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Abstract

The DNA binding properties of an anthracene derivative with substituents at the 9 and 10 positions, carrying four positive charges, are
examined in calorimetric, spectroscopic and photocleavage studies. Isothermal titration calorimetric data indicated exothermic binding of the
ligand to calf thymus DNA with a binding constant of (14.5) x 10° M~* and this value is much greater than binding of similar monocationic
derivatives. The values for the other binding parameters wekes —3.5+ 0.4 kcal/mol;AS=11.64+ 1.6 cal/mol K, and a binding site size
of ~4 base pairs. Absorption spectral studies indicated small, but significant red shifts in the vibronic band&)#ndf hypochromism.

The binding plots indicated bi-phasic binding of the ligand. At higher ionic strengths, the red shifts in the absorption spectra were abolished
but significant hypochromism persisted.

Excitation and sensitized fluorescence spectral studies indicated weak energy transfer from the DNA bases to the ligand. Further more,
energy transfer was reduced substantially at higher ionic strengths. Strong induced circular dichroism bands are noted, in the 300-400 nm
region, and these are most likely dominated by the contributions from the groove bound form as well as the intercalated chromophore. Helix
melting studies indicated improvement in the helix stability, and substantial increase in the melting temparBturd 7°C). Differential
scanning calorimetric data, on the other hand, indicated only minor improvements in the thermodynamic parameters. Irradiation of a mixture
of the ligand (2.M) and supercoiled pUC18 DNA (20M, @374 nm) resulted in the efficient formation of nicked circular DNA (>90%) in an
hour. The data indicated at least two distinct binding modes, and one of these persisted at high ionic strengths (375 mM NacCl). Substitution at
9 and 10 positions of the anthracene ring system with positively charged residues resulted in multiple binding modes, and these are resolvable
in ionic strength studies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tive against certain skin ailments such as psori@diOther
anthracene derivatives that were tested for anticancer activity
A clear understanding of the interaction of small include ametantrone, mitoxantrone, and bisantf@h&hese
molecules with DNA is important in the rational design of molecules are suggested to elicit their activity by binding to
ligands that can bind to DNA with high affinity and selectivity DNA [7], and the binding may involve groove/electrostatic
[1]. Anthracene derivatives are among the many moleculesas well as intercalative binding modé3hart J [7].
that have been investigated for their binding to DNA, and ~ One of our goals has been to investigate how substitutions
some of these are promising chemotherapeutic agentsatthe 9 and 10 positions of the anthryl ring system influence
Pseudourea, for example, was one of the first anthracenethe binding properties of the anthracene derivatij@ls
derivatives to be tested in clinical trials, but it was withdrawn For example, 9-anthrylmethylammonium chloride (AMAC,
due to toxicity{2—4]. Anthracene itself was shown to be effec- Chart 2 provided one of the first examples to illustrate the
intercalative binding of the anthryl nucle[8. The cationic
mpondmg author. Tel.: +1 860 486 3213, side_chain of A_MAC enhances its solu_bil_ity in aqueous
E-mail address: Challa.Kumar@uconn.edu (C.V. Kumar). media, and provides favorable electrostatic interactions with
URL: http://jasmin.chem.uconn.edu. the helix. While the planar aromatic ring systems of the
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pair, and this binding mode does not involve the threading of

the helix by the cationic side chain. Alternatively, the multi-

ple cationic charges of BEDA may stabilize groove binding,
Intercalative where the charged side chains may be aligned with the sugar-
Binding phosphate backbone.

Increasing the ionic strength decreases the phosphate—
phosphate repulsion, and this results in the contraction of
the helix [14]. Both intercalation and groove binding are
expected to decrease with increased ionic strength, but it is
unlikely that both binding modes will be decreased to the

Chart 1. Two most common DNA binding modes for small molecules. ~ SaMe extent. This a_pp_roach may provid_e a simple methOd
to resolve the two binding modes, and binding of BEDA is

anthryl derivatives intercalate, the side chains are expectedinvestigated as afunction of ionic strength. Data are presented
to lie in the DNA groove$10,11] here to show that the side chain as well as the ionic strength
Appropriate substituents at the 9 and 10 positions of the influence the preferred binding mode of BEDA to a signifi-
anthracene derivatives also influence the DNA binding prop- cant extent. According to the Boltzmann distribution, small
erties such as binding modes, binding affinities, and binding changes in the relative energies of these states is predicted to
specificity. For example, APACChart 2 shows preference  have a significant impact on their relative populations. Cur-
for AT-rich sites over GC-rich regioni®]. The steric, elec- ~ rent data show that it is possible to influence the extents of
trostatic, and geometric requirements of the substituents areintercalation and groove binding modes by varying the ionic
expected to influence the favorable DNA binding modes of Strength.
a given ligand12]. Here, the influence of charge, and ionic Another motivation to study the interaction of BEDA with
strength on the binding properties of the anthryl ring system DNA is related to our long term interest in the encapsulation
is tested using BEDAGhart 3. BEDA has two side chains of biomacromolecules in the galleries of layered metal phos-
carrying a total of six CH groups, and four cationic func-  Phateg15]. The negatively charged DNA is not expected to
tions. Previous studies showed that BEDA has significant interact with the negatively charged metal phosphates, unless
anticancer activitf13]. the charge on DNA is neutralized or reduced. Binding of
The cationic functions of BEDA are expected to promote the tetra cationic BEDA to DNA is expected to result in
the overall binding affinity via favorable electrostatic inter- Significant reduction of negative charge on DNA, and this
actions with the negatively charged DNA helix, but they may Should encourage binding of DNA to negatively charged sur-
also establish a significant barrier for intercalation. This is faces. Currentdata show moderate binding of BEDA to DNA,
because one of the highly charged side chains will have to enhanced affinity due to electrostatic interactions, and the res-
pass through the base stack (threading) for the complete interlution of the binding modes by the ionic strength studies.
calation of the anthryl chromophore. In this binding mode, the
long axis of the anthracene nucleus will be aligned with the
long axis of the base pair. Partial intercalation of the anthryl 2. Experimental
nucleus is possible, where the long axis of the anthracene ring

system is oriented perpendicular to the long axis of the base  Calf thymus DNA (CTDNA), type | was purchased from
Sigma Chemical Co., and the sample was purified according

to published protocol§l6]. Stock solutions of DNA were

Groove

NH o~ NHe prepared with Tris buffer (5mM Tris—HCI, 50 mM NacCl,
NHs pH 7.2), unless mentioned otherwise, and the concentrations
have been expressed in base pairs. All reagents were of ana-
Iytical grade.
.
. NH, .
NHZ/\/ 2.1. Synthesis of BEDA
BEDA AMAC

BEDA was synthesized by a modification of
the reported procedurd4]. To a solution of 9,10-
bisbromomethylanthracene (100 mg, 0.275mmol, 1eq.) in

2~
= tetrahydrofuran (THF, 5ml), ethylenediamine (0.110ml,
OOO OO 1.65mmol, 6 eq., in 5 ml of THF) was added over a period of
7 1h, at °C. The reaction mixture was stirred for additional

APAC N-Et-AMAC 15h, and the solvent has been evaporated under reduced
pressure to give a viscous liquid. The residue was washed
Chart 2. Structures of BEDA, AMAC, APAC, and N-Et-AMAC. with hexane and then with ethyl ether X320 ml portions)
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to produce a crude yellow product. Recrystallization of the DNA concentration, and the spectra have been corrected
the crude product from a mixture of methanol and toluene for volume changes. Probe/DNA mixtures were excited at

(1:1) yielded pure product, (40% yield, mp: 185-€5, their corresponding isosbestic points, wavelengths where the
UV-vis: 356, 374, and 430nmefgs4=10,200 M 1/cm). absorption is independent of DNA concentration, and the
Fluorescence: 403 and 4284 NMR (ppm, multiplicity, isosbestic points have been previously determined from the

and relative intensity): 8.43, multiplet, 4; 7.76, multiplet, 4; absorption titrations.
5.21, broad, 4; 3.52, multiplet, 4; 3.21, multiplet, 4. These
data match with those reported in the literat[2#]. 2.5. Binding plots and hypochromism

2.2. Isothermal titration calorimetry The spectral changes observed in the absorption titrations
were used to calculate the intrinsic binding constaay) (

The binding constants with CT DNA were estimated by using the Scatchard E¢L) [19]. In Eq. (1), s is the con-
isothermal titration method using VP-ITC from MicroCal centration of the free probe= Cp/[DNA] where Cy, is the
Inc., CT DNA (100uM, 5mM Tris, 50mM NacCl, pH 7.2)  concentration of the probe bound to DNA, anis the bind-
solution was loaded into the calorimetric cell (1.4167 ml), ing site size. Concentration of the bound probe is given as,
while the reference cell contained water, and both cells have C, = AA/As whereAA =A; — Ap andAes = &5 — gp. A andAy
been thermally equilibrated at room temperature. BEDA are the absorbances at the corresponding peak positions of the
solution (40QuM BEDA, 5mM Tris, 50 mM NaCl, pH 7.2)  free and bound probes, respectively. The symbpbndep
was degassed under reduced pressure, loaded into the syringere the extinction coefficients of the free and bound BEDA at
and predetermined volumes of the probe solutions were the corresponding wavelengths, respectively. Half-reciprocal
injected into the cell under constant stirring. The number of plots of absorbance versus 1/[DNA] were used to obtgjn
injections, the volume of each addition as well as the time and the binding plots have been constructed from these data
interval between successive injections were chosen usingusing Eq.(1).
the software, and the whole process was automated. Heat
produced or absorbed due to each addition of the ftitrant 1 — Kpn <1> — Kp (1)
is recorded and the corresponding thermograms have beer(t r
obtained. The resulting data were analyzed using Origin soft-
ware (v.5.0, Microcal Inc.) to estimate the binding constant, 2-6. Circular dichroism (CD) studies
binding site size, enthalpy of binding, entropy of binding and
the free energy of binding. Each experiment was repeated The CD spectra were recorded on a JASCO J-710 spec-
multiple times, each data set were fitted several times with tropolarimeter interfaced with a Dell Optiplex personal
different initial estimates, and statistically significant param- computer, and the data have been acquired using software

eters have been obtained. from JASCO. Solutions containing the probe and CTDNA
(67-300.M) were placed in a quartz cell (1 cm path length),
2.3. Absorption spectral studies and the spectra have been recorded in the 300-500 nm region.

The operating parameters of 1 nm bandwidth, 10 millidegrees

Absorption spectra were recorded on SLM Aminco 3000 Sensitivity, and 4s response time were used to average
diode array spectrophotometer, which has been interfacedUPtol16 scans, or more, for each sample.
with an IBM personal computer. Concentrations of CTDNA
solutions were determined spectrophotometrically by using 2.7. Helix melting studies
its molar extinction coefficientspsgnm= 13,600 M~ cm=1)
[17]. Purity of CTDNA sample was checked by monitoring Helix melting studies were carried out by a Cary Win
the ratio of the absorbance at 260 nm to that at 28(Q18h 100 spectrophotometer equipped with a thermostat, which
Absorption titrations with CTDNA were performed by keep- was controlled by a Dell Optiplex personal computer. Helix
ing the concentration of the probe constant, while increasing melting was monitored by following the absorbance of the
the concentration of CTDNA, and the data have been cor- sample at 280 nm, or at 260 nm, as a function of temperature.
rected for small increases in the volume (<10%) during the The melting temperaturd,) was determined from the first
titration. derivative of a plot of absorption versiis

2.4. Fluorescence studies 2.8. Differential scanning calorimetry (DSC)

Fluorescence spectra were recorded using an SLM 48000 The DSC experiments were performed on a Calorimetry
spectrophotometer interfaced with an IBM personal com- Sciences Corporation (CSC) 6100 Nano Il differential scan-
puter. As in the case of the absorption titrations, a concen- ning calorimeter with a cell volume of 0.299 ml, which has
trated solution of CTDNA was added to the probe solution. been interfaced with a personal computer (Dell Inc.). In a
The probe concentration was kept constant while increasingseries of DSC scans, both the cells were first loaded with



46 N.K. Modukuru et al. / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 43-54

buffer solution, equilibrated at @ for 10 min and scanned  overall binding. Due to its high charge, BEDA is expected to
from 10 to 100°C at a scan rate of C/min. The buffer respond sharply to solution conditiof0—25] Results from
versus buffer scan was repeated once and upon cooling, thealorimetric and spectroscopic investigations show that the
sample cell was emptied, rinsed and loaded with the DNA preferred binding mode of BEDA can be modulated by ionic
solution. Typically, a solution of 68M CT-DNA solution in strength.

5mM Tris 50 mM NacCl buffer (pH 7.2) in the presence or

absgnce of 2pM BEDA (in the same buffer) were scanned 3 ; reothermal titration calorimetry

against a buffer solution from 10 to 10Q at a heating rate of

2°C/min. The samples and reference solutions were degassed Thermodynamic parameters for the association of BEDA

for at least 5min at room temperature, and they have beenii, cT pNA were measured directly by isothermal titra-
carefully loaded into the cells to avoid bubbles. Cells were calorimetry FEig. 1A). A concentrated solution of BEDA
carefully cleaned before each experiment. A constant pres—(400uM 5mM Tris, 50 mM NaCl, pH 7.2, 25C) was added
sure of 3atm was maintained over the solutions to prevent;, <411 volumes, over a number of injections to a solution

possible degassing of the samples, on heating. A backgroundy¢ ~1 DNA(100pM, same buffer). Each injection of BEDA
scan, recorded with the buffer in both the cells, was S“btraCtedsolution resulted in release of heat, and the binding satu-

from each sample. Reversibilities of the thermal transitions, oa4 toward the end of the titration. In order to account for
on these time scales, were checked by examining the calori-he contribution of the heat of dilution to the above data,
metric traces during the second heating cycle.

The excess molar heat capacity of the sample was calcu-
lated from the raw data by using the mean molecular mass of 04
330gmot? of nucleotides, and the partial specific volume i Dilution
of the CT DNA equal to 0.73 ml/g. Each value reported here '
represents the average of at least three experiments, and the
melting temperature showed only small deviatioh8.6°C)
between identical samples.

01F -

f 400pM BEDA /100pM CT DNA ]
T
The supercoiled puUC18 DNA (from Bayou Biolabs) was ]
dissolved in Tris buffer (5 mM Tris—HCI, 50 mM NaCl, pH 02t 3
7.2). For irradiation, the PTI Model A1010 with a 150 W ! ]
Xenon-Arc Lamp was used. A monochromator, and WG- 08 e 000 s000 80
345 filter were used to isolate the 374 nm wavelength for
irradiation. The eppendorftubes containing the samples were
placed horizontally in the light path for irradiation. 50—
The DNA photo-damage by BEDA was monitored by [n=0242008
agarose gel electrophoresis where the conversion of super- TR AL
coiled pUC18 DNA to nicked circular/linear DNA was mon- O AS = 1.6 = 1.6 calimol/K o o
itored. The irradiated samples along with the light and dark [ T=25°C
controls were loaded onto a 1% agarose gel, and the gel has [
been run for 70 min by applying 100 V. The buffer used for
electrophoresis was TBE (6.055 g Tris Base, 0.2922 g EDTA,
and 3.090 g boric acid dissolved in 500 ml water, pH 8). Ethid-
ium bromide was used to stain the gels, the DNA bands were
photographed, and the DNA bands were scanned using Adobe
Photoshop/NIH Image software. The conversion of super- +1500
coiled DNA to the nicked circular form was computed from i .
the relative intensities of the corresponding bands.

2.9. Photocleavage studies

Differential Power (ucal/ s)

4000 6000 8000 110*
Time (s)

=

-500 -

-1000

cal/mol BEDA

P PRI B R
-0.2 0 0.2 0.4 0.6 0.8 1

2000+ 10

(B) [BEDA]/[CT DNA]
3. Results and discussion
Fig. 1. (A) Raw data of the isothermal calorimetric titration curve obtained
By placing appropriate substituents at 9 and 10 positions when a concentrated solution of BEDA (40M) was added to CT DNA
Chart fth thrvl b their DNA bindi (100.M), inequalintervals. Top curve shows the heat produced when BEDA
(_ ar 3 0 € anthryl pro _es, elr_ inding proper-_ was added to the buffer, under similar conditions. (B) The integrated ther-
ties can be modulated. Placing multiple charges on the sidemogram obtained from the data shown in part A. The solid line corresponds

chains of BEDA, for example, is expected to improve the to the best fit representing, a single binding site model.
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a separate titration was carried out in which a solution of pref T T T T T T T ]

BEDA (400uM) was added to buffer, under similar con- BEDA/CT DNA

ditions. Small, but exothermic heat of dilution was noted 0.1 ]

(Fig. 1A, top curve). Similarly, the heat of dilution of CT

DNA was also measured (data not shown). The area under w 0.08 ]

each peak, in each titration, was integrated, and the heats g

of dilution of the reagents are subtracted from the observed § 0.08 ]

heat of reaction. The corresponding thermogram is shown in 2

Fig. 1B. g 0.04 ]
To extract the binding parameters of BEDA from the

ITC data, the thermogram shown kig. 1B was fitted to 0.02 ]

a single binding site model, and the thermodynamic param-

eters have been estimated from the best fit to the observed ol L s

340 360 380

Wavelength (nm)

heat releasg26]. The data were analyzed with several 400 420
different initial guesses, and the resulting fits gave con-
sistent values for these parameters. The analysis resulted
in, Kp=(1.44+0.5)x 1°M~1; AH=-3.5+0.4kcal/mol;
AS=11.6+ 1.6 cal/mol K; and a binding site size o# base
pairs (14). Note that the binding constant is nearly an order
of magnitude larger than those of AMAC and APAC, mea-
sured under similar ionic strength, and pH conditi¢@}
Enhanced affinity of BEDA is primarily due to the contribu-
tions of the cationic side chains via electrostatic, hydrophobic
and, possibly, H-bonding interactions.

Binding of BEDA to CT DNA resulted in a net release of
heat, and similar exothermic binding of a number of probes
to DNA was reported earliej27]. Exothermic binding of
BEDA is in contrast to nearly thermo-neutral binding of
AMAC/APAC [28] and endothermic binding of Mg(ll) to
CT DNA [29].

0.12 T
BEDA/CT DNA/50 mM NaCl

o

o

Absorption @394 nm
S

0.04

0.02-...|...|...|...|...|...|...|...
- 40 60 80 100 120 140

(B) [DNA], uM

Fig. 2. (A) Absorption spectra of BEDA (34M) recorded in the presence

of increasing concentrations of CTDNA (0, 2.2, 4.4, 8.8, 13.2, 26.4, and

132uM). Hypochromism and red shift of the spectra indicate binding of

BEDA to CTDNA (50 mM NaCl, 5mM Tris—HCI, pH 7.2). (B) Plot of
The interaction of BEDA with CTDNA was monitored absorption of BEDA at 394 nm (free form) as a function of CTDNA con-

in absorption titrations. The absorption spectra of BEDA centration. A biphasic decrease in the absorbance at 394 nm is evident in the

(11pM) were recorded in the presence of increasing con- P

centrations of CTDNA (0-13@M), shown inFig. 2A. The

spectra were corrected for the small changes in the volume,and these indicate the conversion of one type of chromophore

during the titration. The absorption spectra indicate consider- to another (free and bound) during the titration. The spectra

able decreaseinthe absorption at the peak positions of the freare also red shifted by 9 nnTgble 1), and red shift is the

probe, and the hypochromism observed here (70% @394 nmYyesult of a decrease in the energy gap between the highest

3.2. Absorption spectral studies

is comparable to those reported for AMAC or APAT&able J)
[30].
Absorption spectrum of BEDA/CTDNA also indicated

occupied molecular orbital (HOMO) and the lowest occu-
pied molecular orbital (LUMOChart 3. Since binding of
the probe to DNA is exoergonic, HOMO of the bound probe

isosbestic points (wavelengths at which the absorbance isis lower in energy than that of the free probe. The observed

independent of DNA concentration) at 380, 384, and 399 nm,

red shift of the absorption spectrum, therefore, indicates that

Table 1

Peak positions, isosbestic points, percent hypochromigifree and bound) and binding parameters for some anthryl amines (5 mM Tris, 50 mM NacCl, pH

7.2)

Probe Peak positions (nm) Extinction coefficientMem™1; (nm) Isosbestic points (nm) Percent hypo-chromism (nm)
Free probe Bound probe Free probe Bound probe

BEDA 355, 373, 394 361, 380, 403 10200 (394) 2925 (394) 379, 384, 399 70 (394)

APAC 348, 365, 386 352, 370, 390 7830 (365) 3420 (365) 325, 371, 390 63 (365)

AMAC 348, 365, 385 352, 368, 392 3220 (365) 1276 (365) 362, 367, 388 55 (365)




48 N.K. Modukuru et al. / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 43-54

LUMO  — 0.06 ————+—1————— , .
“Red Shift [ 5.2 )M BEDA
[ BEDA/ 375 mM NaCl —
T 0.05 [- .
- DNA/ BEDA/ 375 mM NaCl
0.04 |- ]
@ r 4
e
HOMO —1 e e s i ]
~_ ¥ é AGb g5 003 |- 1
@ )
2 _ .
Free Probe Bound Probe 0.02 [ ) ]
Chart 3. Energy level diagram for the electronic transitions of BEDA. i ' | 1
0.01 P (R
E ™\ pNA/ BEDA/ 50 mM NaCl L]
the first excited state of the probe is stabilized to a greater ol o v
extent than the ground state. 820 340 360 380 400 420
To check if binding of BEDA to DNA is kinetically slow, Wavelength (nm)

the absorption spectra of BEDA/CTDNA were recorded asa )
function of time. The data indicated that there are no further 7'9; 3. Absorption spectra of BEDA (5:2M)/CTDNA (62 M) recorded

h inth ) . f h in the presence of increasing concentrations of NaCl (50-375 mM, dotted
changesinthe absorpthn spect.r'a, _eve” after Ol.JI’ Ours_(dataand thin lines, respectively) in Tris buffer (5mM Tris, pH 7.2). Data for
not shown), and the binding equilibrium was attained rapidly. only two NaCl concentrations are shown. It is clear that at 375 mM Nacl,

To further analyze the nature of the binding interaction, the absorption peak positions match with those of the free BEDA, but the

the absorbance of BEDA/CT DNA at 394nm was plot- extinction coefficient of this species is significantly less than that of the free
ted as a function of DNA concentratiori@g. 2B). The BEDA.
absorbance decreases rapidly initially, and then more slowly. o i
Such decrease in absorbance indicates the presence of two 1€ 1ack of red shift in the absorption spectrum of
distinct bound states, and such behavior was not noted withBEPA/CT DNA at high ionic strength is most likely due

AMAC or APAC. This observation provided a clear handle to a new binding mode of the anthrylene probes, not resolved
in resolving the two binding modes. before. One of the two binding modes has a’Osénd at

In an attempt to further clarify the binding modes of 403 nm while the other has a spectrum which is similar to
BEDA, the influence of ionic strength on the binding was that of the free chromophore, but with lower extinction coef-

evaluated. Binding of the ligands to DNA is expected to ficients. These two modes are resolved by ionic strength
decrease with increased ionic strenfgh]. Increased ionic studies. Similar un-shifted absorption spectra were also noted

strength screens the phosphate—phosphate repulsion aloné’hen anthryl derivatives Wi_th branch_ed substitutions are
the helix, and the helix shrinks. Such helix collapse is Poundto CT DNA33], and this was attributed to the groove

expected to adversely affect overall binding but itis unlikely 20und form. In support of this assignment, when a phenyl
that both intercalation and groove binding will be inhibited SuPstituent was placed at the 9 position of the anthracene
to the same exteri82]. According to the Boltzmann distri- ~ 'IN9 system, mtercalatlon'wals inhibited, and the correspond—
bution, small changes in the relative energies of these modednd @bsorption spectrum indicated only a small red shift but
should result in large differences in the relative populations. Significant hypochromisnid4]. Current assignment of un-.
Absorption studies were the most revealing, and the shifted, hypochromic spectrum to the groove bound form will

absorption spectra of the two bound forms have been dis-P€ evaluated further.

tinguished in ionic strength studies. Absorption spectra of

BEDA/CTDNA (5 mM Tris, 10 mM NacCl, pH 7.2) recorded  3.3. Binding plot

at low ionic strength (ratio of concentrations of the probe to

DNA is 1:12) are nearly identical to that recorded at 50 mM The absorbance data are used to construct Scatchard plot
NaCl. The spectra have been corrected for small changegFig. 4), and the resulting binding parameters are collected in
in the volume, during the titration. The red shift as well Table 2 The binding plotis linear, and it resulted in a binding
as hypochromism are present at low ionic strengths. How- constant of (3.4 0.1)x 10* M~1. The difference between
ever, with increase in the NaCl concentration, the absorption this value and that obtained by the ITC data deserves some
spectra of BEDA/CTDNA are blue shifted (375mM NaCl, comment. Even after considering the large errors in the ITC
otherwise the same conditions), and this shift was also accom-data ¢-36%) the binding constants from the two methods are
panied by a smaller hypochromisiFig. 3). In control exper- off by a significant value. In the case of the absorption data,
iments, in the absence of DNA, no such shifts or decreases inthe analysis takes into account only the chromophore that is
the intensities of the absorption peaks of BEDA were detected producing the absorption spectral changes, while in the ITC
as a function of ionic strengttirig. 3. experiment the heat released corresponds to all the binding
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2-5_IIIIIIIII1I|I1I]I1l|1ll|‘lIl_ 0-031\"'||l|||||||ll|lll|lll|lll_
[ BEDA/CTDNA/50mM NaCl i 3 uM BEDA
[ K 4 i Fr N B
2 -_ K=3.1x10 /M _' 0.025 ;r ‘\\ NO DNA ]
r ] - [ v Ex @ 379nm ]
C ] @ o002[ ]
3 1.5 |- - 5 1
s [ ] £ + 67uM CTDNA 1
= L - o 0015 Ex @ 379nm E
(&) L d 4
= 1L hi g ]
L i [ ]
r . 8 001 3
C ] g ]
0.5 L sl = ]
L 1 2 0.005 .
[+ Bl I S EPEPI AT A B I E
0 2 4 6 8 10 12 14 0 o e
r 400 420 440 460 480 500 520 540
(A) Wavelength (nm)
Fig. 4. Scatchard plot for the binding of BEDA (M) to CTDNA (5 mM
Tris, 50 mM NacCl, pH 7.2). 12
|3 uM BEDA Excitation @ 379 nm
events. Still, the binding constant of BEDA is substantially
greater than those of AMAC, and APAC, and the enhanced 1
affinity of BEDA is likely due to the increased charge, as +67 uM CT DNA
well as the interaction of the side chains in the grooves g (10 mM NacCl, x 1.6)
[9]. g ©°
Q
]
3.4. Fluorescence studies g 08
2 .
Q
Fluorescence spectra provided additional opportunities to é No DNA +67 pM CT %NA
examine the details of the interaction of anthryl probes with s 04 - (10mM NaCl) (375 mM NaCl, x 1.4)
DNA. The fluorescence spectra of BEDA were recorded inthe
presence of increasing concentrations of CTDN#g( 5A,
67wM CTDNA, and 3uM BEDA, 5mM Tris, 50 mM NaCl, 02r
pH 7.2). The BEDA/DNA samples were excited at the cor- —
responding isosbestic points (379 nm) so that absorbance of ol 1 ! ! ! I I I
the sample is independent of the DNA concentration. The 400 420 440 460 480 500 520 540
fluorescence spectra indicated red shifts of the peak posi- (B) Wavelength (nm)

tions, when compared to the corresponding spectra of the
free probe Table 3 These shifts are consistent with the Fig-5. (A) Fluorescence spectra of BEDA recorded in the absence and pres-

. . f CTDNA. (B) FI f BEDA/CTDNA i
red shifted absorption spectra and decreased HOMO—LUMO &ce of CTDNA. (B) Fluorescence spectra of BEDA/C recorded in
the presence of increasing concentrations of NaCl. The spectra are normal-

energy gap, at lower salt concer_1tra_tions. The fluorescenceeg by muttiplication with appropriate factors, as marked (concentration
intensities also decreased upon binding to CTDN&(e 2, needs to be changed).

and this observation is consistent with the rapid quenching
of fluorescence of several anthracene derivatives by CTDNA shifts in the fluorescence maxima, where the peak positions
[9]. at high ionic strengths matched with those of free BEDA
Additional evidence for the changes in the binding mode, (Fig. 5B). Note that the intensities of the fluorescence spectra
as a function of ionic strength, was also noted in fluorescenceof the bound BEDA are less than that of the free, at these
experiments. Addition of a concentrated solution of NaCl high ionic strengths, and these are commensurate with the
to a mixture of the BEDA/DNA (5 mM Tris, 10mM NaCl,  absorption spectral changes. The absorption as well as the
pH=7.2, probe to DNA ratio of 1:4) resulted in considerable fluorescence spectra of the bound species recorded at high

;?rtn)cliienz] constants, red shifts, and Stokes shifts for anthryl probes bound to CTDNA
Probe Ky (M~1) Fluorescencé,max (nm) Stokes shift (cmt)

Free probe Bound probe Free probe Bound probe
BEDA (3.1+0.1)x 10* 403, 423 410, 432 567 610
APAC (1.4+0.1) x 10% 390, 412, 437 391, 413, 438 266 66

AMAC (1.5+0.5)x 10* 392, 412, 438 395, 413, 438 464 194
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ionic strength differ from those of the free, and these indicate I
a distinct binding mode. ET
3.5. Circular dichroism (CD) studies LuMo — ¥

Although the anthryl probes shown @hart 2are not
chiral, their association with the DNA helix is expected to
result in strong CD spectra in the 300-400 nm region, away
from the DNA absorption bands. Furthermore, induced CD
spectra of the intercalated and groove bound chromophores HOMO A ——
are expected to be differef&6]. Intercalation of the anthryl BEDA / DNA DNA
chromophore with its long axis perpendicular to the base
pair long axis is expected to give positive CD bands in the Chart 4. Energy level diagram for the energy transfer from DNA bases to
330420 nm region, and similar spectra are also expected for>EPA
one type of groove binding where the BEDA side chains
are aligned with the minor groove axis. When the ratio 3-0- Energy transfer from the DNA helix to BEDA
of probe to DNA concentration is 1:4, strong, positive, . ) . o
induced CD bands appeareid. 6, 50 mM NaCl, 5quM E_arherstudles reported from this laboratory indicated that
BEDA). excited states of the DNA bases can transfer energy to the

Note that the CD peak positions (362, 381, and 404 nm) @nthryl probe, Chart 4 [35], and energy transfer was most
nearly coincide with those of the absorption peaks of the effective when the anthracene derivative was intercalated into
bound chromophore, 10-50 mM NaCl, but these peaks dif- the helix at AT sites. Denaturation of the helix, binding of
fer from those of the free chromophore. The CD spectra the probe to single stranded DNA, binding to GC sites, or
are assigned to the binding mode with the long wavelength inhibition of intercalation of the anthracene derivative by
absorption bands, presumably intercalation. However, oneSteric constraints inhibited energy transfgs]. In the cur-
intriguing observation was that the CD peak positions are 'ent studies, energy transfer was investigated by recording
nearly independent of the ionic strengBig. 6 and only the  the excitation spectra and sensitized emission spectra.
intensities decreased. Note that the CD spectra are recorded EXcitation spectra of BEDA/DNA mixtures (265-315nm
at high concentrations of the probe (gBl), and the CD excitation, 420 nm monitoring) resulted in intense fluores-
samples showed absorption spectra where thetiai was ~ cence from BEDA/CTDNAEig. 7A). The absorption of light
broadened, indicating a weak component of the red shifted i this region by the anthryl chromophore is minimal, while

spectrum. Thus, the multiple binding modes are not readily CTPNA has strong absorption bands. Further more, the emis-
resolvable by the CD studies. sion spectrum of CTDNA has a considerable overlap with

the absorption spectrum of BEDA, and such overlap favors
energy transfer from DNA to BEDA.

50

[o00 yMDNA+50pmBEDAT ~ T 4 T T T T T T 7] The ratio of the excitation spectra recorded in the pres-
[ 1 ence of DNA to that in the absence of DNA is shown in
wl 1 Fig. 7A. This plot accounts for any direct emission from
% i 50 mM NaCl 1 BEDA, and values larger than one indicate sensitization by
& _ | DNA. A broad, new band at 290 nm with a shoulder at 275 nm
E a0l ] appeared in the excitation spectra (5 mM Tris, 50 mM NacCl,
-5 pH 7.2). This band is in the region of the absorption spec-
g £ 4 tra of DNA bases, and strongly indicates energy transfer to
E Sl e ] BEDA. The efficiency of energy transfer, however, is much
—E | Y ] . .
20 \ weaker than that observed with APAC and AMAG. Exci-
2 = T - v\ tation spectra indicate that intercalation of BEDA is a strong
= 10r ‘Lm o NaC . possibility. This conclusion is also consistent with multiple
______ . binding modes of BEDA, discussed above.
[ RV This interpretation was also supported by excitation spec-
T tra of BEDA/CTDNA, recorded in the presence of low and
320 340 360 380 400 420 high concentrations of NaCF{g. 7B). If the energy is trans-
Wavelength (nm) ferred only to the intercalated form, then the observed spec-

tral changes cannot be completely explained. At high ionic
Fig. 6. The induced circular dichroism spectra of BEDA (88) recorded 9 P Y exp 9

in the presence of CTDNA (2Q0M) at 50 and 375 mM NaCl. The decrease  SU€NGthS, energy transfer to the groove bound state is plau-
in the intensity of the CD bands at high ionic strength is due to overall Sible but weak. This interpretation is consistent with the

decrease in the binding of the ligand. absorption and fluorescence data.
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Fig. 7. (A) Excitation spectrum of BEDA recorded in the absence and pres-
ence of CTDNA (5mM Tris, 50 mM NaCl, pH 7.2) while monitoring the
emission at 420 nm. The ratio of the intensities is plotted as a function of the
excitation wavelength. (B) Excitation spectra of BEDA/CTDNA recorded
in the presence of high and low concentrations of NaCl (10, 375 mM). Note
that the sensitized emission is weakened at high ionic strength.

Energy transfer from DNA to BEDA was confirmed by
recording the sensitized emission speckg(8), and note
that sensitized emission is more intense than direct emis-
sion from BEDA or BEDA/CTDNA Fig. 5A). The sensitized
emission of BEDA/CTDNA is red shifted, when compared to
that of BEDA (no DNA), which is consistent with the emis-
sion arising from a bound chromophore. Similarly, the flu-
orescence spectra of BEDA/CTDNA recorded at high ionic
strength (375 mM, NaCl, 295 nm excitation, data not shown)
indicated weak energy transfer to BEDA. The sensitized flu-
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Fig. 8. Sensitized fluorescence spectra of BEDA recorded in the presence
of CTDNA (continuous line, 290 nm excitation) while direct emission from
BEDA (dashed line) is much weaker, recorded under similar conditions.

orescence was still observed at high ionic strength, although,
it was considerably weaker.

3.7. Helix melting studies

Intercalative binding of the anthracene derivatives, often,
increases the thermodynamic stability of the h¢3i&], and
enhances the helix melting temperatufg ). Helix melting
was monitored by recording the DNA absorbance at 260 nm,
as a function of temperature, and when the double helix dis-
sociates into single stranded DNA, absorbance at 260 nm is
increased substantially. The mid point of this transition rep-
resents denaturation of the double helix. Binding of many
anthryl derivatives improved the helix stability to a large
extent, and the helix melting curves of CTDNA with and
without BEDA (5 mM Tris, 50 mM NaCl, pH 7.2) are shown
in Fig. 9.

15
5 mM Tris, 50 mM NaCl, pH=17.2
14|
1]
Q
&
g 13r 40 yM CT D
@
< 12t /
@ /
2 40 uM CT DNA /
T 11 +9uM BEDA
[ /
x /
1 —— ‘_./
0.9 1 1 1 1 L 1 1 1
32 40 48 56 64 72 80 88

Temperature (PC)

Fig. 9. Helix melting curves of CTDNA recorded in the absence (solid line)
and in the presence of BEDA (dashed line). The ratio of absorbance at room
temperature to that at higher temperature, measured at 260 nm, was plotted
as a function of temperature.
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The ratio of absorbance atroom temperature to absorbancédable 3
at elevated temperature is plotted as a function of tempera_Thermodynamic parameters obtained from the DSC thermograms of
ture, and the plots originate at the safealue, irrespective gTDNII\lA (68M), recorded in the absence and in the presence of BEDA
of their initial absorbance. As the temperature is increased, kM)
the ratio remained nearly constant until’2and then began Sample Tm (°C) AH (kealfmol)  AS (keallKmol)
to increase. For example, CTDNA indicated’a of 78°C, CT DNA 79.5£0.2 8.5+ 1 0.025+0.002
in the absence of BEDA, anfl, is increased in the pres- CTDNA/BEDA 81.3+05 12541 0.035+0.005
ence of BEDA. The helix melting was not complete even The e_stimated error is the standard deviation of the mean from three separate
at ~95°C, and the corresponding value f, could not ~ ©XPenments.
be determined. When intercalation was inhibited by placing i ) o
large substituents at the 9 and 10 positions of the anthracené]ef[erogene'ty of CTDNA, its renaturation is expected to be
probes, theTy, did not increasd37]. Thus, for anthracene ~ duite slow.

derivativesTy, is perhaps a good measure of intercalation. In contrast to the data obtained with CTDNA, the ther-
mogram of BEDA/CTDNA Fig. 10 dashed line) indicated

a smooth transition with the loss of “satellite” peaks but
centered at a higher temperature of 81430(5)°C. The
second heating profile of CTDNA/BEDA did not show

in Fig. 10 (solid line). The excess heat capacity plot for a 27 detectable transition, which indicates that the denat-

given DNA sequence depends on the base compog&&in uration is irreversible on these time scales. The enthalpy
The thermogram of CTDNA is reproducible, and it matched changes, reported here, are model md_ep.endent, but the
well with the reported profilé39]. The DSC curve showed entropy changes, are based on the equilibrium model. The
an endothermic peak centered at 7€£5(0.2) with three transition is not reversible on our time scales, and no perma-
“satellite” peaks at higher temperatures. The “satellite” peaks nent changes are expected.

are attributed to highly repetitive, short sequences with higher S|_nce only mode_rat_e changes are seenin the thermody-
GC conten{40]. The observed transition temperature is in namic parameters, ionic strength studies are not undertaken,

good agreement with tHE, from the melting experiments andinthisinstance, the spectroscopic measurements are more

presented above. The raw data were converted to heat capaé“iens't've than the calorimetric studies.

ity versus temperature plots, and the enthalpy change was

calculated in a model-independent manntable 3. The  3.9. Photochemical studies

second heating profile of CTDNA, after the first heating

and subsequent cooling, did not show any detectable tran- Encouraged by the interesting DNA binding properties of
sition, which indicates that the denaturation of CTDNA, is BEDA, and its reported biological activity, DNA cleavage

irreversible on these time scales. Due to the high degree ofProperties are investigated by using pU18 supercoiled DNA.
Irradiation of a mixture of supercoiled pUC18 DNA (201)

8 ettt and BEDA (5uM) at 374 nm resulted in efficient conversion

F 2 °C/min ] to the nicked circular DNAKig. 11). Some smearing of the

35 3 lower band is evident, and such smears are assigned to DNA
b ] cross-linking. Irradiation of the DNA alone (lane 2) or incu-

bation of the sample in the dark (lane 6) did not result in any

detectable conversion to the nicked circular form. Therefore,

photoactivation of the ligand is essential for the observed

3.8. Differential scanning calorimetry

The characteristic DSC thermogram of CTDNA is shown

Condition No No +BEDA | +BEDA | +BEDA | +BEDA
BEDA | BEDA

Lane # 1 2 3 4 5 6

Irradiation time/min__ | 0 60 50 70 90 0

% Supercoiled 88 85 - - 0 84

% Nicked circular 12 15 >80 =90 100 16

% Linear 0 0 0 0 0 0

Temperature,’C

Fig. 11. Photocleavage of pUC18 DNA by BEDA (@M pUC18 DNA,

Fig. 10. Differential scanning calorimetry of CTDNA (@84, solid line) 2uM BEDA, 5mM Tris, 50mM NacCl, pH 7.2). Samples were irradiated
and a mixture of BEDA (M) and CTDNA (68uM) (dashed line). Both at 374 nm, and stray UV-light was cut off with a WG-345 filter. Efficient
samples were scanned at a rate 6€2min (5 mM Tris, 50 mM NaCl, pH conversion of the supercoiled DNA to the nicked circular form is evident

7.2). from the agarose gel.
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conversion. Substantial conversion to the nicked circular was inhibited, by placing a bulky substituent at the 9 position
form is evident in less than an hour of irradiation (lane 3).  of the anthracene ring, the absorption spectra of the bound
Note that BEDA is much more photoreactive than AMAC species are not red shifted. Itis entirely likely that the groove
[41], and the latter required much longer irradiation times binding persists at higher ionic strengths, and the un-shifted
(>2h) and higher concentrations (M) of AMAC in order spectra correspond to this form of BEDA.
to achieve similar conversions. The improved photoreactivity =~ Fluorescence spectral results are consistent with the
of BEDA over AMAC, and the use of longer wavelengths for absorption data, and at higher ionic strengths, the differences
the photoactivation are attractive features for the photocleav-between the two bound forms become clear. At higher ionic
age applications. strengths, the fluorescence intensities are significantly less
The photochemical conversion of the supercoiled DNA than that of the free BEDA, which is consistent with the
to the nicked circular form was also investigated in ionic above interpretations. The CD spectra recorded at 1:4 ratio
strength studies. Briefly, increased ionic strength decreasedof BEDA to DNA clearly indicated peaks that correspond to
the overall photocleavage efficiency but this could be due to the absorption spectra of the bound probe, and the peak posi-
reduction in the overall binding of BEDA and not necessarily tions are independent of the ionic strength. Perhaps, the two
due to the differences in the relative populations of the two binding modes are not readily resolvable in the CD studies.
binding modes. Further studies are in progress to evaluate the Excitation spectra show that energy is transferred to
details of this photoreaction. BEDA boundto CT DNA, butthe transfer is weak, when com-
pared to that observed with AMAC, APAC or N-EtAMAC.
At low ionic strength, the excitation band at 280-290 nm is
4. Conclusions prominent, and as the ionic strength was raised, the intensity
ofthis band has been reduced. This decrease is consistent with
Isothermal titration calorimetry data indicate that BEDA the suggestion that intercalative binding mode is inhibited
binding to CT DNA is exothermic. The enhanced bind- at high ionic strengths. While energy transfer to the inter-
ing constant, and increased exothermicity, when comparedcalated form is facile, energy transfer to the groove bound
to AMAC/APAC, can be readily assigned to the increased form cannot be ruled out. Most likely, based on the spectral
charge on BEDA, anj, is only moderately greater than data as well as the helix melting temperatures, BEDA has
the binding constants of the mono-cationic probes, AMAC significant contribution toward intercalative binding at low
or APAC and N-Et-AMACI9]. The charge, therefore, con- ionic strengths and groove binding persists even at high ionic
tributes to the binding affinity but not to a very large extent. strengths.
In addition to ITC, spectroscopic and DSC studies provided The enthalpy and entropy changes associated with the
further details of binding. helix to coil transition, observed in the DSC studies, are only
Absorption studies show that binding is accompanied by minor. Small shift to higher temperature, absence of the satel-
substantial spectral changes. There are at least two boundite peaks, and some asymmetric broadening of the transition
forms, one absorbs at 394 nm and another at 403 nm. Thesare evident. The loss of satellite peaks in the thermogram
assignments are tested in the ionic strength studies. Whileindicates sequence dependent binding of BEDA, and further
intercalation was accompanied by substantial red shifts, inhi- studies are needed to test this conclusion. BEDA also exhib-
bition of intercalation with large substituents on the anthryl ited improved photoreactivity when compared to AMAC,
ring did not indicate significant red shift33,34] Therefore, and the photoreaction converted the supercoiled DNA to the
the unshifted, hypochromic spectrum is tentatively assigned nicked circular DNA in high conversions, in a short time, and
to the groove bound form, and this assignment will be tested at low loadings. The two binding modes are likely to differ in
in future studies. Then, the bathochromic, and hypochromic terms of their photoreactivity, and further studies are planned
spectrum will be due to the intercalated form. Since the to evaluate these conclusions.
biphasic behavior is pronounced in the absorption titrations,
the spectral data and ITC complement each other. This also
explains the differences in the binding constants estimated Acknowledgment
from these two methods.
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