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Here, we report on the first synthesis of fluorescent-labeled epidermal growth factor receptor-DNA
targeting combi-molecules, and we studied the influence of P-glycoprotein status of human sarcoma
MES-SA cells on their growth inhibitory effect and cellular uptake. The results showed that 6, bearing a
longer spacer between the quinazoline ring and the dansyl group, was more stable and more cytotoxic
than 4. In contrast to the latter, it induced significant levels of DNA damage in human tumor cells.
Moreover, in contrast to doxorubicin, a drug known to be actively effluxed by P-gp, the more stable
combi-molecule 6 induced almost identical levels of drug uptake and DNA damage in P-gp-proficient
and -deficient cells. Likewise, in contrast to doxorubicin, 4 and 6 exerted equal levels of antiproliferative
activity against the two cell types. The results in toto suggest that despite their size, the antiproliferative
effects of 4 and 6 were independent of P-gp status of the cells.

Introduction

At the advanced stages, solid tumors express a variety of
receptors and signaling proteins that not only drive their
progression but also render them resistant to tumor drugs.
One mechanism of multidrug resistance (MDR)a is the
expression of a reflux pump [e.g., P-glycoprotein (P-gp)] that
transports drugs out of the cells,1-5 and this is responsible for
drug resistance and treatment failure in approximately 90%of
cancer patients.6,7 Also, some mutations in key signaling
proteins are often responsible for chemoresistance. Several
attempts to modulateMDR led to a limited degree of success
in the clinic, and the design of agents that diffuse into the
cells regardless of their P-gp status or that selectively kill
P-gp-expressing cells8 has become a new drug development
strategy.

Recently, to circumvent problems associated with target
heterogeneity in advanced cancers, we developed novel types
of drugs capable of inhibiting refractory tumor cell growth by
blocking divergent targets such as the epidermal growth factor
receptor (EGFR) and genomic DNA. Many prototypes of
these agents termed combi-molecules have been shown to
block the growth of human cancer cells with disordered
signaling.9-14 While their ability to concomitantly damage
DNA and to induce high levels of apoptosis was demon-
strated, the influence of transport pump-mediated MDR on
the potency of these multitargeted molecules has yet to be
explored. To analyze their intracellular uptake and dependence
onMDR status, we designed fluorescence-labeled prototypes
4 (AL194) and 6 (AL237)15 and studied their differential
uptake by two human uterine sarcoma cell lines (MES-SA

andMES-SA/DX5) that do not express EGFR,16 the primary
target of these combi-molecules. The use of cells deprived of
EGFR was to avoid any interference of EGFR or related
proteins with the retention or subcellular distribution of the
molecules.We have now shown elsewhere that EGFR expres-
sion influences their subcellular distribution.15 Importantly,
in contrast to the parental MES-SA cell line, the MES-SA/
DX5 has been shown to express P-gp and to be resistant to
doxorubicin and paclitaxel.17-19

The new combi-molecules reported herein were designed to
degrade into an aminoquinazoline, fluorescing in the blue,
and a dansylated DNA-damaging moiety, fluorescing in the
green, thereby facilitating the analysis of drug uptake by
fluorescence microscopy and flow cytometry. The IC50 values
for EGFR tyrosine kinase inhibition by 4 and 6 were 1.4 and
0.6μM, respectively, and their binaryEGFR-DNAtargeting
properties are extensively discussed in a separate report.15

Here, we describe the synthesis of the two combi-molecules,
one with a short neutral ethano linker and the other with a
longer and basic N-methylethanediamine spacer. We com-
pared their differential uptake in MES-SA cells with that of
doxorubicin, by fluorescencemicroscopy and flow cytometry.
In contrast to the clinical anticancer drug doxorubicin, the
potency of these bulkymolecules was independent of the P-gp
status of the two cell types. It should be noted that the purpose
of this studywas not to compare the potency of the fluorescent
molecules with that of doxorubicin, a strong DNA interca-
lator and topoisomerase II inhibitor, butwas rather to analyze
their differential uptake in comparison with that of doxo-
rubicin, a highly P-gp-dependent drug.

Results and Discussion

Chemistry. The synthesis of compound 4 and 6 proceeded
according to Schemes 1 and 2, respectively. Commercially
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available 9-fluorenylmethylN-(2-aminoethyl)carbamate hydro-
chloride was treated with dansyl chloride in a biphasic ethyl
acetate/aqueous potassium carbonate solution to give 1

(Scheme 1). Compound 1 was deprotected with morpholine
in DMF to give the amino compound 2. In parallel, the
aminoquinazoline was diazotized in dry acetonitrile with
nitrosonium tetrafluoroborate to provide the diazonium salt
3 as previously described.14 Diazonium salt 3 was coupled
with 2 in the presence of triethylamine in situ to give the
desired compound 4. Several attempts to purify 4 by column
chromatography failed due to on-column degradation,

which we believe could be due to the conversion of 4 to a
product resulting from loss of nitrogen. Successful purifica-
tion was achieved by serial trituration of compound 4 with
methylene chloride, ether, and petroleum ether to give a pure
red-brown powder. The compound was characterized by
NMR and MS, and its purity was confirmed by elemental
analysis.

The synthesis of compound 6 proceeded in a similar
fashion. An excess of commercially available N-(2-amino-
ethyl)-N-methylethanediamine was treated with dansyl chlo-
ride to give 5 in ethyl acetate at 0 �C (Scheme 2), and this

Scheme 1. Synthesis of Compound 4
a

aReagents and conditions: (i) N-Fmoc-ethylenediamine, EtOAc, H2O, K2CO3, 0 �C. (ii) Morpholine, DMF, room temperature. (iii) Diazonium 3,

Et3N, CH3CN/Et2O, -5 �C.

Scheme 2. Synthesis of Compound 6a

aReagents and conditions: (i) N-(2-Aminoethyl)-N-methylethanediamine, EtOAc, 0 �C. (ii) Diazonium 3, Et3N, CH3CN/Et2O, -5 �C.
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product was coupled with the diazonium salt of quinazoline
3 to give 6. The purification of 6 was as difficult as that of 4.
All attempts to purify this compound by column chroma-
tography failed. Serial trituration provided a pure red-brown
powder that was analytically pure. The structure of 6 was
further confirmed by NMR and MS.

Half-Life in a Serum-Containing Medium. The sole struc-
tural difference between 4 and 6 is in the nature of the linker.
The linker in 4 is an ethylene group between the sulfonamido
moiety of the dansyl and the N3 of the triazene, leaving no
possibility for intramolecular hydrogen bonding. By con-
trast, the dansyl in 6 is separated by six bond lengths and
contains a methylamino group three bond lengths away
from the N3 of the triazene, leaving the possibility for
intramolecular hydrogen bonding. Interestingly, 4 was 5-fold
less stable than 6 with a half-life as short as 5 min (Table 1).
Perhaps, the intramolecular interaction between theN-methyl-
amino group and the triazene plays a significant stabilizing
role. We have already evoked a similar interaction for explain-
ing the stability of 7 (Scheme 2), a stable dimethyaminoethyl
triazene with a t1/2= 108 min10 that showed significant anti-
tumor activity in vivo.20 To further elaborate on the impor-
tance of the N-methylamino group on the stability of 6,
we undertook a molecular modeling study using AM1 semi-
empirical calculation.

As outlined in Figure 1, conformer 1 containing a H-bond
is computed to be∼2 kcal/molmore stable than conformer 2,
which lacks the H-bond. Conformer 1 has the proposed
H-bond (2.62 Å distance) that stabilizes it. The H-bond is
absent in conformer 2, as the hydrogen and the amine
nitrogen are trans to one another at a distance of 4.08 Å.
Compound 4, which is not able to adopt H-bond-stabilizing
conformations, is less stable. However, in aqueous solution,
the superior stability of 6 is better rationalized in terms of the
equilibria depicted in Schemes 3 and 4. Because the central
nitrogen in 6 is protonated at physiological pH, the transi-
tion state to the formation of the doubly charged species
F should have a higher energy when compared with that for
C in Scheme 4. This may account for the slower rate of
hydrolysis for 6 when compared with 4 under physiological
conditions.

Differential Growth Inhibitory Activity.The potency of the
two dansylated compounds was compared in MES-SA cells

that do not express P-gp. MES-SA cells are also deprived of
EGFR expression.16 Therefore, the EGFR inhibitory acti-
vity of the quinazoline side chain would not influence the
growth inhibitory effect of compounds 4 and 6. The results
showed that 6 was 3-fold more potent than 4 (Figure 2A).
Perhaps the rapid decomposition of 4 compromised its
optimal cellular delivery. We also observed a 2-fold stronger
potency for 6 in the MDA-MB-468 breast cancer cells that
express EGFR but do not express P-gp,21,22 indicating that 6
wasmore potent than 4 regardless of the P-gp and the EGFR
status of the cells (Figure 2B).

Because our primary goal was to compare the cellular
penetration of the two compounds in P-gp-proficient and
-deficient cells, we tested their effects on both MES-SA (P-gp-
deficient) and its derived MES-SA/DX5 (P-gp-proficient)
cells. The latter cell line expresses high levels of P-gp and is
resistant to doxorubicin. Using the SRB assay, we showed a
20-fold difference between the sensitivity of MES-SA and
MES-SA/DX5 to doxorubicin. In contrast, no significant
difference (P> 0.05) was seen for both 4 and 6 in their
potency against the two cell lines. Combi-molecule 6 was
equally potent in both cell lines, and 4 was 1.6-fold more
potent against MES-SA/DX5 than MES-SA, indicating an
even greater potency in the cells that express P-gp.

Cellular Uptake. To verify whether the differential res-
ponses correlated with cell penetration, we exploited the

Table 1. Half-Lives of Compounds 4 and 6 in a Serum-Containing Medium

*Data are means of three experiments in triplicate.

Figure 1. Molecular modeling using AM1 semi-empirical calcula-
tion of 6. The H-N distances are given in Å.
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fluorescent properties of doxorubicin and those of com-
pounds 4 and 6 to analyze their intracellular content by
fluorescence microscopy and flow cytometry. We have pre-
viously used flow cytometry to analyze doxorubicin and
compound 6 internalization in human breast tumor cells.15,23

Fluorescence microscopy in the parental cell line showed a
homogeneous distribution of doxorubicin (Figure 3A, upper
panel) throughout the cell population. By contrast, in the
MES-SA/DX5 cells (Figure 3A, lower panel), the distribu-
tion was heterogeneous with a fraction of the cell popula-
tion emitting high fluorescence and another with poor to no

internalization of doxorubicin. As shown inFigure 4A, 4 and
6 penetrate the cells and decompose inside the cells to
generate its bioactive species: EGFR inhibitor, blue fluore-
scence, and a DNA-damaging species, green fluorescence.
The two colors were observed at similar intensity in both cell
types. Flow cytometric analysis permitted the quantification
of the proportion of cells that did not internalize doxorubicin
(Figure 3B) and the combi-molecules (Figure 4B). For the
more potent compound 6, at a dose range starting with the
IC50 for growth inhibition, no differential internalization
between the two cell types was seen. In contrast, 40% of the

Scheme 3. Degradation Pathway of Compound 6 in Physiological Conditions

Scheme 4. Degradation Pathway of Compound 4 in Physiological Conditions
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cell population could not internalize doxorubicin at this dose
range.

DNA Damage. The DNA-damaging property of com-
pounds 4 and 6 was assessed by alkaline comet assay. The
visualization of DNA comet tails in both cell lines using
fluorescence microscopy showed that 6 was a strong DNA-
damaging agent, while 4 was not able to induce DNA
damage (Figure 5). This result is consistent with the stability
of the twomolecules and also that of the putative dansylated
alkyldiazonium released after degradation. The rapid de-
composition of 4 seems again to limit its activity. Moreover,
6 damaged DNA in both cell lines with the same intensity,
independently of P-gp status, which is in agreement with the
growth inhibitory results, and also indicated that the combi-
molecule can penetrate and decompose inside the cells to
deliver the DNA-damaging moiety (green fluorescence,
Figure 4A). The levels of DNA damage induced by doxo-
rubicin were also analyzed in the two cell types, and a
differential response was seen with doxorubicin inducing a
2-fold greater number of DNA-damaged cells in the MES-SA

population when compared with MES-SA/DX5 (Figure 3C).
Cells with a higher comet tail moment than the control were
scored as damaged, and the datawere presented as percent of
cells with damagedDNA. This result was consistent with the
differential level of doxorubicin uptake observed between
these two cell types.

Conclusion

At the advanced stages of many cancers, drug transport is
significantly affected by several mechanisms including P-gp-
mediated drug efflux.1-5 This presents a daunting challenge to
drug development against advanced cancers. The combi-
molecules are designed to possess multiple targeting proper-
ties with the purpose of simultaneously blocking several
signaling networks in the cells. To this end, several pharma-
cophores must be appended to one single core structure.
Therefore, this leads to the branching of pharmacophores
through bulky linkers that often affect the size of the resulting
molecules and, as a result, their transport into the cells. It is
now well-known that the greater the size of an agent is, the

Figure 2. Growth inhibition of doxorubicin, 4, and 6 by SRB assay. (A) Comparison of antiproliferative activity of doxorubicin, 4, or 6 in
MES-SA andMES-SA/DX5 cells after 96 h. (B) Growth inhibition of 4 and 6 in human breast MDA-MB-468 cells. Each point represents an
average of two independent experiments performed in triplicate.
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more likely that its transport mechanism across the cell
membrane will be influenced by efflux proteins. Here, we
discovered that at least onemechanism of drug effluxmay not
prevent cell penetration by two prototypical combi-molecules
designed to block EGFR-DNA and carrying a bulky fluor-
escence-labeled moiety. Although the molecular mechanism
of such an important observation requires further elucidation,
we believe that the fact that the combi-molecules are designed
to decompose inside the cells to generate their bioactive
species might be amean by which the rapid efflux of the intact
structure was impeded.

Experimental Section

Chemistry.
1H NMR spectra and 13C NMR spectra were

recorded on a Varian 300 MHz spectrometer. Chemical shifts
are given as δ values in parts per million (ppm) and are
referenced to the residual solvent proton or carbon peak. Mass
spectrometry was performed by the McGill University Mass
Spectroscopy Center, and electrospray ionization (ESI) spectra
were performed on a Finnigan LC QDUO spectrometer. Data
are reported as m/z (intensity relative to base peak = 100).
Elemental analyses were carried out by GCL & Chemisar
Laboratories (Guelph, Ontario, Canada). The analyses were
done two times. All chemicals were purchased from Sigma-
Aldrich. Dansyl chloride was purchased from Alfa Aesar,N-(2-
aminoethyl)-N-methylethanediamine was from Wako Pure
Chemical Industries, Ltd., and mono-Fmoc-ethylenediamine
hydrochloride was from Novabiochem. The purities of all com-
pounds tested were>95% as determined by elemental analysis.

Compound 1, 2-Dansyl-9-fluorenylmethyl N-(2-Aminoethyl)-
carbamate. 9-FluorenylmethylN-(2-aminoethyl)carbamate hydro-
chloride (500mg, 1.57mmol) was dissolved inwater saturatedwith
potassiumcarbonateandethyl acetate (50mL/50mL).Themixture
was cooled to 0 �C, and a solution of dansyl chloride (3 equiv) in
ethyl acetatewas addeddropwise. The reactionmixturewas stirred,
and the temperature was raised to room temperature. After 4 h, the
organic layerwas separated,washedwithbrine twice anddriedwith
magnesium sulfate, filtered, and evaporated to provide a yellow-
green oil, which was purified by trituration in ethyl ether. A white
pure solid of compound 1 was obtained after filtration (742 mg,
92%). 1H NMR (300MHz, DMSO-d6): δ ppm 2.75 (m, 2H), 2.80
(s, 6H), 2.95 (m, 2H), 4.21 (m, 3H), 7.25 (m, 4H), 7.37 (m, 2H), 7.59
(m, 4H), 7.85 (d, J=7.5 Hz, 1H), 7.99 (m, 1H), 8.08 (d, J=7.5 Hz,
1H), 8.24 (d, J=8.1 Hz, 1H), 8.45 (d, J=8.7 Hz, 1H).

Compound 2, Dansyl-N-(2-aminoethyl)amide. The Fmoc
group was removed with morpholine/DMF 1/1 (2 mL) for 30 min
at room temperature. The reactionmixture was evaporated, and
the crude product was extracted with ethyl acetate and acidic
water phase (pH 2). The aqueous phase was alkalinized to pH 5
and extracted with ethyl acetate to eliminate the secondary
products from the aqueous layer. The pH was increased to 10,
and this aqueous layer was extracted again with ethyl acetate.
The organic layer was dried, and the magnesium sulfate was
filtered and evaporated to provide pure free amine 2 (148 mg,
87%). 1H NMR (300 MHz, DMSO-d6): δ ppm 2.45 (m, 2H),
2.75 (m, 2H), 2.81 (s, 6H), 7.24 (d, J =7.2 Hz, 1H), 7.59 (q,
J=7.5Hz, 2H), 8.09 (d, J=7.2Hz, 1H), 8.28 (d, J=8.4 Hz, 1H),
8.45 (d, J=8.7 Hz, 1H).

Compound 5, Dansyl-N-(2-[(2-aminoethyl)-N-methylamino]ethyl)-
amide.Dansyl chloride (1 g, 3.71 mmol) was dissolved in 20 mL

Figure 3. Cellular fluorescence and DNA damage by doxorubicin. (A) Intracellular accumulation of doxorubicin in P-gp-positive and
-negative cells was determined by fluorescence microscopy. Cells were incubated with 25 μM doxorubicin for 2 h and washed with PBS, and
fluorescence was visualized with a Leica fluorescent microscope (40�magnification). (B) Cellular fluorescence of doxorubicin by FACS. The
levels of accumulated fluorescence for doxorubicin (0, 6.25, 12.5, 25, and 50 μM)were quantified inMES-SA andMES-SA/DX5 cells after 2 h.
(C) DNA damage induced by doxorubicin inMES-SA (0, 1.5, 6.25, 12.5, 25, and 50 μM) andMES-SA/DX5 (0, 6.25, 12.5, 25, 50, and 100 μM)
cells. Cells were exposed for 2 h to doxorubicin, and DNA damage was measured using an alkaline comet assay. Fifty cells were scored from
each dose, and the comet tail moment was calculated by comet IV software (Perceptive Instruments). Cells with a comet tail moment greater
than that in the control were scored positive and expressed as percent of cells with damaged DNA.
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of ethyl acetate and was added dropwise to a cold solution of
N-(2-aminoethyl)-N-methylethanediamine (2.38mL, 5 equiv) in
80 mL of ethyl acetate. The reaction mixture was stirred at 0 �C
under argon. After 2 h, the solution was extracted with neutral
water and acidic water (pH 2-3). This acidic water was alkali-
nized and was extracted with ethyl acetate two times. The
organic layer was dried with magnesium sulfate, filtered, and
evaporated to provide a yellow oil, which was purified by
crystallization in a minimum of ethyl acetate. White pure
crystals of compound 5 were obtained (1.117 g, 86%). 1H
NMR (300 MHz, DMSO-d6): δ ppm 1.92 (s, 3H), 2.13 (t, J=
6.3Hz, 2H), 2.21 (t, J=6.7Hz, 2H), 2.40 (t, J=6.1Hz, 2H), 2.81
(s, 6H), 2.84 (t, J=6.9Hz, 2H), 7.21 (d, J=7.5Hz, 1H), 7.58 (m,
2H), 8.11 (d, J=7.2 Hz, 1H), 8.27 (d, J=8.4 Hz, 1H), 8.43 (d,
J=8.1 Hz, 1H).

Compound 4. The diazonium compound 3 was synthesized as
described in ref 14:Amino-anilinoquinazoline (50mg, 0.184mmol)
was dissolved in dry acetonitrile (5 mL) under argon and cooled
to -5 �C. Nitrosonium tetrafluoroborate (2 equiv) in acetoni-
trile was added directly. After 30 min at -5 �C, the resulting
clear orange solutionwas added dropwise to another solution of
compound 2 (1 equiv) in acetonitrile with triethylamine (2 equiv)
at 0 �C, after which the mixture was extracted with ethyl acetate
and brine. The organic layer was dried with potassium carbo-
nate and evaporated to provide a brown residue, which was
purified by serial trituration: First, the crude product was
dissolved in a minimum of methylene chloride and precipitated
with petroleum ether and after was triturated in ether/petroleum
ether 1/4 to give after filtration a red-brown solid (93 mg, 88%).

1H NMR (300 MHz, DMSO-d6): δ ppm 2.77 (s, 6H), 3.10 (m,
2H), 3.59 (m, 2H), 7.13 (d, J=8.4 Hz, 1H), 7.22 (d, J=7.5 Hz,
1H), 7.39 (m, 1H), 7.59 (m, 2H), 7.73 (d, J= 8.7 Hz, 1H), 7.86
(m, 2H), 8.13 (m, 2H), 8.27 (d, J=8.7Hz, 1H), 8.35 (s, 1H), 8.43
(d, J=9.0 Hz, 1H), 8.58 (s, 1H), 9.89 (s, 1H), 10.59 (m, 1H). 13C
NMR (75 MHz, DMSO-d6): δ ppm 158.13, 153.92, 152.05,
149.23, 148.90, 141.70, 136.29, 133.36, 130.71, 130.23, 129.74,
129.70, 129.50, 129.08, 128.61, 125.68, 124.28, 123.58, 121.89,
120.84, 119.71, 116.28, 115.82, 115.18, 51.72, 46.31, 45.72
(2C). ESI m/z 572.9 (MHþ with 35Cl). Anal. (C28H27ClN8O2S)
C, H, N.

Compound 6. The diazonium compound 3 was still synthe-
sized as previously described.14Amino-anilinoquinazoline (608mg,
2.246 mmol) was dissolved in dry acetonitrile (80 mL) under
argonand cooled to-5 �C.Nitrosonium tetrafluoroborate (2 equiv)
in acetonitrile was added directly. After 30 min at -5 �C, the
resulting clear solution was added dropwise to another solution
of compound 5 (1 equiv) in acetonitrile with triethylamine
(2 equiv) at 0 �C, after which the mixture was extracted with
ethyl acetate and brine. The organic layer was dried with
potassium carbonate and evaporated to provide a brown resi-
due, which was purified by serial trituration. The crude product
was dissolved in a minimum of methylene chloride and pre-
cipitated with petroleum ether, after which it was triturated in
ether/petroleum ether 1/4 to give after filtration a red-brown
solid (1.2 g, 85%). 1H NMR (300MHz, DMSO-d6): δ ppm 1.99
(s, 3H), 2.32 (m, 2H), 2.52 (m, 2H), 2.77 (s, 6H), 2.90 (m, 2H),
3.53 (m, 2H), 7.12 to 7.21 (m, 2H), 7.39 (m, 1H), 7.55 (m, 2H),
7.75 to 7.97 (m, 4H), 8.12 (m, 2H), 8.30 (d, J=8.4 Hz, 1H), 8.40

Figure 4. (A) Cellular fluorescence of 4 and 6 by fluorescence microscopy. MES-SA andMES-SA/DX5 cells were incubated with 4 and 6 for
2 h, and imaging was performed with Leica fluorescent microscope (40� magnification). Visualization of 4 and 6 degradation species: Blue
aminoquinazoline and green dansylated species were imaged using individual filters. (B) Cellular fluorescence of 4 and 6 byFACS. The levels of
accumulated fluorescence for 4 and 6 (0, 6.25, 12.5, 25, and 50 μM)were quantified inMES-SA andMES-SA/DX5 cells by FACS, and results
were analyzed with GraphPad Prism software.
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(m, 1H), 8.43 (s, 1H), 8.60 (s, 1H). 13C NMR (75MHz, DMSO-
d6): δ ppm 158.10, 153.83, 152.01, 149.73, 148.78, 141.75,
136.69, 133.37, 130.72, 130.07, 129.76, 129.69, 129.56, 128.92,
128.54, 125.40, 124.25, 123.55, 121.83, 120.79, 119.77, 116.37,
115.76, 115.29, 57.04 (2C), 53.84, 46.40, 45.72 (2C), 41.51. ESI
m/z 632.1 (MHþ with 35Cl). Anal. (C31H34ClN9O2S) C, H, N.

Half-Lives. The half-lives of 4 and 6 under physiological
conditions were studied by UV spectrophotometer, Farmacia
Biotech Ultrospec 2000. The compounds were dissolved in
minimum volume of DMSO and diluted with DMEM supple-
mentedwith 10%FBS, and the absorbanceswere read at 335 nm
for 4 and 350 nm for 6 in a quartz UV cell maintained at 37 �C
with a circulating water bath. The experiment was repeated
three times for each compound. The half-life was estimated by a
one-phase exponential decay curve-fit method using the Graph-
Pad software package (GraphPad software, Inc., San Diego,
CA).The thermometerwasTraceableVWRdigitalwith(0.005 �C
accuracy.

Molecular Modeling. Molecular modeling was performed
with MOE software (version 2006.08) available from Chemical
Computing Group Inc. (Montreal, Quebec, Canada; www.
chemcomp.com).

Biology. Cell Culture.All three cell lineswere purchased from
the American Type Culture Collection (ATCC,Manassas, VA).
Human uterine sarcoma cells, MES-SA, and MES-SA/DX5
(ATCC: CRL-1976 and CRL-1977, respectively) were main-
tained in McCoy 5A medium, and human breast cancer cells
MDA-MB-468 were cultured in DMEM. All media were sup-
plemented with 10% FBS, 1.5 mM L-glutamine (Wisent Inc.,
St.-Bruno, Canada), and 100 μg/mL penicillin/streptomycin
(GibcoBRL, Gaithersburg, MD). Cells were grown exponentially

at 37 �C in a humidified atmosphere of 95% air and 5% car-
bon dioxide. In all assays, cells were plated 24 h before drug
treatment.

Drug Treatment.Compounds 4 and 6were synthesized in our
laboratory, and doxorubicin hydrochloride was purchased from
the hospital drug store (Mayne Pharma Inc., Montreal). In all
assays,moleculesweredissolved inDMSO(50mMstock solution),
and doxorubicin was dissolved in sterile water (2 mg/mL stock
solution) and subsequently diluted inMcCoy 5Amediumbefore
it was added to cells. The concentration of DMSO never
exceeded 0.1% (v/v) during treatment.

Growth Inhibition Assay. MES-SA, MES-SA/DX5, and
MDA-MB-468 cells were plated at a density of 5000 cells/well
in 96-well flat-bottomed microtiter plates (100 μL of cell/well).
Cells were allowed to attach overnight and then were treated
with different drug concentrations for 96 h. Thereafter, cells
were fixed using 50 μL of 50% trichloroacetic acid for 60 min at
4 �C, washed four times with water, stained with sulforhoda-
mine B (SRB 0.4%) for 2 h at room temperature, rinsed four
times with 1% acetic acid, and allowed to dry.24 The resulting
colored residue was dissolved in 200 μL of Tris base (10 mM,
pH 10.0), and the optical density was recorded at a wavelength
of 492 nm using a Bio-Radmicroplate reader (model 2550). The
results were analyzed byGraphPad Prism (GraphPad Software,
Inc.), and the sigmoidal dose-response curve was used to
determine 50% cell growth inhibitory concentration (IC50).
Each point represents the average of at least three independent
experiments run in triplicate.

DNA Damage by Alkaline Comet Assay. The alkaline comet
assay was performed as previously described.25-27 Briefly, cells
were exposed to doxorubicin (0, 1.5, 6.25, 12.5, 25, and 50 μM),

Figure 5. DNAdamage induced by 4 and 6 at 50 (A) and 100 μM(B).MES-SA andMES-SA/DX5 cells were exposed to each combi-molecule
for 2 h followed by assessment of drug-inducedDNA damage using an alkaline comet assay. Visualization of DNA comets in both cell lines by
fluorescence microscopy (10� magnification) after staining with SYBR Gold. (C) Fifty comets were scored, and the comet tail moment was
quantified by comet IV software (Perceptive Instruments). Two independent experiments were averaged for each cell line, and data were
analyzed with GraphPad Prism software.
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4, and 6 (0, 50, and 100 μM) for 2 h, harvested by trypsinization,
collected in ice-cold PBS by centrifugation at 3000 rpm for 5 min,
and then resuspended in PBS at 1 � 106 cells/mL. Cells were
mixed with low melting point agarose (0.7%) in PBS at 37 �C
(final dilution 1:10), followed by layering the agarose/cells
suspension on GelBond film (Lonza, Rockland, ME). The
agarose/cell suspension was allowed to solidify for 10 min and
then immediately placed in lysis buffer [2.5 M NaCl, 100 mM
tetra-sodium EDTA, 10 mM Tris-base, 1% (w/v) N-lauroyl-
sarcosine, 10% (v/v) DMSO, and 1% (v/v) triton X-100, pH
10.0] overnight at 4 �C. Thereafter, the gels were rinsed with
distilled water, equilibrated in alkaline electrophoresis buffer
[300 mM NaOH, 10 mM tetra-sodium EDTA, 7 mM 8-hydro-
xyquinoline, 2% (v/v) DMSO, pH 13.0] for 30 min at room
temperature, and electrophoresed at 20 V for 25 min in fresh
eletrophoresis buffer. The gels were subsequently neutralized
in 1Mammoniumacetate and then dehydrated in 100%ethanol
overnight. Comets were visualized at 10� magnification using
Leica fluorescent microscope after staining with SYBR Gold
(1:10000, Molecular Probes, Eugene, OR) for 45 min.

Fluorescence Microscopy. Fluorescent properties of mole-
cules were used to image drug transport efficiency and intracel-
lular accumulation. MES-SA and MES-SA/DX5 cells were
plated at 70% confluence in six-well plates, allowed to adhere
overnight, and treated with 0, 25, and 50 μM 4, 6, or doxo-
rubicin. After 2 h, cells were washed twice with PBS and were
directly imaged at 40� using Leica fluorescent microscope
(Leica DFC300FX camera) without fixation.

Flow Cytometry Analysis of Intracellular Drug Fluorescence.

MES-SA andMES-SA/DX5 cells were plated at 0.5�106 cells
per well in six-well plates, allowed to adhere overnight, and
incubated in the presence of 4 and 6 or doxorubicin (0, 1.25,
6.25, 12.5, 25, and 50 μM) for 2 h. Cells were collected by
trypsinization, washed twice with PBS, pelleted by centrifuga-
tion, and resuspended in 300 μL of PBS supplemented with 1%
FBS to prevent cell clumping. Intracellular fluorescence levels
were measured using a BD LSR flow cytometer (BD Bio-
sciences, San Jose, CA). For 4 and 6, fluorescence was detected
at two wavelengths for the two fluorescent products hydro-
lyzed in the cell: the aminoquinazoline [excitation at 340 nm
and emission at 451 nm (blue)] and the dansylated DNA-
damaging species [excitation at 340 nm and emission at 525 nm
(green)]. To test the transport efficiency of P-gp-proficient cells
(MES-SA/DX5) in comparison with the parental MES-SA
P-gp-deficient cells, we quantified the fluorescence levels of
doxorubicin [excitation at 480 nm and emission at 560-590 nm
(red)] and recorded the percentage of doxorubicin-positive
P-pg-expressing cells (MES-SA/DX5). FACS results were
analyzed with GraphPad Prism software.
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