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ABSTRACT:. The brominated anilinoquinazoline derivative PD153035 exhibits a very high affinity and
selectivity for the epidermal growth factor receptor tyrosine kinase (EGF-R TK) and shows a remarkable
cytotoxicity against several types of tumor cell lines. In contrashitsethyl derivative, designated EBE-

A22, has no effect on EGF-R TK but maintains a high cytotoxic profile. The present study was performed
to explore the possibility that PD153035 andNisnethyl analogue might interact with double-stranded
DNA, which is a primary target for many conventional antitumor agents. We studied the strength and
mode of binding to DNA of PD153035 and EBE-A22 by means of absorption, fluorescence, and circular
and linear dichroism as well as by a relaxation assay using human DNA topoisomerases. The results of
various optical and gel electrophoresis techniques converge to show that both drugs bind to DNA and
behave as typical intercalating agents. In particular, EBE-A22 unwinds supercoiled plasmid, stabilizes
duplex DNA against heat denaturation, and produces negative CD and ELD signals, as expected for an
intercalating agent. Extensive DNase | footprinting experiments performed with a large range of DNA
substrates show that EBE-A22, but not PD153035, interacts preferentially with GC-rich sequences and
discriminates against homooligomeric runs of A and T which are often cut more readily by the enzyme
in the presence of the drug compared to the control. Altogether, the results provide the first experimental
evidence that DNA is a target of anilinoquinazoline derivatives and suggest th&t-thethylated ring

system is a valid candidate for the development of DNA-targeted cytotoxic compounds. The possible
relevance of selective DNA binding to activity is considered. The unexpected GC-selective binding
properties of EBE-A22 entreat further exploration into the usi-afethylanilinoquinazoline derivatives

as tools for designing sequence-specific DNA binding ligands.

The epidermal growth factor (EGF) receptor tyrosine against this receptor might act as cancer-specific bullets and
kinase (hereafter designed EGF-R TKgpresents an at- therefore might reduce or eliminate the unwanted cytotoxic
tractive target for the development of new series of antitumor effects associated with conventional cancer chemotherapy
agents. A small number of drugs designed to target the (1).

EGF-R TK have recently entered clinical testing as antitumor 1o EGE-R TK inhibitors tested clinically as antitumor

drugs, and the results reported so far are encouraging. Theens include the quinazoline derivatives ZD1839 (Astra-
observation Lhat th_e E%F'R Irs1 overeﬁpreslsedl n ds.evera(;Zeneca) and CP358774 (Pfizer) and the pyrrolopyrimidine
tumor types has raised hope that small molecules directedyq iy ative CGP59326 (Novartis). All major pharmaceutical

. companies are currently developing tyrosine-specific protein
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(dG-dC) were from Pharmacia (Uppsala, Sweden). Their
/@ HaC. Q concentrations were determined by applying molar extinction
HN Br N Br coefficients of 6600, 6600, and 8400 #cm™, respectively
H3CO SN H3CO SN (12). Calf thymus DNA was deproteinized with sodium
A A dodecyl sulfate (protein conternt0.2%), and all nucleic acids
HaCO N H3CO N were dialyzed against 1 mM sodium cacodylate buffered

solution, pH 7.0. The nucleoside triphosphate labeled with

PD153035 EBE-A22 32p (o-dATP) was obtained from Amersham (Buckingham-
shire, England) (3000 Ci/mmol). Restriction endonucleases
and AMV reverse transcriptase were purchased from Boe-
hringer (Mannheim, Germany) and used according to the
supplier's recommended protocol in the activity buffer
provided. All other chemicals were analytical grade reagents.

Absorption Spectroscopy and Melting Temperature Stud-
ies. Absorption spectra and melting curves were measured
using an Uvikon 943 spectrophotometer coupled to a Neslab
RTE111 cryostat. Titrations of the drug with DNA, covering
a large range of DNA-phosphate/drug ratios (P/D), were
performed by adding aliquots of a concentrated DNA solution
to a drug solution at constant ligand concentrationy{®D).
For each series df, measurements, 12 samples were placed
in a thermostatically controlled cell holder, and the quartz
cuvettes (10 mm path length) were heated by circulating
water. The measurements were performed in BPE buffer,
pH 7.1 (6 mM NaHPQ,, 2 mM NaHPO,, 1 mM EDTA).
The temperature inside the cuvette was measured with a

_ platinum probe; it was increased over the range 200°C
Ficure1: Structures of PD153035 and Wsmethyl analogue EBE- ity 5 heating rate of 1C/min. The “melting” temperature,
A22. Energy-minimized structures of the drugs are shown. The

softwares HyperChem 5.01 and Alchemy 2000 were used to 1m Was taken as the midpoint of the hyperchromic transition.
construct the structures. Fluorescence Titration Experimentuorescence titration
) _ data were recorded at room temperature using a SPEX
The design and synthesis of hundreds of analogues offjyorometer Fluorolog. Excitation was at 360 nm, and
PD153035 have helped elucidate the struct@ilivity  fiyorescence emission was monitored over the range-380
inhibitors. Second-generation inhibitors equipped with solu- yrepared separately at a constant drug concentratiopof, 5
bilizing groups have been successfully developed and areang pNA concentrations ranging from QM to 1 mM bp.

currently being subjected to preclinical testig (However,  Flyorescence titration data were fitted directly to get binding
the newly designed “soluble-153035" analogues do not constants using a fitting function incorporated into Prism 3.0.
exhibit the exceptional potency of the parent compound. Circular Dichroism.CD spectra were recorded on a Jobin-

contain an anilinoquinazoline core which is essential to goytions of drugs, nucleic acids, and their complexes (3 mL
EGF-R TK activity 6,7). Methylation of the amino group jn 1 mM sodium cacodylate buffer, pH 7.0) were scanned
separating the two heterocycles leads to compounds totallyjy 2 cm quartz cuvettes. Measurements were made by
inactive in both the EGF-R kinase assay and the cellular yrogressive dilution of drugDNA complex at a high P/D
EGF-R autophosphorylation assa§, (9. Nevertheless,  (hhosphate/drug) ratio with a pure ligand solution to yield

N-methylanilinoquinazoline derivatives can maintain a sig- the desired drug/DNA ratio. Four scans were accumulated
nificant cytotoxicity @,10. In particular, it was observed  anq automatically averaged.

that theN-methyl analogue of PD153035, named EBE-A22  Ejactric Linear Dichroism. ELD measurements were

in Figure 1, retained good anti-proliferative activity despite performed with a computerized optical measurement system
its to_tal ab_sence of EGF-R TK inhibitory effectl). These _ using the procedures previously outlinetBy, All experi-
considerations prompted us to search for an alternative jents were conducted with a 10 mm path length Kerr cell
molecular target. In particular, we explored the possibility having 1.5 mm electrode separation. The samples were
that DNA might represent a target for themethyl analogue  qriented under an electric field strength varying from 1 to
of PD153035, as is the case for many conventional antitumor 14 kv/ecm. The drug under test was present at /0
agents. concentration together with the DNA at 208 concentra-
MATERIALS AND METHODS tion unless otherwise stated. _This eIec'grooptjcaI method has
proved most useful to determine the orientation of the drugs
Chemicals and BiochemicalShe synthesis of PD153035 bound to DNA. It has the additional advantage that it senses
and EBE-A22 has been reportedl). In both casesa 5 mM only the orientation of the polymer-bound ligand: free ligand
stock solution was prepared in DMSO, and subsequentis isotropic and does not contribute to the sigriaf)(
dilutions were made in aqueous buffer. Calf thymus DNA  DNA Relaxation ExperimentSupercoiled pKMp27 DNA
and the double-stranded polymers poly(dA-gd@hd poly- (0.5u0) was incubated with 4 units of human topoisomerase
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0,5 . v
A EBE-A22
04} .

| or Il (TopoGen Inc.) at 37C for 1 h inrelaxation buffer A
(50 mM Tris, pH 7.8, 50 mM KCI, 10 mM MgGJ 1 mM 03}
dithiothreitol, 1 mM EDTA) in the presence of varying

concentrations of the drug under study. Reactions were
terminated by adding SDS to 0.25% and proteinase K to 250
ug/mL. DNA samples were then added to the electrophoresis Y
dye mixture (3«L) and electrophoresed in a 1% agarose gel %'["
at room temperature fa2 h at 120 V.Gels were stained
with ethidium bromide (kig/mL), washed, and photographed 0 ' 0
under UV light. Similar experiments were performed using 300 350 400 300 350 400

PD153035

03

02}F

0.1

ethidium-containing agarose gels. wavelength (nm) wavelength (nm)
DNA Purification and Radiolabeling?lasmids pBS (Strat- 05

agene), pTayB (kindly provided by Dr. N. E. Mgllegaard, A ' ' A '

The Panum Institute, Copenhagen, Denmark), and pLAZ3 %[ " PD153035 1 70,1 EBE-A22 |

(15) were isolated fronte. coliby a standard sodium dodecyl

sulfate-sodium hydroxide lysis procedure and purified by 02} 03T

banding in CsCtethidium bromide gradients. Ethidium was 02}

removed by several 2-propanol extractions followed by |

exhaustive dialysis against Tr&DTA buffered solution. ’ 0,1

The purified plasmid was then precipitated and resuspended .

in the appropriate buffered medium prior to digestion by the % 350 400 %00 350 200

restriction enzymes. The two pBS DNA fragments were wavelength (nm) wavelength (nm)

prepared by 3¥P-end-labeling of thé&cdRI—Poull double o 1\ o ione of PD153035 and EBE-A22 in (top) the
digest c.)f the plgsmld using(*P]-dATP and AMV reverse low-salt (1 mM sodium cacodylate buffer) and (bottom) mgdium-
transcriptase. Similarly, the 156-mer and 178-mer fragmentssait (BPE: 6 mM NaHPO,, 2 mM NaHPO,, 1 mM NaEDTA)
were prepared by'3nd-labeling of th&ecoRI—HindlIIl and buffers at pH 7.0. To 3 mL of drug solution at 20/ were added
EcoRI—Puull digests, respectively, of plasmid pLAZ3. The aliquots of a concentrated calf thymus DNA solution. The phosphate-
131-mer was obtained from plasmid pTayB after digestion DNA/drug ratio increased as follows (top to bottom curves, at 367
with EcaRl andHindlll. In each case, the labeled digestion QT)iGO'ZOdZ’ 0.4,06,081,1.2515,1.75,2,3, 4,6, 8 10, 12,
products were separated on a 6% polyacrylamide gel under "~ " _
nondenaturing conditions in TBE buffer (89 mM Tss  to Whatman 3MM paper, and dried under vacuum at@0
borate, pH 8.3, 1 mM EDTA). After autoradiography, the A Molecular Dynamics 425E Phosphorimager was u_sed to
requisite band of DNA was excised, crushed, and soaked incollec_t data from the storage screens exposed to dried gels
elution buffer (500 mM ammonium acetate, 10 mM mag- overnight at room temperature. Basg_lme-corrected scans were
nesium acetate) overnight at 3C. This suspension was analyzeq by integrating all the densmgs between two selected
filtered through a Millipore 0.22:m filter, and the DNA boundaries using Imag'eQuant version 3.3 softwar.e..Each
was precipitated with ethanol. Following washing with 70% resolved band was assigned to a particular bond within the
ethanol and vacuum-drying of the precipitate, the labeled PNA fragments by comparison of its position relative to
DNA was resuspended in 10 mM Tris adjusted to pH 7.0 Séguencing standards generated .by treatment of the DNA
containing 10 mM NaCl. with dimethyl sqlfate follovyed by p|p¢r|d|ne-|nduced cleav-
DNase | Footprinting Experiments were performed es- age at the modified guanine bases in DNA (G-track).
sentially as previously describetid). Briefly, reactions were RESULTS
conducted in a total volume of 14L. Samples (L) of
the labeled DNA fragments were incubated withb of The binding of PD153035 and its-methyl analogue to
the buffered solution containing the ligand at appropriate DNA was studied by different methods to evaluate the
concentration. After 30 min incubation at 3T to ensure spectroscopic changes of the anilinoquinazoline chromophore
equilibration of the binding reaction, the digestion was and the structural changes of the double helix. Figure 2
initiated by the addition of 2L of a DNase | solution whose  displays the titration of calf thymus DNA into a buffered
concentration was adjusted to yield a final enzyme concen- aqueous solution of the drugs. Absorption measurements
tration of about 0.01 unit/mL in the reaction mixture. After were performed in a classical phosphate buffer (BPE buffer,
3 min, the reaction was stopped by freeze-drying. Samples16 mM Na’) and in a low ionic strength buffer (1 mM
were lyophilized and resuspended ing& of an 80% cacodylate) required for lineEBE-A22ar dichroism measure-
formamide solution containing tracking dyes. The DNA ments. In both cases, addition of DNA induces marked
samples were then heated at®for 4 min and chilled in changes of the absorption spectra of PD153035 and EBE-
ice for 4 min prior to electrophoresis. A22. In the low-salt buffer, strong bathochromic and
Electrophoresis and Quantitation by Storage Phosphor hypochromic shifts were observed with both drugs. The
Imaging. DNA cleavage products were resolved by poly- absorption maximum of PD153035 is shifted from 332 to
acrylamide gel electrophoresis under denaturating conditions362 nm, and the red-shift amounts to 22 nm with EBE-A22
(0.3 mm thick, 8% acrylamide contaimjr8 M urea). After (from 346 to 368 nm). Moreover, during the titration with
electrophoresis (about 2.5 h at 60 W, 1600 V in Fris DNA, isosbestic points at 345 and 361 nm were detected
borate-EDTA buffered solution, BRL sequencer model S2), with PD153035 and EBE-A22, respectively, pointing to the
gels were soaked in 10% acetic acid for 10 min, transferred existence of a single binding mode.
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Table 1: Variation in Melting Temperaturd@, in °C) A PD153035 EBE-A22
N ] =]
PD153035 EBE-A22 So 288 S o o K g QQS'

drug/DNA ratio DNA alone 0.5 1 0.5 1 s L R R N N W R W — —

cacodylate buffer 45.9 496 509 714 748 » -

BPE buffer 62.9 63 63.5 68.8 72 “E> e =2 u oo em - -Nck

aT,, measurements were performed in BPE buffer (6 mMHRO,, 2 l mESIFATE TS SR o
2 mM NaHPQO,, 1 mM EDTA) or cacodylate buffer (1 mM sodium b4 3
cacodylate) using 20M calf thymus DNA in 3 mL quartz cuvettes at £
260 nm with a heating rate of C/min. Each drug concentration was
tested in duplicate.

B PD153035 EBE-A22

At a higher ionic strength (BPE buffer, 16 mM Nathe sn— ——— o

L . NN 22O g OQQ =
binding of PD153035 to DNA is reduced whereas that of L s A . b SN
EBE-A22 remains more or less unchanged. With EBE-A22,
the titration shows a 20 nm bathochromic shift and a marked g i T Nek
decrease in extinction coeffici_ent. Under the same conditions, g I B =a"-
the spectral changes are considerably reduced with PD153035. g - -Sc
The increase of the absorption at 370 nm is very weak S

compared to the changes observed during the same titration
in the low-salt cacodylate buffer. However, with both drugs Ficure 3: Effect of the drugs on DNA supercoiling mediated by

the interaction with DNA remains homogeneous, as judged (A) topoisomerase | and (B) topoisomerase Il. Native supercoiled

from the presence of isosbestic points. PAT DNA (0.5 ug) (lane DNA) was incubated for 30 min at 3¢
with 6 units of topoisomerase in the absence (lane Topo) or in the

For EBE-A22, but not for PD153035, we were able to presence of drug at the indicated concentratiovl)( Reaction was
evaluate accurately the strength of the interaction with calf stopped with sodium dodecyl sulfate and treatment with proteinase
thymus DNA by fluorescence measurements. The fluores- K. The DNA was analyzed by native agarose gel electrophoresis.
cence emission at 436 nm is weak when the drug s free inThe gels were stained with ethidium bromide and photographed

. o . V light.
solution, but it is significantly enhanced when the drug is under UV light

bound to DNA (excitation wavelength: 360 nm). This  A27 induces a shift of the topoisomer distribution, indicating
property is useful for the determination of the DNA binding  that this compound affects the superhelical density of the
affinities. Nonlinear least-squares analysis of the quorescencemasmid. This topoisomerization assay thus reveals that EBE-
titration curves (not shown) yielded binding constants of 2.14 A22, but not PD153035, unwinds closed circular duplex
x 10*and 1.86x 10* (M bp)~* for EBE-A22 in BPE buffer  pa This effect is typical of an intercalating agent and has
and cacodylate buffer, respectively. In the case of PD153035,peen previously observed with conventional intercalators
the changes of fluorescence emission at 420 nm were Verygch s ethidium bromide and ellipticinds). It should be
weak. Under such conditions, attempts to estimate the noieq also that neither PD153035 noritsnethyl analogue
binding constant are generally doomed to failure. acts as a poison for human topoisomerases; cleavage experi-
The interaction of the drugs with calf thymus DNA was ments indicated they do not stabilize the covalent complexes
also investigated by thermal denaturation analysis. Plots of petween DNA and topoisomerase | or Il (data not shown).
absorbance at 260 nm versus temperature showed that EBE- Two spectroscopic methods utilizing polarized light were
A22 stabilizes the double helix structure of DNA whereas applied to define more precisely the binding process for EBE-
under the same conditions (BPE buffer) PD153035 showed A22. Circular dichroism (CD) measurements showed that a
no effect on the thermal stability of DNAATy, (T ONA negative band centered at 36865 nm appeared upon
complex — TyPNA @79 values of 6 and 9C were measured  addition of calf thymus DNA (Figure 4). Under identical
with EBE-A22 for drug/DNA-phosphate ratios of 0.5 and conditions (1 mM sodium cacodylate buffer), the reduced
1, respectively. In the BPE buffer, thé, value of calf  dichroism was about 3 times more negative with EBE-A22
thymus DNA (63°C) remained unchanged in the presence compared to PD153035 when the ligand is fully bound to
of PD153035, even at a high drug/DNA ratio. In the low ADN (for DNA-phosphate/drug ratia: 20, data not shown).
ionic strength cacodylate buffer, both drugs increaselthe  Such a weak negative induced CD is perfectly consistent
of DNA, but the stabilization effect was considerably higher with an intercalative mode of binding to DNA. Electric linear
with EBE-A22 compared to PD153035 (Table 1). The dichroism (ELD) experiments confirmed this hypothesis. Due
addition of theN-methyl substituent on the aminoquinazoline  to the high electric field applied to the DNA samples (up to
group increases significantly the affinity of the ligand for 14 kv/cm), only the low ionic strength cacodylate buffer
DNA. could be used for these experiments. The ELD spectra of
We investigated the effect of the drugs on the relaxation PD153035 and EBE-A22 bound to calf thymus DNA showed
of plasmid DNA by topoisomerases. Supercoiled DNA was a negative reduced dichroisthA/A, in the drug absorption
treated with either topoisomerase | or topoisomerase Il in band (Figure 5A). In both cases, the 3680 nm negative
the presence of increasing concentrations of the test drugsband reflects the orientation of the anilinoquinazoline chro-
The DNA relaxation products were then resolved by agarose mophore along the electric field. The fact ted/A depends
gel electrophoresis. Typical gels are presented in Figure 3.almost similarly upon the field strength for the drtiNA
PD153035 has practically no effect on the unwinding of complexes at 360 nm and the DNA bases at 260 nm in the
DNA mediated by human topoisomerases. In contrast, EBE-absence of ligand (Figure 5B) indicates that the drug
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FiGure 4: Circular dichroism titrations of PD153035 and EBE-
A22 with calf thymus DNA. The DNA-phosphate/drug ratio (P/D)
increased as follows (top to bottom curves at 318 nm): 1, 2.5, 5,
10, 20, 40, 50. A 3 mLsolution of the drugsDNA complex at a
P/D ratio of 50 was successively diluted with increasing volumes
of a DNA-free solution of the test drug at a fixed concentration of
20 uM in 1 mM sodium cacodylate buffer, pH 7.0. Spectra were
recordedm a 2 cmquartz cuvette.

chromophore is oriented parallel to the DNA base pairs, as
expected for intercalative binding. The binding of the drugs
to DNA likely induces a stiffening effect explaining the

higher reduced dichroism value measured in the absorption

band of the drugs than in the DNA absorption band. The
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two sets of spectroscopic measurements, CD and ELD, areggre 5: Dependence of the reduced dichroia®VA on (A) the

mutually consistent and corroborate the hypothesis drawn
from the unwinding data that EBE-A22 intercalates into
DNA.

Additional ELD measurements were performed with the
synthetic polynucleotides poly(dA-dZand poly(dG-dG).
Here again, the reduced dichroism measured in the drug
absorption band was negative, but, interestingly, very distinct
ELD spectra were recorded. TheA/A values were much
more negative with poly(dG-dgYhan with poly(dA-dT)
(Figure 6A). With the GC polynucleotides, the field strength
dependence of the reduced dichroism was absolutely identica
for the polynucleotide alone and for the drugoly(dG-dC)
complex, indicating that the drug chromophore and the base

pairs are coplanar. In sharp contrast, the reduced dichroism

measured with the drugpoly(dA-dT), complex was con-
siderably lower than that measured with poly(dA-gdlpne.
These ELD measurements suggested thai\tiheethylated
anilinoquinazoline derivative exhibits a preference for GC

wavelength, (B) the DNA-phosphate/drug ratio (P/D), and (C) the
electric field strength. ®) PD153035, ©) EBE-A22, @0) DNA
alone. Conditions: (A) 13.6 kV/cm, P/B 20 (200uM DNA, 10

uM drug); (B) 360 nm, 13.6 kV/cm; (C) 360 nm, P/ 20 for the
DNA—drug complexes and 260 nm for the DNA alone, in 1 mM
sodium cacodylate buffer, pH 7.0.

ANA °
oz} \
[ o3l
o4l
os) A B
300 350 200 0 2 46 8101214

wavelength (nm) E (kV/cm)

Ficure 6: (A) ELD spectra of EBE-A22 bound ta] poly(dA-
dT), and @) poly(dG-dC}. (B) Variation of the reduced dichroism

sequences over AT ones. They also prompted us to inves-pa/a with the electric field strength for®) poly(dA-dT), (<)

tigate in more detail the sequence selectivity using the well-
established DNase | footprinting technique.

Footprinting studies were performed using the endonu-
clease DNase I, which is a sensitive enzyme for mapping
DNA binding sites of small moleculed ). Five different

poly(dG-dC), (o) EBE-A22—poly(dA-dT), complex, and4) EBE-
A22—poly(dG-dC) complex. ELD data were recorded in the
presence of 20(M polynucleotide and 2&M drug, in 1 mM
sodium cacodylate buffer, pH 7.0, under a field strength of 13.6
kV/cm.

DNA restriction fragments of 117, 131, 156, 178, and 265 gels used to fractionate the products of partial digestion of
base pairs, all '‘3end-labeled, were used as substrates. A each DNA fragment complexed with the two test compounds
complete set of typical autoradiographs of the sequencingis presented in Figure 7. With PD153035, there was very
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FIGURe 7: Sequence-selective binding of EBE-A22. The gels show DNase | footprinting with a series of DNA restriction fragments of (A)
265, (B) 131, (C) 178, (D) 156, and (E) 117 base pairs. The 117-mer and 26BenieEcaR| fragments were cut from the plasmid pBS.

The 156-merEcaRI—Hindlll and 178-merEcaRI—Puwull fragments were obtained from plasmid pLAZ3. The 131-mer fragment comes

from plasmid pTayB. In each case, the DNA wdsefd-labeled at th&caRl site with [0-32P]JdATP in the presence of AMV reverse
transcriptase. The products of nuclease digestion were resolved on an 8% polyacrylamide gel gohtdinirea. Control tracks (marked

0) contained no drug. Guanine-specific sequence markers obtained by treatment of the DNA with dimethyl sulfate followed by piperidine
were run in the lanes marked G. Numbers on the side of the gels refer to the standard numbering scheme for the nucleotide sequence of
the DNA fragment.

little or no inhibition of DNase | cutting whereas EBE-A22 s attributable to intercalation-induced perturbations of the
strongly affected the cleavage of the DNA substrates by the double-helical structure of DNA.

nuclease. Visual inspection of the gels suffices to establish  Similar data were obtained with the three other restriction
that theN-methyl compound is a sequence-selective binder. fragments. The differential cleavage plots shown in Figure
Numerous bands in the drug-containing lanes were weaker9 confirm that EBE-A22 interacts preferentially with GC-
than the same bands in the drug-free lane, corresponding taich sequences. All footprints (black bars in Figure 9,
attenuated cleavage, while others display relative enhancepresumptive drug binding sites) correspond to sequences
ment of cutting. essentially composed of two or more consecutiv€ Base

A densitometric analysis of the autoradiographs obtained P&irs. For example, the long GC-rich sequence in the 178-
with the 117 and 265 bp fragments from plasmid pBS is Mer, 3-CTCCACCGCGGTGGCGGCCGCLT, was signifi-

presented in Figure 8. In the presence of EBE-A22, severalCantly protected from DNase | cleavage in the presence of

regions of attenuated DNA cleavage can be discerned aroundh€ N-methylated drug whereas under the same conditions
positions 35, 57, and 72 (117-mer) and 43, 61, 71, and 89 PD153035 showed no effect on DNase | cleavage. As with

(265-mer). The footprints all coincide with the position of the PBS fragments, in many cases regions corresponding to
nucleotide sequences with a high GC content, such'-as 5 'uns of A and/or T, which are generally poorly cut in the
CGCC, 3-CGGCCAG, and SCATGCCTGC for example. absence of drug, became much more susceptible to the
PD153035 showed no such protection of GC-rich sequemes,deavage in the presence of EBE-A22. Like most intercalating
even when using a very high drug concentration (0. drugs, EBE-A22 strongly discriminates between runs of
With the N-methyl analogue, the footprints can be detected 2denines or thymines. Therefore, we concluded unambigu-

at 54M and became stronger as the drug concentration was®US!Y that the binding of thé-methylanilinoquinazoline
raised to 10Q:M. It should also be noted that upon binding derivative to GC sequences was much favored over binding

of EBE-A22, numerous regions are rendered more suscep-© AT OF mixed sequences.

tible to a_ttack by DNase | than in the control. These regions DISCUSSION

of drug-induced enhanced cleavage all correspond to AT-

rich sequences. For example, DNase | cutting at sequences This study identifies DNA as a potential target for the
5'-AAAA and 5-AAATTAA around positions 55 and 76  tyrosine protein kinase inhibitor PD153035 andNtsnethyl

on the 265-mer is markedly increased in the presence ofanalogue. We showed that these two compounds intercalate
EBE-A22 (Figure 8). The cleavage enhancement at AT sitesinto double-stranded DNA, as is the case with a substantial
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Ficure 8: Differential cleavage plots comparing the susceptibility of the 117-mer and 265-mer DNA fragments to DNase | cutting in the
presence of 2M and/or 100uM PD153035 and EBE-A22. Negative values correspond to a ligand-protected site, and positive values
represent enhanced cleavage. Vertical scales are in unitsfgfin{n(f.), wheref, is the fractional cleavage at any bond in the presence

of the drug and. is the fractional cleavage of the same bond in the control, given closely similar extents of overall digestion. Each line
drawn represents a three-bond running average of individual data points, calculated by averaging the vdlie-ah(iff) at any bond

with those of its two nearest neighbors. Only the region of the restriction fragments analyzed by densitometry is shown. Black boxes
indicate the positions of inhibition of DNase | cutting in the presence of EBE-A22.

proportion of the clinically useful anticancer drugs. The GC-rich sites in DNA. This behavior is immediately remi-
affinity of the N-methylated anilinoquinazoline derivative niscent of the preference of typical intercalators which are
EBE-A22 for DNA is relatively weak (at least 1 order of often GC selective20). These include actinomycir2)),
magnitude lower) compared to that of classical intercalators certain ellipticines 22), and indoloquinoline alkaloid).
such as ethidium bromide or daunomycin but comparable But the footprints obtained with EBE-A22 are much more
to that of other uncharged intercalating agents such aspronounced that those observed previously with these drugs.
rebeccamycin-type indolocarbazoles for examglg, (19. The protection pattern found for EBE-A22 also differs from
It was known that methylation of the anilino nitrogen of that produced by the intercalating agents daunomy2i (
PD153035 destroys affinity for EGF-R TK5), but it was and ethidium 25), both of which exhibit a more or less
totally unexpected that this somewhat subtle change couldpronounced GC selectivity. Among all the drugs that have
facilitate the interaction of the drug with DNA and confer been footprinted with DNase 12¢), we found that the
sequence selectivity. observed specificity of EBE-A22 most closely resembles the
The absorption, CD, and ELD spectroscopic data all pattern reported for acridine-4-carboxamide derivatives,
indicate that PD153035 can interact with DNA, at least in a which are well-characterized intercalatorg7( 29. For
low-salt buffer. At a higher ionic strength, the binding is example, the amsacrine-4-carboxamide SN16713 produces
significantly reduced, but, nevertheless, the interaction cana pattern of protection most similar to that observed with
still be detected. Th&, measurements indicate that methy- EBE-A22 @9, 30. Interestingly, SN16713 and EBE-A22
lation of the anilino nitrogen reinforces significantly the both contain an anilino ring which is at considerable angles
interaction with DNA and interestingly confers a marked to the planar ring system, acridine or quinazolirgd)(
preference for GC-rich sequences. The footprinting data in This significant structural similarity is consistent with the
Figures 79 provide the first experimental evidence that an similar DNA binding results obtained with these two
N-methylanilinoquinazoline compound is capable of recog- compounds.
nizing specific DNA sequences. The progressive change in  The reason EBE-A22, but not PD153035, exhibits a sharp
the footprinting pattern seen with EBE-A22 over a large GC preference remains unclear at present although it is
range of drug concentrations (from 5 to 1001) argues in obvious that theN-methyl group is absolutely essential to
favor of the involvement of sequence-specific binding to the GC-selectivity. It is likely that this substituent reduces
different sites which are occupied according to their relative the conformational flexibility of the molecule and thus helps
affinities rather than drug-induced changes in DNA confor- to maintain the anilinoquinazoline chromophore in a specific
mation. We find that EBE-A22 strongly discriminates against conformation favorable for intercalation into DNA and@
AT-rich sequences and manifests a general preference fortbase pair recognition. According to our preliminary modeling
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Ficure 9: Differential cleavage plots comparing the susceptibility of the 156-, 178-, and 131-mer DNA fragments to DNase | cutting in
the presence of 50M EBE-A22. Other details as for Figure 8.

analysis, the presence of tidemethyl group favors an Whether or not the GC preference of EBE-A22 has any
L-shape conformation where the anilino group is almost bearing on its cytotoxic action remains to be determined,
perpendicular to the plane of the quinazoline ring (Figure but, given the lack of effect of this compound of the EGF-R
1). In contrast, the conformation of PD153035 would be more TK, it is plausible that its cytotoxic potential arises, at
extended. These two most stable conformations are totallyleast in part, from its capacity to interact with DNA. The
consistent with those deduced from NMR measurements withDNA binding affinity is relatively modest, but it is not
the related NH and N-Me anilinoquinazoline derivatives necessary for DNA-interactive drugs to bind with high
RPR-108518A and RPR-108514A, inhibitors of different affinity to exert a biological effect because of the enormous
tyrosine kinases9). The X-ray structure of another closely effective concentration of their receptor inside cel6,(37.
related anilinoquinazoline derivative (for which the Br atom EBE-A22 could interfere with diverse DNA-interacting
of PD153035 has been replaced with an OH group) revealedproteins such as polymerases or transcription factors.
that in the CDK2 complex, the phenyl ring was ap- Neither PD153035 nor EBE-A22 stabilizes DNAopoi-
proximately coplanar with the quinazoline ring syste38)( somerase covalent complexes, but they may affect other
We postulate that the intercalation of the quinazoline ring enzymes. For example, EBE-A22 may inhibit DNA heli-
of EBE-A22 between two consecutive base pairs places thecases, as is the case for many GC-specific intercalators
appended 4-bromoanilino moiety in one of the helical (38).

grooves, most likely the minor groove. It is known that PD153035 is not the only kinase inhibitor shown to bind
DNase | enters the DNA double helix via the minor groove. to DNA. Recently, Bible and co-workers reported that
In binding to DNA, the enzyme engages in contacts with flavopiridol, a highly potent cyclin-dependent kinase inhibi-
two phosphates on either side of the cleaved bond and twotor, binds to duplex DNA. NMR and modeling studies
phosphates on the other strand across the minor groovesuggested that this flavone derivative intercalates into DNA
opposite the phosphates contacted on thesie of the but with no apparent sequence preferer8®.(Flavopiridol
cleaved bond33—35). For this reason, we strongly believe and EBE-A22 appear to bind to DNA similarly and with
that the intense footprints produced by EBE-A22 reflect roughly equal binding affinities, but only thé-methylanili-
direct competition with the binding and cutting of the enzyme noquinazoline derivative presents a high selectivity for GC-
in the minor groove. rich sequences.
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Although PD153035 is essentially a tyrosine kinase
inhibitor (it has picomolar inhibitory effects on EGF-R
kinase), it is, however, possible that its DNA binding capacity
also plays a role in its biological activity. The DNA

interaction discovered here may contribute to the therapeutic

effect or to the unwanted cytotoxic activity. For this reason,
it would be important to investigate the interaction with

nucleic acids of related quinazoline-based signal transduction

inhibitors targeting EGF-R, in particular ZD1839, PD0169414,
and CP358774 which are currently undergoing early clinical
development40, 41). In addition, it may turn valuable to
design DNA-targetetl-methylanilinoquinazolines endowed

with a pronounced selectivity for GC-rich sequences. Such
compounds may reveal unexpected cytotoxic potentials. The
N-methylanilinoquinazoline unit represents a useful chemo-
type for the preparation of DNA-targeted anticancer agents.
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