
efore use. We hypothesized that one possible mode of
ecomposition could have occurred through an intramolec-
lar nucleophilic attack of the secondary amine on the
arbonyl group to form a five-member ring (Fig. 4). Hydro-
en migration followed by water elimination could lead to
he stable aromatic methyl-pyrole group. The decomposi-
ion mixture contains several inseparable side-products.
his hypothesis was supported by the MS analysis of the
rude mixture, which showed the mass of the pyrole-deriv-
tive side products. It should also be noted that the chloro-
rotonylamide derivatives were stable throughout the reac-
ion with either mono-methylamine or dimethylamine.

.2. In vitro screening

The nonlabeled compounds were evaluated in a cell-free
ystem by means of ELISA to determine their EGFR auto-
hosphorylation IC50 values. The assays were performed
ith A431 cell lysates (as described in the Methods and
aterials section), and the IC50 values of the three com-

Fig. 4. Hypothesized mode of decomposition of 7a–c precursors.

able 1
C50 values in the ELISA screen with A431 cell lysates and IC80 values f
n intact A431 cells immediately after and 8 hours post removal of the co

tructure A431 Lysate

IC50 app

L01 0.208 nmol/L
L03 0.037 nmol/L

a (ML04) 0.06 � 0.04 nmol/L
b 0.46 � 0.12 nmol/L
c 0.09 � 0.01 nmol/L
* IC80 is the inhibitory concentration required to inhibit 80% of EGFR phosph
ounds are summarized in Table 1. The three compounds
resent similar results. Moreover, their IC50 values, in the
ow nanomolar range, indicate that the inhibitory potency of
hese new irreversible compounds towards the EGFR is on
ar with the parent compound, ML03. These data support
he potential use of this family of compounds as PET bio-
robes.

To assess the irreversible effect of the compounds on the
GFR autophosphorylation, the inhibitors were incubated
ith intact A431 cells for 1 hour (as described in the
ethods and materials section), and the degree of EGFR

hosphorylation was measured either immediately after or 8
ours after removal of the inhibitor from the medium.

One acceptable criterion for determining an irreversible
ffect of a compound is by measuring the degree of phos-
horylation of the EGFR 8 hours after removal of the
nhibitor from the medium. According to this assay, if an
nhibition of 80% or more is achieved after 8 hours then the
ompound is considered to be irreversible, whereas an in-
ibition of 20-80% sets the compound as “partially irrevers-
ble” [19]. The results in Table 1 indicate that the three
ompounds possess similar potencies with regard to their
nhibitory effect upon EGFR phosphorylation. The inhibi-
ion of phosphorylation was retained 8 hours after removal
f the compounds from the media, reflecting the irreversible
ffect of these inhibitors, most likely due to covalent bond-
ng to the EGFR.

.3. Radiochemistry

We initially considered labeling these new inhibitors
ith fluorine-18 on the anilino moiety. However, labeling

hese compounds with fluorine-18 would have involved a
ix-step radiosynthesis, with the introduction of the labeled
sotopes at the beginning of the procedure. Both the long
ynthesis time and the difficulty associated with automation
f the procedure disfavored labeling with fluorine-18. La-
eling with carbon-11, on the other hand, would have en-
bled the desired introduction of the radioisotope into the
olecule at the last step of the synthesis. The strategic

adiolabeling approach is based on the C-11 methylation

ition of epidermal growth factor receptor (EGFR) autophosphorylation
d from the medium

act A431 Cells

80* Range
mediately after
oval of inhibitor)

IC80* range (8 h after removal
of inhibitor)

5 nmol/L —
–20 nmol/L 6.7–20 nmol/L
10 nmol/L 10–50 nmol/L
10 nmol/L �50 nmol/L
–20 nmol/L 10–20 nmol/L
or inhib
mpoun

Int

IC
(im
rem

3–
6.7
4–
4–
10
orylation.
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eaction of the mono-methylamine group of the amide at-
ached to the 6-position of the quinazoline ring (Fig. 3). This
arbon-11 radiolabeling reaction used a commercial module
Nuclear Interface, Munster, Germany). The well known
-11 methyl-iodide labeling reagent was prepared accord-

ng to documented procedures [18]. The C-11 methyl-iodide
as distilled out to the second reactor, which contained the
recursor in a mixture of THF, DMSO, and acetonitrile at
20°C. The C-11 methylation reaction usually occurs at

igh temperatures; however, because of the instability of the
recursor, the high temperature would have caused decom-
osition and the labeled product would not have been ob-
ained. Therefore, upon investigating the relationship be-
ween temperature and yield, we found out that the optimal
emperature for this reaction was 100°C. After a 5-minute
eaction and THF evaporation, HPLC solvent was added
nd the crude mixture was purified by a built-in HPLC to
ield the final products. The desired fraction was collected
nto the solid-phase extraction flask. To dilute the acetoni-
rile in the mobile phase, the flask was preloaded with 60 �L
f 1 mol/L NaOH in 85 mL of water. Basic conditions were
rovided to obtain 5a–c as a free base. Finally, the products
ere separated by a C18 cartridge and were eluted with

thanol and saline. The automated procedure described en-
bled us to reliably and reproducibly (n � 30) obtain 5a–c
n good yields (0.55-0.74 GBq, 15-20 mCi). The highest
nal product activity dosage achieved was 37 mCi, which is
ufficient for human studies. HPLC analysis of the products
olution revealed high radiochemical (�99%) and chemical
urities. The high specific radioactivity achieved in the
utomated radiosynthesis (100 GBq/�mol, 2.7 Ci/�mol,
OB) is an important factor for the developments of PET
iomarkers in general, as well as for 5a–c, designed to
arget in vivo low capacity receptor systems, in particular.

In conclusion, based on our previous results with both
eversible and irreversible labeled EGFR inhibitors, we syn-
hesized a new generation of carbon-11–labeled PET bi-
markers. An automated radiosynthesis for the preparation
f these radiolabeled bioprobes was developed, leading to
he production of these labeled compounds with good
ields, high specific activities and high radiochemical puri-
ies. These new labeled tracers have the potential of a higher
iological stability, and a lower metabolic rate, which hope-
ully will lead to higher specific uptake in EGFR-positive
umors. The potency of these labeled tracers toward the
GFR was found to be high, and their inhibitory effect was
emonstrated to be long lasting. Altogether, these data re-
ect the good potential of these compounds to serve as
iomarkers for molecular imaging of EGFR-positive tu-
ors.
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