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ABSTRACT:. The phenanthridinium dye ethidium bromide is a prototypical DNA intercalating agent. For
decades, this anti-trypanosomal agent has been known to intercalate into nucleic acids, with little preference
for particular sequences. Only polydA-polydT tracts are relatively refractory to ethidium intercalation. In
an effort to tune the sequence selectivity of known DNA binding agents, we report here the synthesis and
detailed characterization of the mode of binding to DNA of a novel ethidium derivative possessing two
guanidinium groups at positions 3 and 8. This compound, DB950, binds to DNA much more tightly than
ethidium and exhibits distinct DNA-dependent absorption and fluorescence properties. The study of the
mode of binding to DNA by means of circular and electric linear dichroism revealed that, unlike ethidium,
DB950 forms minor groove complexes with AT sequences. Accurate quantification of binding affinities
by surface plasmon resonance usingl Ahairpin oligomer indicated that the interaction of DB950 is
over 10-50 times stronger than that of ethidium and comparable to that of the known minor groove
binder furamidine. DB950 interacts weakly with GC sites by intercalation. DNase | footprinting experiments
performed with different DNA fragments established that DB950 presents a pronounced selectivity for
AT-rich sites, identical with that of furamidine. The replacement of the amino groups of ethidium with
guanidinium groups has resulted in a marked gain of both affinity and sequence selectivity. DB950 provides
protection against DNase | cleavage at AT-containing sites which frequently correspond to regions of
enhanced cleavage in the presence of ethidium. Although DB950 maintains a planar phenanthridinium
chromophore, the compound no longer intercalates at AT sites. The guanidinium groups of DB950, just
like the amidinium group of furamidine (DB75), are the critical determinants for recognition of AT binding
sites in DNA. The chemical modulation of the ethidium exocyclic amines is a profitable option to tune
the nucleic acid recognition properties of phenylphenanthridinium dyes.

For decadesnolecular entrepreneurin academic and  of various human ilinesses: mainly cancer, parasitic diseases,
pharmaceutical laboratories have sought methods to desigrand viral infections§—5). The study and description of DNA
and develop nucleic acid targeted drugjs?). The quest of binding drugs was initiated in the early 1960s, soon after
chemists, biophysicists, and pharmacologists for small the disclosure of the WatsetrCrick double-helix DNA
molecules capable of targeting key DNA sequences has ledstructure, with the pioneer characterization of the DNA
to the development of several classes of genome-targetedntercalation model followed by the DNA minor groove
compounds of potential therapeutic interest, for the treatmentbinding model in the 1970s6¢9). The initial view that

planar aromatic molecules, such as acridines and ellipticines,
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1\ model and contributed to the measure of DNA supercoiling
O (o) O (19-22). Over the past four decades, its DNA/RNA inter-
HN NH, calative binding properties have been thoroughly investigated
NH DB75 NH by a multitude of techniques, including X-ray diffractic2(

24), fluorescenceZ5—27), NMR (28—31), spectrophotom-
etry (32), equilibrium dialysis 83—35), stopped-flow 86),
calorimetry @7—40), polarimetric 41) and electrooptical
methods 42, 43), linear dichroism 44, 45), molecular
modeling é6), DNase | footprinting47), photoaffinity @8,

49), chemical cross-linking50), topoisomerase-based assays
(51), and many other gel-based and physicochemical and
spectroscopic methods.

Half a century after the first synthesis of ethidium bromide
(52), this purple compound remains the most extensively
employed dye in molecular biology to stain nucleic acids in
gels and to study a panoply of nucleic acid structures: DNA
triplexes 63—56), Z-to-B DNA transition 67, 58), DNA
N branches 34), bulges in RNA and DNA 39, 60), and

DB950 chromatin structures6(, 62), for example. Ethidium con-
FiIGURE 1: Structures of the compounds described in this study. finues to serve as a lead structure for the design of drugs
targeting specific nucleic acid structures, such as DNA
skeleton complementary to a spiral portion of the DNA quadruplexesg3, 64) and bulges in RNAG5), for example.
helical structure. Here again, while this idea is broadly Ethidium has also been exploited to construct hybrid
correct, there are examples of molecules that do not presenimolecules for tight and/or sequence-selective binding to DNA
this general extended architecture but effectively fit into the and RNA 66—71). One of the main reasons for the extensive
minor groove of DNA. In all cases, subtle modifications of use of this compound as a lead for nucleic acid recognition
the structure of a given DNA ligand can have a profound is its fluorescence, which is considerably enhanced upon
impact on its binding mode that also depends on the sequenceinding to DNA or RNA (as a result of a reduction in the
and structure of the target DNA receptor site. rate of excited-state proton transfer to solvent molecules

A typical example of sequence-dependent binding mode (72)), thus providing a convenient and facile detection
to DNA was initially reported with the antiparasitic drug system.

DAPI, a diamidinophenylindole derivative which binds | terms of pharmacology, ethidium was initially reported
tightly to the minor groove of AT-rich DNA sequences and s a potent inhibitor of nucleic acid synthesi@)(and this
intercalates at GC siteg, 14). Different unfused aromatic  activity likely accounts for its antibacterial and antitrypano-
dications such as the compounds berenil and Hoechst 3325&4a| properties 74). Despite its recognized mutagenic
have shown similar properties: minor groove binding at AT activity (75), ethidium bromide remains used for the treat-
sites and intercalation at GC sitekb). In these cases, itiS  ment of animal trypanosomiasis in AfricZ6).

the sequence and structure of the DNA binding sites which In the course of a medicinal chemistry program aimed at

dictate_ the modg of binding of the ligand. In conFrast, itis designing noncarcinogenic phenanthridine derivatives, a bis-
sometimes possible to adapt the structure of the ligand so asguanidinium derivative of ethidium designated DB950

to modulate its DNA recognition properties. One of the best Fiqure 1) was svnthesized. We report here its svnthesis and
examples is the drug furamidine (DB75, Figure 1), a highly (DN%-\ bint)jing pr?)lperties studied uging a range )é)f comple-

_p(:tent ég'Sp?C'ft'.C m!n?r grc:o;{e blndertthbat canl be. copg/etr\tlzled mentary spectroscopic and biochemical methods to determine
Into a LL-selective intercalating agent by replacing its two g, affinity for duplex DNA, mode of binding, and sequence

terminal amiqlin_e functions by imidazoline groups. '_I'hese selectivity. The discovery that DB950 forms stable minor
structural variations not only affect the mode of binding to groove complexes preferentially at AT-rich sequences in
DNA .bUt they als_o have a profound Impact on th? pharma- DNA provides a novel example of modulation of the

colgg|cal properties of these dru_gs. I_:uram|d|ne IS a potent o chanism of binding a drug to DNA. The conversion of

an'u-parasmg agent, and an am.ldoxme prodr'ug of [.)875 the well-known DNA intercalating agent ethidium bromide

(DB289,16) is currently undergoing phase Il clinical trials into a minor groove binder by virtue of an amine

for the treatment of Affican trypanosomiasieumocystis guanidine substitution may provide an interesting strategy

carinii pneumonia, and malaria, whereas furimidazoline to optimize the targeting of DNA sequences by small
(DB60) is a cytotoxic agentl(y). The marked activity of moIe?;lIJIeZ rgeting sequ s bys

DB60 against cisplatin-resistant cell lines makes this drug a

potential lead compound for the development of antitumor pATERIALS AND METHODS

agents 18). These examples, and several others, indicate that

the manipulation of the DNA binding properties of a drug ~ Chemistry.Melting points were recorded using a Mel-

is an option to control its therapeutic activity. Temp 3.0 capillary melting point apparatus and are uncor-
One of the most frequently used and well characterized rected. TLC analysis was carried out on silica gel 6§, F

DNA intercalating agents is the phenanthridine dye ethidium precoated aluminum sheets and detected under UV fight.

bromide (Figure 1). Forty years ago, this compound served and '3C NMR spectra were recorded employing a Varian

to seal the hydrodynamic basis of the DNA intercalation GX400 or Varian Unity Plus 300 spectrometer, and chemical
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shifts () are in ppm relative to TMS as internal standard.
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tetraacetic acid (EDTA), and 0.1 M NacCl, and the pH was

Mass spectra were recorded on a VG Analytical 70-SE adjusted to 6.25 with NaOH solution. Polyd(AzTPolyd-
spectrometer at the Georgia Institute of Technology, Atlanta, (C-G), and polydApolydT were obtained from Pharmacia.

GA. Elemental analyses were obtained from Atlantic Mi-
crolab Inc. (Norcross, GA). All chemicals and solvents

5'-Biotin (B) labeled hairpin duplexes for SPBxperiments
(Midland Certified Reagent Co.-HPLC purified and desalted)

(including anhydrous solvents) were purchased from Aldrich are B-dCGAATTCGTCTCCGAATTCG (AATT hairpin),
Chemical Co. or Fisher Scientific and used as purchased.B-dCGAAATTTCTCTCGAAATTTCG (A3T3 hairpin),

Triethylamine (Cak) was distilled from the indicated drying
agent.

Preparation of 3,8-Bis(NN'"'-di-BOCguanidino)-6-phen-
ylphenanthridine (2). To a solution of 3,8-diamino-6-
phenylphenanthridinel( 0.50 g, 1.8 mmol) and 1,3-bis(t-

B-dCGATATCGTCTCCGATATCG (ATAT  hairpin),
B-dCATATATATCCCCATATATATG (AT hairpin), and
B-dCGCGCGCGTTTTCGCGCGCG (CG hairpin), with the
hairpin loop sequences underlined. The oligomer concentra-
tions were determined optically using extinction coefficients

butoxycarbonyl)-2-methyl-2-thiopseudourea (1.08 g, 3.7 per mole of strand at 260 nm determined by the nearest

mmol) in anhydrous DMF (15 mL) was added triethylamine
(2.11 g, 11.0 mmol) and mercury(ll) chloride (1.10 g, 4.1

neighbor procedure: AATT hairpin (units of M (strand)
Cm_l), Eoeo = 185 700; AT,Eze = 221 782; CG,Exep =

mmol), simultaneously. The resulting suspension was stirred 169 100; A3T3,Ezs = 207 394; ATAT,Exs0 = 189 700.

at room temperature for 24 h. The reaction mixture was

diluted with CHCI,, NaoCO; solution was added, and the

Thermal Melting (T) Experiments.Experiments were
conducted in MES10 as previously described. The concen-

mixture was filtered through a pad of Celite. The organic tration of the DNA was 5< 10°° M in base pairs, and the

layer was washed with water X3 and then brine. After
drying over anhydrous N&Q,, the solvent was evaporated

experiments were done using a Cary 300 spectrophotometer
with the software supplied with the instrument.

to dryness under reduced pressure and the residue obtained Fluorescence Spectroscoplfluorescence spectra were

was purified by column chromatography using hexane
EtOAc—CH,CI; (80:10:10) as eluent to give tan white flaky
crystals (0.9 g, 67%), mp 400 °C. 'H NMR (CDCk): ¢
1.50, 1.53 (2s, 36H), 7.517.60 (m, 3H), 7.77 (dd) = 8.7,
1.8 Hz, 2H), 8.01 (tJ) = 8.7 Hz, 2H), 8.34 (dJ = 1.8 Hz,
1H), 8.40 (d,J = 1.8 Hz, 1H), 8.49 (dJJ = 8.7 Hz, 1H),
8.57 (d,J = 8.7 Hz, 1H), 10.43 (br s, 1H), 10.66 (br s, 1H),
11.62 (br s, 1H), 11.69 (br s, 1HC NMR (CDCk): ¢

obtained using a Cary eclipse spectrometer with software
provided to control the instrument and collect the fluores-
cence data. Typically, the fluorescence intensity for the
compound was measured at 28 in MES buffer, the
samples were excited at 480 nm for ethidium and at 370 nm
for DB950, and the fluorescence emission spectrum was
collected. A solution of the compound was titrated with
aliquots of DNA stock solution, and the samples were

163.6, 161.3, 153.6, 144.0, 139.5, 137.1, 135.1, 130.4, 129.8 rescanned for the emission spectra.
128.7,128.4,126.1, 125.2, 122.8, 122.5, 122.1, 122.0, 121.6, Circular Dichroism.CD spectra were obtained on a Jasco

120.5, 83.9, 79.7, 28.1. MS (ESImz 770.4 (M" + 1),

J-810 spectrometer with software supplied by Jasco for

670.3, 570.3, 354.1, 338.3, 273.6 (100%). Anal. Calcd for instrument control, data acquisition, and manipulation. DNA

CaHs1N;Os (769.88): C, 63.96; H, 6.67; N, 12.73. Found:
C, 63.97; H, 6.83; N, 12.58.

Deprotection of NN'-Di-BOCguanidine. 3,8-Bis(guani-
dino)-6-phenyl-phenanthridine Trihydrochlorid@. A chilled
solution of thetetra-BOCguanidine Z; 0.40 g, 0.5 mmol)
in CH,Cl, (10 mL), diluted with dry EtOH (5 mL), was

solutions in MES10 buffer were scanned in 1 cm quartz
cuvettes, aliquots of concentrated stock solutions of the
compounds were titrated into DNA to give the desired ratio,
and the complexes were rescanned.

Electric Linear Dichroism.Poly(dAT), and poly(dGC)
were purchased from Sigma. Calf thymus DNA (Pharmacia)

saturated with anhydrous HCI. The reaction mixture was was deproteinized with sodium dodecyl sulfate (protein
stirred at room temperature for 3 days, with precipitate content<0.2%). All nucleic acids were extensively dialyzed

forming over time indicating product formation (shorter

against 1 mM sodium cacodylate buffered solution pH 7.0

reaction time gives incomplete deprotection). The solvent prior to the ELD measurements performed with a computer-
was then evaporated to dryness, the residue washed withzed optical measurement system using the procedures

ether, and the salt left to dry under vacuum at6®mvernight
to give a greenish solid (0.26 g), mp 27279°C. 'H NMR
(DMSO-d): 6 7.63 (m, 4H), 7.82 (m, 10H), 8.00 (d,=
3.0 Hz, 1H), 8.92 (dJ = 3.0 Hz, 1H), 9.01 (dJ = 3.0 Hz,
1H), 10.44 (br s, 1H), 10.59 (br s, 1HFC NMR (DMSO-

previously outlined 77). All experiments were conducted
with a 10 mm path length Kerr cell having 1.5 mm electrode
separation. The samples were oriented under an electric field
strength varying from 1 to 14 kV/cm. Unless specified, 10
uM of the tested drug was incubated with 2001 of DNA.

dg): 6160.6, 156.2, 156.1, 141.9, 137.1, 136.7, 135.3, 130.8, This electrooptical method senses only the orientation of the
129.8, 129.65, 128.5, 124.8, 124.7, 124.5, 123.9, 122.6,polymer-bound ligand: free ligand is isotropic and does not

121.5, 120.8. MS (ESI)myz370.2 (M+ 1), 353.1 (100%),
338.3, 311.1, 273.6. Anal. Calcd fop{El;gN7*3HCI-1.5H,0
(505.83): C, 49.86; H, 4.98; N, 19.38; Cl, 21.02. Found:
C, 50.18; H, 4.96; N, 19.08; Cl, 20.96.

DNA Samples and BuffeldBS-EP buffer (BIA Certified)
from BIACORE contains 0.01 M HEPESN{[2-hydroxy-
ethyl]piperazineN'-[2-ethanesulfonic acid]), 0.15 M NaCl,
3 mM EDTA, and 0.005% polysorbate 20 (v/v), pH 7.4.
MES10 buffer was prepared with 0.01 M MES (8-(

morpholino)ethanesulfonic acid), 0.001 M ethylenediamine-

contribute to the signal7@).

Biosensor-Surface Plasmon Resonance (SBIRJling and
kinetics measurements were performed with BIAcore 2000
or 3000 systems and streptavidin coated sensor chips (CM-5
chips from BlAcore) as previously describetd(80). After
covalent attachment of streptavidin by using a BlAcore
supplied protocol, the chip surfaces were prepared for use

1 Abbreviations: bp, base pair; SPR, surface plasmon resonance;
TBE, Tris-borate-EDTA.
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by conditioning with three to five consecutive 1 min
injections d 1 M NaCl in 50 mM NaOH followed by
extensive washing with buffer!Biotinylated DNA samples
(25 nM) in HBS buffer were immobilized on the flow cell

surface by noncovalent capture. Three flow cells were used

to immobilize DNA oligomer samples, and the fourth cell

was left blank as a control. Samples of the compounds were
prepared in filtered and degassed MES10 buffer by serial
dilution from stock solutions. Drug samples were injected

at a flow rate of 2QuL/min using the KINJECT command.

The same buffer solution was used to dissociate the
compounds from DNA for surface regeneration. An array
of different DB950 or ethidium concentrations, which yielded

Bailly et al.
Scheme 1. Synthesis of DB950

N= )

e ter’

N=

b)
BocHN\?N O O NH'(NHBOC

NBoc NBoc

aReagents and conditions: (a) (MeS)(NHBog)8Boc, HgCh,
TEA, DMF, room temperature; (b) HCI, GBI, EtOH, room tem-

DB950

from little binding to saturation of the DNA sites, was used perature.
in each experiment, and the results were analyzed as
described below. The injection of the compounds (associa- conditions in TBE buffer (89 mM Tris-borate pH 8.3, 1 mM

tion) was followed by injection of running buffer (compound

EDTA). After autoradiography, the requisite band of DNA

dissociation). To reduce the probability of nonspecific was excised, crushed, and soaked in water overnight at 37

binding to the chip surface, 5L/L of surfactant P20 was

°C. This suspension was filtered, and the DNA was

added to the MES buffers in the binding experiments. The precipitated with ethanol. DNase | footprinting experiments

amount of DNA immobilized was approximately 35800
RU in each of the three flow cells. With the BlIAcore SPR

were performed essentially as previously describ&d). (
Briefly, samples (3:L) of the labeled DNA fragments were

technique the change in resonance angle is monitored andncubated with L of the buffered solution containing the
reported in resonance units (RU). The increase in RU on |igand at appropriate concentration. After 30 min incubation
compound injection is proportional to the amount of com- at 37°C to ensure equilibration of the binding reaction, the

pound bound to the DNA.

digestion was initiated by the addition ofi2 of a DNase

To obtain the equilibrium binding constants, the data | solution, whose concentration was adjusted to yield a final
generated were fitted to different interaction models using enzyme concentration of about 0.01 unit/mL in the reaction
Kaleidagraph for nonlinear least-squares optimization of the mixture. After 3 min, the reaction was stopped by freeze-

binding parameters using the equation

RU=

RUma)&Kleree_l_ 2K1K2Cfreez)/(1 + chfree + KlKZCfreez)
(1)

whereK; andK; are macroscopic equilibrium constants for
two types of binding sites (for a single-site model= 0),

drying. Samples were lyophilized and resuspended h 5

of an 80% formamide solution containing tracking dyes. The
DNA samples were then heated at 90 for 4 min and
chilled in ice for 4 min prior to electrophoresis on a 8%
polyacrylamide gel under denaturing conditions (8 M urea).
A Molecular Dynamics 425E Phosphorlmager was used to
collect data from the storage screens exposed to dried gels
overnight at room temperature. Baseline-corrected scans were

RU is the SPR response at the steady-state level for eachanalyzed by integrating all the densities between two selected

compound concentration, Rkk is the maximum SPR
response for binding one molecule per binding site, Gnd
is the concentration of the compound in solution.,Rltan
be predicted using the equation

RUmax = (RUDNA/MWDNA) IVIVV(:ompourmRI [

where RUna is the amount of DNA immobilized in response

units (RU), MW is the molecular weight of compound and

DNA, and RIl is the refractive index increment ratio of
compound to refractive index of DNA7Q, 80). RUmax can

boundaries using ImageQuant version 3.3 software. Each
resolved band was assigned to a particular bond within the
DNA fragments by comparison of its position relative to
sequencing standards generated by treatment of the DNA
with dimethyl sulfate followed by piperidine-induced cleav-
age at the modified guanine bases in DNA (G-track).

RESULTS

Chemistry The synthesis of 3,8-bis(guanidino)-6-phenyl-
phenanthridine J) is outlined in Scheme 1 and employs

also be used as a variable to be determined in the data fittingmethodology that we have used previously for the preparation

routines.

DNase | Footprinting.The plasmids were isolated from
E. coli by a standard sodium dodecyl sulfatodium
hydroxide lysis procedure and purified by banding in CsCl

of aryl guanidines &2, 83). 3,8-Diamino-6-phenylphenan-
thridine (1) was converted into the tetra-Boc analoguesing
mercury(ll) chloride facilitated guanidylation with bis(t-
butoxycarbonyl)-2-methyl-2-thiopseudourea. Deprotection of

ethidium bromide gradients. The 117 bp and 265 bp DNA 2 at room temperature with HCI in dichloromethane at room

fragments were prepared by-[3?P]-end labeling of the

EcadRI-Puull double digest of the pBS plasmid (Stratagene)

using a-[3?P]-dATP (3000 Ci/mmol) and AMV reverse

temperature gave the trihydrochloride salt3of

Binding Affinity and Compound StructureXT,, Measure-
ments. T, increases relative to uncomplexed DNAT,)

transcriptase. Similarly, the 176 bp fragment was preparedfor compound complexes at specific DNA sequences provide

by 3-[*?P]-end labeling of theéEcoRI-Puull double digest

an excellent method for ranking compound binding affinities

of the pTUC plasmid. The labeled digestion products were at different sequence84). The T, increases caused by the
separated on a 6% polyacrylamide gel under nondenaturingcompounds in Figure 1 have been determined for their
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Ficure 2: Fluorescence emission spectral titrations of DB950 and ethidium with polyd{Ant) polyd(G-C). Titrations were conducted
in MES10 buffer h a 1 cmcell at 25°C with the compounds at ¥ 10°% M. The excitation wavelength for DB950 was 370 nm and for
ethidium was 480 nm; the excitation slit was at 5 nm and the emission slit at 20 nm.

complexes with an AT polymer as a reference point. With T - T T

this polymer ethidium has AT, value of 5.7°C, while DB950-polyd(A-T), -
DB950 has a higher value of 16°C. With AATT oligomer
ethidium has aATy, value of 1.7°C, while DB950 again
has a value of 6.4C. In summary, these results agree with
those from DNasel footprinting (see below) and qualitatively
show that it is possible to significantly enhance the AT
binding affinity of ethidium through the change of the amines
to guanidinium groups.

Absorption and Fluorescence Emission Spectroscopy. / ,
Absorption spectra for DB950 and ethidium are shown in 240 280 320 360 400
Figure S1 (Supporting Information), and fluorescence emis- Wavelength (nm)
sion spectra are in Figure 2 for titrations with polyd(A-T)  Ficure 3: CD spectral titrations of DB950 with polyd(A-T)

Both the absorpnon and the emlSSlon Spectra are Stronglystrong induced Signals ar'e observed with increasing ratio_ of
compound to DNA. The ratios of compound to DNA base pairs

perturbed when the two compounds form complexes with 2.0 6" 050 10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, and 0.50. The
DNA. Ethidium has similar induced spectral changes on experiments were conducted at 25 in MES 10, and the DNA
complex formation with polyd(A-T)and polyd(G-Cy, while concentration was % 1075 M (in base pairs).
changes induced by binding of DB950 to the two polymers
are quite different (Figure 2). Ethidium also has similar compounds do not exhibit CD signals; however, upon
changes in fluorescence intensity on titration with polyd(A- addition of the compounds to DNA, substantial positive CD
T), and polyd(C-G). The emission intensity of DB950 on  signals arise between 270 and 320 nm. This large induced
the other hand increased on addition of polyd(A-ahd CD can represent a characteristic pattern for a minor groove-
decreased on addition of polyd(G-LC)rhe AT and GC binding mode of aromatic cation8%, 86). Ethidium has
spectral changes occur at similar concentrations for ethidium, positive induced CD signals in the wavelength range below
while much higher concentrations of DB950 are required in 350 nm with polyd(A-T} but has no significant induced CD
the GC titrations. bands in its long-wavelength absorption region above 400
Binding Mode: Circular Dichroism (CD) Spectroscopy. nm (Figure S2). Isoelliptic points are observed in the titration
Binding of DB950 to polyd(A-T) was characterized by CD  of DB950 with DNA at 270 nm with significantly larger
spectroscopy in the wavelength range between 220 and 40(oositive induced CD signals at 290 nm. Isoelliptic points
nm and for ethidium from 200 to 500 nm (Figures 3 and are observed for the ethidiurDNA complex at 230 and
S3). CD spectra monitor the asymmetric environment of the 270 nm with smaller induced CD signals. In conclusion,
compounds when bound to DNA and therefore can be usedinduced CD spectra on binding of DB950 to polyd(A;T)
to obtain information on the binding mode. The free are consistent with a minor groove binding mode for this

-
(=]

CD (mdeg)
h (=]




1946 Biochemistry, Vol. 44, No. 6, 2005
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Ficure 4: (a) Electric linear dichroism spectra of DB950 bound
to the alternating polymersd) poly(dAT), and @) poly(dGC).
ELD spectra were recorded at 13.5 kV/cm and at a P/D ratio of 20
(200 uM DNA, 10 uM drug). (b) Dependence of the reduced
dichroismAA/A on the electric field strength forr) poly(dGC)
and (a) its complex with DB950. (c) Dependence of the reduced
dichroismAA/A on the electric field strength foKX) poly(dAT),
and its complex with DB950 measured)(at 300 nm or ) 370
nm. Conditions: P/B= 20 (200uM DNA, 10 uM drug), 300, and
370 nm for drug-DNA complexes and 260 nm for the DNA alone.
All measurements were performed at room temperaturé@0n

1 mM sodium cacodylate buffer, pH 7.0.

T T
10 12 14

compound, in contrast to the well-known intercalation mode
for ethidium.

Electric Linear Dichroism (ELD)s another spectroscopic
method using polarized light that is useful to study the
mechanism of binding of small molecules to DNA. We
employed this method to compare the binding of DB950 with
that of the parent compounds. Ethidium bromide gave
identical ELD signals upon binding to polyd(A-Iand
polyd(G-C), with negative amplitudes characteristic of an

intercalating agent (Figure S3). In contrast, as expected,

DB75 gave positive signals with polyd(A-7and negative
signals with polyd(G-G) (Figure S3). We have previously
shown that the diphenylfurans, including furamidine, exhibit
distinct modes of binding to AT and GC sequenc8g).(
The behavior of DB950 is similar to that of DB75, with a

negative ELD values recorded in the presence of polyd(G-

C), and positive ELD values in the presence of polyd(A-T)
at 300 nm (Figure 4). With this AT polymer, the ELD is
positive in the 296-310 nm region and negative in the 320
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Ficure 5: SPR sensorgrams for the interaction of DB950 and
ethidium with the A3T3 hairpin duplex DNA. The concentrations
are from 1x 1078 M (lower curves) to Ix 10-> M (highest curves).
The experiments were conducted at°25in MES 10 with a flow
rate of 20uL/min.

390 region of the absorption spectra for the DB950-DNA
complexes (Figure 4). The occurrence of positive ELD
signals in the 300 nm region in the presence of polyd(A-T)
excludes intercalation and confirms the conclusion of the
CD measurements that the drug forms minor groove com-
plexes at AT sequences. The CD and ELD data together
establish that the incorporation of the guanidinium groups
on the ethidium skeleton are sufficient to allow minor groove
binding to AT sites. ELD measurements have been also
performed with a composite DNA from calf thymus (42%
GC), and in this case negative ELD signals were recorded
in the presence of DB950 (Figure S4) but the two distinct
binding modes at AT and GC sites cannot be distinguished
in this case. The intense negative signals due to the
intercalated molecules certainly mask the signals arising from
the molecules bound in the groove.

Binding Affinity, Cooperatiity, and Stoichiometry: Bio-
sensor-SPR ExperimenBiosensor-SPR methods are excel-
lent for determination of stoichiometry, cooperativity, and
affinity in DNA oligomer—small molecule complexes. Ra-
diolabeling is not required, and each bound molecule yields
the same signal increase so that stoichiometry can be obtained
independently of data fitting (see Materials and Methods).
Sensorgrams (RU versus time for a DNA flow eedl blank)
for binding of these compounds to the immobilized A3T3
hairpin duplex sequence (Materials and Methods) are com-
pared in Figure 5. With both compounds the kinetics of
association with and dissociation from DNA are quite rapid,
and a steady-state plateau is reached in the sensorgrams in
a short time under all experimental concentrations (Figure
5). The binding constants were obtained from plotting the
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30 tion by a variety of small molecules, both intercalators and
groove bindersg8). Three DNA restriction fragments of 117,
176, and 265 bp were purified antdénd radiolabeled with
32P. DNA and drug-DNA complexes were then partially
digested under controlled conditions (single hit kineti&g) (
with DNase |, and the resulting digestion products were

resolved on polyacrylamide sequencing gels. DNase | cuts

25

N
o

response (RU)
s &

® DB950

5 A Ethidium DNA at every bp position within the sequences, but the
0 ] ] L L ] L intensity of cleavage varies from one phosphodiester bond
0 110° 210° 310° 410° 510° 610° to another, depending on the sequence context. However,
concentration (M) the preference is sufficiently low to enable cleavage at almost

FicURE 6: RU values for binding of DB950 and ethidium to A3T3  all internucleotide bonds, thus providing a nonuniform ladder
from the steady-state regions of the sensorgrams in Figure 5 areof bands in the drug-free control lanes. In the presence of
plotted versus the free compound concentration (controlled by the hgg50 it can be seen immediately, simply from looking at
flow solution). The points in the figure are experimental, and the ’ - !

the gels (Figure 7), that the cleavage becomes even less

lines are the best fit values to the two-site model described in ’ . -
Materials and Methods. Th& values are in Table 1 and for  uniform, and marked footprints can be seen in some places,

ethidium K1 and K2 are identical within experimental error. such as around nucleotide positions 56, 75, and 100 on the
176 bp fragment for example. The footprinting patterns
Table 1: SPR Binding Constant&,(M ") for the Compounds to obtained with DB950 are very distinct from those produced
Different DNA Sequences by ethidium bromide. The sites of DNase | cleavage protected
DB950 ethidium by ethidium do not coincide with footprints seen with DB950
sequence K1 Kz K and, conversely, the sites where the cleavage by the enzyme
AsTs 82 % 10° 23x 10 1.5x 10 is markedly enhanced by ethidium generally correspond to
AT, 4.7 x 10° 9.4 x 10¢ 1.4x 10 preferential binding sites (footprints) for DB950. In fact, the
ATAT 9.6 x 10° 7.1x 10 4.2x 10° footprinting patterns seen with DB950 are comparable to
(AT)4 3.5x 10¢ 2.5x% 10° 2.1x 10

those produced by DB75. These two drugs give rise to strong
- (CG)“_ 85> 10 _ 1610 footprints around positions 53 and 75 on the 265 bp DNA
Experiments were conducted in MES10 buffer at“Zs TheK fragment, for examples. With the three DNA fragments, the

values are best-fit values to a two-site binding model (Materials and - L :
Methods). With ethidium the twé values are very similar, and the profiles for DB75 and DB950 are very similar and footprints

average is shown. DNA used: B-dCGAATTCGTCTCCGAATTCG develop in the same concentration range (Figure 7).
(AATT hairpin), B-dCGAAATTTCTCTCGAAATTTCG (A3T3 Gels were analyzed by densitometry, from which dif-
gaggZ‘)TvATi'TdET%ACTégACTG%igg?Xﬂgi?pin)(A;rfaTB d*gc';gg)' ferential cleavage plots were drawn to estimate the location
CGCGTTTTCGCGCGCG (CG hairpin). ' an.d relative stren_gth.of binding at partlculiar DNA sequences
— (Figure 8). The dips in these plots (negative values) indicate
sites of protection from DNase | cleavage, whereas peaks
average response at steady state versus the free compoundgositive values) indicate regions of drug-induced enhance-
concentrations and the data fitted using eq 1. Direct plots ment of nuclease cleavage. The plots resulting from the
for DB950 and ethidium binding to the A3T3 are shown in pNase | treatment of ethidiurDNA complexes are con-
Figure 6 and plots of similar shape were obtained for sjgerably different from those obtained with DB950. Ethid-
ethidium. The curve for DB950 was best fit with an equa“on ium can protect from DNase | C|eavage a Variety of sequences
that has two types of binding sites for the compound on the containing mixed AT and GC base pairs. The most pro-
DNA (Methods) on the other hand the ethidium curve was nounced footprints with ethidium occur at two sites encom-
fit with one class binding sites with a stoichiometry of2 passing the sequenceGTCACTA, found around nucleotide
(eq 1). In the case of DB950 there was one strong binding positions 65 and 68 on the 176 bp and 265 bp fragments,
site and a second site with significantly weaker binding. With yespectively. However, the ethidium profiles are essentially
DBI50 binding to the A3T3 DNA, for example, the strong  characterized by sites of enhanced cleavage by DNase |.
site has & value of 1.0x 10/ M~* with a secondary binding  Several sequences containing short runs of contiguous (A)
K of 2 x 10> M™% TheK value for DB950 binding to the (1) become much more sensitive to DNase | in the presence
CG oligomer sequenck, = 3.8 x 10° M, is approximately  of ethidium compared to the control drug-free lanes. For
30 timgs I_ower than that for binding to the A3T3 sequence. example, the (A}(T), tracts at positions 54 (265 bp), 99
The binding constants to the other AT sequences are(176 bp), and 64 (117 bp) are strongly cleaved by the enzyme
compared in Table 1. The stronger binding to AT sequencesin the presence of ethidium. In sharp contrast, the same
agrees with the footprinting an@, results. DB950 binds  sequences are protected from the enzyme cleavage in the
better to the AAATTT than to the shorter AATT sequence, presence of DB950. In fact, the cleavage plots for ethidium
suggesting that it may fit better in sites that are somewhat gnd pB950 more or less look like mirror images: a site of
longer than four base pairs. Ethidium binds similarly to the ¢jeavage enhancement by ethidium often coincides with a
two sequences, as would be expected for an intercalation-footprint for DB950 and vice versa. All sequences protected
binding mode. from cleavage by DB950 are composed of at least 4 A-T bp
Sequence Selecity. The capacity of DB950 to bind (e.g. 3B-AATT, 5'-ATTA, 5'-AATA, 5'-AAAA, 5'-TTAA).
preferentially to defined sequences in DNA was investigated There is absolutely no doubt that, unlike ethidium, DB950
by the DNase | fooprinting methodology. This gel-based exhibits a strict preference for AT sites. The cleavage plots
technique has been instrumental to probe sequence recognifor DB950 are very similar to those obtained with DB75
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FIGURe 7: Sequence selective binding of DB75, ethidium, and DB950. The gels show DNase | footprinting withtanedabeled DNA
restriction fragments of (A) 117, (B) 176, and (C) 265 base pairs. The products of nuclease digestion were resolved on an 8% polyacrylamide
gel containilg 7 M urea. Control tracks (marked Ct) 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.
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|—O— ethidium —e&— DB950 |

265-mer

Differential cleavage

60

Differential cleavage

5’_CACG%$GTTGTAAA%C8ACGGC CAGTGAGCGCGCGTAATACGAC T7COACTATAGGG6COGAATTGGGT5P6C CGGGCC C(i‘COCC TCGAGGT3C63

117-mer

Differential cleavage

20

Ficure 8: Differential cleavage plots comparing the susceptibilities of the different DNA fragments to DNase | cutting in the presence of
ethidium and DB950 at the indicated concentrations. Negative values correspond to a ligand-protected site, and positive values represent
enhanced cleavage. Vertical scales are in units &f)In{ In(f;), wheref, is the fractional cleavage at any bond in the presence of the drug

andf, 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 valdg ef In(f;) at any bond with those of its two

nearest neighbors. Only the region of the restriction fragments analyzed by densitometry is shown.

(Figure Sb), and this is consistent with their identical DNA polyd(G-C). However, the binding mode cannot be unam-

minor groove binding modes. biguously defined from fluorescence measuremedds e
therefore used CD and ELD spectroscopy to establish that
DISCUSSION DB950 forms minor groove complexes at AT sites. This

binding process is with no doubt at the origin of the strong
footprints detected at AT sequences in the presence of
DB950. The bis-guanidinium compound also interacts with
GC sites, via an intercalation process as revealed by the ELD
measurements, but the SPR analysis indicates that binding
to the GC oligomer is 30 times weaker than binding to the

recognition properties significantly distinct from those of A3T3 oligomer. This is why the footprinting experiments

ethidium but similar to those of DNA minor groove binders. ONIY reveal the interaction at AT sites.

Therefore, we incorporated in our study the diamidino  The change of the amine groups of ethidium for guani-
compound DB75 (furamidine), which has been extensively dinium groups significantly reinforces the DNA binding
characterized as a DNA minor groove binder. High-resolution strength and has a considerable effect on sequence recogni-
structural data are available for furamidine-d(CGCGAAT- tion. DB950 gives much higheAT,, values with both the
TCGCG) complexes and related compoun88<92) and poly(dAT), polymer and AATT oligomer. The gain of
their sequence recognition, kinetics of binding, and sequence-affinity for AT sites, quantified by SPR using/A, hairpin
dependent affinity have been also scrutinizé8)( DB75 duplexes, is considerable. DB950 binds 55 and 12 times more
binds very tightly to the minor groove at (A/f$ites, but it tightly to A3T3 and A2T2 than ethidium, and the binding
can also interact with GC sites via an intercalative binding constants for DB950 approach those previously reported with
mode. Unfused aromatic cations, including diphenylfurans furamidine ©3). The fact that furamidine and DB950 bind
and other extended benzimidazole-containing dications (e.g.equally tightly to AT sequences and exhibit a sharp prefer-
DAPI, Hoechst 33258), exhibit dual binding properti8g)( ence for identical sites strongly suggests that their selectivity
Despite its distinct structure, DB950 shares this dual property. arises principally from the terminal cationic groups. The
The fluorescence titrations indicated that DB950 interacts amidinium or guanidinium groups serve to anchor the drug
differently with the AT and GC polymers. While the in the minor groove. These two types of cationic groups
fluorescence of ethidium was similarly affected by addition provide similar binding strengths for DNA. The DNA

of polyd(A-T), and polyd(C-G), the emission intensity of interaction of 2,5-diarylfurans bearing amidine or guanidine
DB950 increased only with polyd(A-Tiand decreased with  terminal groups has been studied, and indeed, little difference

The synthesis of DB950 exploits a long-established
experience for the preparation of aryl guanidin@g, 83).
At first sight, this compound was thought to be “just an
ethidium analog”, but the study of its DNA binding properties
revealed considerable differences between the two molecules
It became rapidly evident that DB950 exhibited DNA
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in affinity was observed82, 95). The sharp selectivity of 10.
DB950 for AT sites and its capacity to fit into the DNA
minor groove reflect the major contribution of the guanidium 4
groups. Amidinium or guanidinium groups contribute im-
portantly to the high affinity and AT selectivity of minor
groove bindersq96—98).

Ethidium analogues structurally related to DB950 have
been recently reported. Tor and co-workers have shown that 13.
the affinity and selectivity of ethidium for a given RNA
target, the HIV-1 Rev Response Element (RRE), can be
profoundly modulated by converting the two amine groups
of ethidium with urea, pyrrole, or guanidinium groupd). 14.
One of the compounds mentioned in this study was a bis-
guanidinium-ethidium derivative almost identical with
DB950, which was found to bind to calf thymus DNA 6  15.
times more tightly than ethidium. This is in agreement with
our study, which goes further in terms of characterization ;¢
of the DNA binding mechanism, revealing a sequence-
dependent binding interaction. Together, these two studies
establish that the chemical modulation of the ethidium
exocyclic amines is a profitable option to tune the nucleic
acid recognition properties of phenylphenanthridiniums.

There have been examples in the past of AT-selective
DNA minor groove binders, such as DAPI and pibenzimol
(Hoechst 33258), that were later shown to intercalate at GC
(13—15). Here we show that the converse situation is also
possible: a well established intercalating agent can be
modified to adapt to the minor groove of DNA. DNA is a
versatile object which can be targeted in different ways with
various tools. After half a century of work of DNA binding 20
small molecules, we are approaching a situation where almost
any cleft (lock) in the double helix (and in more complex
multistranded structures as well) can be recognized by a
ligand (key). By looking through the keyholes, we will 22
hopefully better understand how to manipulate the genetic
code. 23.

18.

SUPPORTING INFORMATION AVAILABLE

Five figures showing the absorption spectra and circular
dichroism and electric linear dichroism data for the com-
pounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

24.
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