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Abstract

A bis-intercalating compound containing pyrene and 9-aminoacridine chromophores (N-(5-(1-pyrenyl)-pentyl)-6-(9-acridinylam-
ino)hexylamide, I), was prepared and its interaction with double-stranded DNA was investigated. Homologous compounds in which the two
chromophores were connected by a linear carbon chain ( pentamethylene (11}, tetramethylene (III) and methylene (IV)) were also prepared.
In acetonitrile solutions of the free ligands, the presence of the proximal pyrene results in reduced acridine fluorescence relative to 9-
methylaminoacridine (9-MAA), and the degree of quenching increases with decreasing chain length. The quenching process is assigned to
exothermic electron transfer from pyrene to the excited 9-aminoacridine (9-AA) chromophore. In the presence of DNA, the relative quenching
order is reversed, and I and IV are quenched more strongly than II and III. From linear dichroism experiments, it is concluded that I binds
by bis-intercalation of the pyrene and acridine moieties, III and IV undergo intercalation of the acridine chromophore and Il binds by partial

bis-intercalation at two contiguous sites.
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1. Introduction

The discovery that electron transfer can proceed over long
distances in biological polymers, such as proteins [1] and
DNA [2], has received much attention in recent years. In
particular, the effect of these environments on the rate and
mechanism of photoinduced electron transfer is a topic of
debate. Although it is well established that electron transfer
can proceed over long distances in protein matrices via tun-
nelling [3], the relative importance of the factors which gov-
ern electron transfer between donor—-acceptor pairs bound to
DNA is difficult to evaluate. Enhancement of the electron
transfer rate may be expected as a result of an increased local
concentration of bound reactants, an increase in the lifetime
of the excited donor or acceptor, variations in the redox poten-
tial of the reactants, more favourable relative orientation of
the donor and acceptor and modulation of electron transfer
by the 7-stacked nucleotide bases. The latter possibility, that
electron transfer may be mediated by the central core of the
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DNA helix acting as a molecular wire, is by far the most
intriguing.

A number of donor—-acceptor systems have been proposed
to undergo photoinduced electron transfer mediated by the
DNA core. Baguely et al. [4] observed efficient quenching
of intercalated ethidium fluorescence on addition of substi-
tuted 9-anilinoacridines under conditions in which less than
1% of the ethidium was displaced from the DNA. In their
investigations of intermolecular electron transfer between
various intercalators, Brun and Harriman [5] found that effi-
cient electron transfer occurred between excited ethidium or
acridine orange and N,N'-dimethyl-2,7-diazapyrenium when
both reagents were intercalated in double-stranded DNA.
However, the same workers reported that singlet-singlet
energy transfer via an electron exchange mechanism was
uncompetitive in systems composed of palladium porphyrins
bound to DNA by intercalation [6].

Electron transfer between donor—acceptor pairs in which
one or both partners are bound to DNA by intercalation has
been a topic of several recent studies. However, this approach
suffers from a lack of information concerning the distance
separating the bound species, and the data must be interpreted
assuming a statistical distribution of reactants. This compli-
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cation has been avoided by the preparation of synthetic dou-
ble-stranded oligonucleotides containing covalently bound
donor and acceptor complexes. One such system, possessing
a ruthenium donor complex and a rhenium acceptor complex
tethered to opposite ends of a synthetic DNA strand com-
posed of 15 base pairs, has been described [7]. The obser-
vation of efficient electron transfer over such a long distance
(d>40 A) between the intercalated species supports the
occurrence of electron transfer through DNA. Though rig-
orous, the latter approach is rendered difficult by the need to
synthesize substantial quantities of derivatized synthetic pol-
ynucleotides. Moreover, efficient photoinduced electron
transfer has also been observed in another covalent assembly
(d=~21 A) in which neither the donor nor the acceptor under-
goes intercalative binding to DNA [8]. Hence, covalent mod-
ification of the DNA duplex may influence the observed
electron transfer rates. An alternative approach may involve
the preparation of tethered donor—acceptor pairs, capable of
intercalative binding to DNA and of undergoing photoindu-
ced electron transfer. Although many bis-intercalating com-
pounds have been synthesized and their interaction with DNA
studied [9], none possess chromophores suited to the occur-
rence of photoinduced electron transfer.

In this paper, we report the synthesis of several linked
pyrene—aminoacridine bis-intercalators and their binding to
double-stranded DNA. Both pyrene [10] and 9-amino-
acridine (9-AA) [11] are known DNA intercalators pos-
sessing well-separated absorption and emission spectra, and
electron transfer from pyrene to the excited acridinium ion is
moderately exothermic in polar solvents.

2. Experimental details
2.1. General methods

Nuclear magnetic resonance (NMR) spectra were
recorded on a Varian VX300 instrument with tetramethylsi-
lane (TMS) as internal standard. UV absorption spectra were
obtained using a Hewlett-Packard 8452 diode-array spectro-
photometer or a Perkin—Elmer Lambda 9 instrument. Steady
state fluorescence measurements were recorded on a Spex
Fluorolog 2 (model 111 C) fitted with an R928 photomulti-
plier and are uncorrected. Mass spectral analysis was per-
formed on a 5971 Hewlett-Packard mass spectrometer
coupled to a Hewlett-Packard 5890 gas chromatograph
equipped with a 20 m OV1 capillary column. Fluorescence
quantum yields were determined using solutions of matched
absorbance (approximately 0.07 at the excitation wave-
length) degassed by three freeze—pump-thaw cycles. 9-AA
in ethanol (@;=0.99) [12] was used as a secondary
standard.

2.2. DNA binding studies

Solutions used in the competitive binding assays contained
1.82 X 10~ % M base pairs, 2.35 X 10~ % M ethidium bromide

and 0.04 M phosphate buffer. The fluorescence yield of the
bound ethidium on excitation at 520 nm was monitored at
610 nm as a function of added ligand. No correction was
made for the emission of displaced ethidium. Linear dichro-
ism spectra were obtained on a modified Cary 61 spectrom-
eter using a cylindrical quartz Couette cuvette with a spinning
inner cylinder (G=6000s~") and a 1 mm path length [13].
Solutions contained 1 mM DNA base pairs, approximately
10 uM ligand, 40 mM phosphate buffer and 0.1 M sodium
chloride in water.

2.3. Kinetic and spectrographic flash photolysis

Kinetic flash photolysis on the millisecond time scale was
performed on a conventional system with an electrical dis-
charge of 1000 J or less through partially evacuated quartz
tubes which produced a flash of approximately 20 s dura-
tion. Nanosecond laser flash photolysis used pulses from a
Lambda Physics EMG 101 MSC excimer laser filled with
either XeF or XeCl (351 or 308 nm respectively; 25 ns pulse
width; approximately 100 mJ per pulse) and a pulsed xenon
arc lamp as probe light. The signal was measured with an
EMI 978QA photomultiplier, fed into a digitizer ( Tektronix
TDS 540) and analysed by least-squares fitting. The set-up
employed to obtain the transient absorption spectra has been
described elsewhere [ 14].

2.4. Materials

Pyrene (Fluka), 9-aminoacridine hydrochloride (Fluka),
acridone (Fluka) and ethidium bromide (Merck) were used
as received. Acetonitrile (Merck) was of spectrophotometric
grade. Buffers were 50 mM in phosphate (pH 7) and 100
mM in sodium chloride dissolved in water previously purified
on a Millipore Q filtration unit, and were stored at 4 °C.
Purified sonicated calf thymus-DNA (ct-DNA) (average
chain length, 300 bases) was employed in the binding assays.
For spectral measurements and circular dichroism experi-
ments, highly polymerized lyophilized ct-DNA (Fluka) was
dissolved in phosphate buffer and was used without further
purification. Compounds IL, III, and IV were prepared by
reaction of the corresponding w-aminoalkylpyrene with 9-
chloroacridine (prepared from 9-acridone according to a lit-
erature procedure [15]) and do not have well-defined
melting points. Their purity was controlled by thinlayer chro-
matography (TLC) using alumina (2% methanol in chloro-
form, R;=0.5-0.7) and silica ( 15% methanol in chloroform,
R¢=0.2-0.3) supports and by elemental analysis.

2.4.1. 4-(1-Pyrenyl)-4-oxo-pentanoic acid

Glutaric anhydride (22.8 g, 0.20 mol) was added to a
solution of anhydrous aluminium chloride (53.2 g, 0.40 mol)
dissolved in 200 ml of nitrobenzene in a ! 1 round-bottomed
flask equipped with a mechanical stirrer and cooled in an ice—
water bath. Powdered pyrene (40.2 g, 0.20 mol) was then
added in small portions over a 15 min period, and the mixture
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was stirred at room temperature for 8 h. The reaction mixture
was then carefully quenched with aqueous hydrochloric acid
and the nitrobenzene was removed by steam distillation. The
resulting slurry was made basic with potassium carbonate,
steam distilled for an additional 15 min and filtered from
suspended aluminium hydroxide using celite as a filtration
aid. The solution was then neutralized with hydrochloric acid
and the fluffy white precipitate was collected by filtration and
air dried to yield 12 g (0.038 mol) of 4-(1-pyrenyl)-4-oxo-
pentanoic acid in 19% yield. '"H NMR (CDCl,) & 2.24 (m,
2H);2.60 (t,2H,J/=7.2Hz); 3.33 (t,2H, J=7.1 Hz); 8.0~
8.2 (m, 8H); 891 (d, 1H, J=12.4 Hz). Mass spectrum
(MS) (m/z):298 (M* —H,0, 100%), 256 (10),242 (14),
229 (20), 201 (28).

2.4.2. 5-(1-Pyrenyl)-pentylamine

4-(1-Pyrenyl)-4-oxo-pentanoic acid (3.4 g, 0.01 mol)
was dissolved in a solution of 2.0 g of potassium hydroxide
in 30 ml of ethylene glycol contained in a round-bottomed
flask. Hydrazine (95%, 2.2 g) was added and the solution
was refluxed at 140 °C for 1 h. The condenser was then
removed and the temperature was allowed to increase to 200
°C; the condenser was then replaced and reflux was continued
for 5 h. The solution was cooled, diluted with three times its
volume of water and poured into 2 N hydrochloric acid. The
white precipitate was collected by filtration and dried to yield
2.45 g (8.1 mmol, 75%) of 5-(1-pyrenyl)-pentanocic acid.
The acid (1 g, 3.3 mmol) was suspended in 15 ml of chlo-
roform to which was added one drop of N,N-dimethylfor-
mamide (DMF) and 2 ml of oxalyl chloride. The mixture
was stirred at room temperature for 4 h until ali the compound
had dissolved. The solvent and excess oxalyl chloride were
removed on a rotary evaporator and the solid residue was
taken up in dry benzene and added dropwise to a stirred
suspension of 20 ml of ammonium hydroxide and 10 mi of
benzene. Stirring was continued for 2 h and the mixture was
extracted with three 20 ml portions of benzene. The organic
portions were combined and dried over anhydrous magne-
sium sulphate; the solvent was removed on a rotary evapo-
rator to yield 0.75 g of an off-white solid. The amide thus
obtained was dissolved in 1,2-dimethoxyethane and added
dropwise to a stirred suspension of 3.0 g of lithium aluminium
hydride in 60 ml of 1,2-dimethoxyethane under nitrogen. The
solution was then refluxed overnight and the excess reagent
was decomposed by careful successive addition of 3 ml of
water, 3 ml of aqueous sodium hydroxide and 9 mi of water.
The solution was filtered from the granular precipitate and
the latter was washed with several portions of tetrahydrofuran
(THF). The ether fractions were combined, washed several
times with water and dried over anhydrous magnesium sul-
phate; the solvent was removed on a rotary evaporator to
yield 0.65 g (2.3 mmol, 69%) of 5-(1-pyrenyl)-pentylamine
as a viscous oil which solidified on standing. '"H NMR
(CDCl;) &:1.63 (m, 4H); 1.88 (m, 2H);3.34 (t,2H,J=7.1
Hz);3.62 (1,2H,/=6.8 Hz); 7.8-8.3 (m, 9H). MS (m/z2):
287 (M*, 35%), 215 (100), 202 (30), 189 (10).

2.4.3. 9-(6-Carboxyhexylamino)acridine

In a 25 ml round-bottomed flask were placed 0.50 g (2.3
mmol) of 9-chloroacridine, 0.31 g (2.4 mmol) of 6-amino-
caproic acid and 2 g of phenol. The mixture was heated with
stirring at 120 °C for 1 h and the phenol was removed by
distillation. The remaining solid was dissolved in acetone and
poured into 50 mi of 2 N sodium hydroxide solution. The
latter was extracted with chloroform and the organic fractions
were collected, washed twice with aqueous sodium hydroxide
and several times with water. The chloroform was removed
on arotary evaporator and the yellow solid was recrystallized
from acetone to yield 0.29 g (1.0 mmol, 44%) of 9-(6-
carboxyhexylamino)acridine as a yellow crystalline powder.
'"H NMR (CDCl, + dimethylsulphoxide-dq (DMSO-dg)) 8:
1.30 (m, 2H); 1.45 (m, 2H); 1.82 (m, 2H); 2.18 (t, 2H,
J=7.3 Hz); 3.86 (t, 2H, J=8.0 Hz); 7.20 (t, 2H, J=7.7
Hz); 7.52 (t, 2H, J=7.7 Hz); 791 (d, 2H, J=8.6 Hz);
823 (t, 2H, J=9.5 Hz). Analysis: calculated for
C,oH,0N,0,-2.5H,0: C, 64.54; H, 7.13; N, 7.92; O, 20.41,
found: C, 65.11; H, 6.10; N, 7.92.

2.4.4. N-(5-(1-Pyrenyl)-pentyl)-6-(9-acridinylam-
ino)hexylamide (1)

In a round-bottomed flask containing 30 ml of acetone
(previously dried over molecular sieves) and 0.75 ml of
triethylamine was dissolved 0.30 g (1.0 mmol) of 9-(6-
carboxyhexylamino)acridine. The solution was stirred under
nitrogen while cooling in an ice—water bath for 15 min, and
85 wl of ethyl chloroformate in 1 ml of dry acetone was then
added dropwise. The solution was stirred at 0 °C for 1 h and
0.25 g (0.88 mmol) of 5-(1-pyrenyl)-pentylamine in 10 ml
of dry acetone was added. Stirring was continued at 0 °C for
2 h and the acetone was then removed on a rotary evaporator.
The residue was dissolved in chloroform and washed once
with 30 ml of 2 N sodium hydroxide solution and twice with
water. The organic phase was then reduced on a rotary evap-
orator and purified by liquid chromatography on an acid alu-
mina (pH 5.5) column (eluent, 5% CH;0H in chloroform}
to yield 200 mg (0.35 mmol, 40%) of I as a yellow powder.
"HNMR (CDCl,) &: 1.2-1.7 (m, 10H); 1.91 (m, 2H); 2.12
(m, 2H); 3.22 (m, 2H); 3.3 (t,2H, J=7.5Hz); 3.78 (1, 2H,
J=17.5 Hz); 5.1 (br s, 1H); 591 (br ¢, 1H); 7.23 (t, 2H,
J=7.7 Hz); 7.50 (t, 2H, J=7.7 Hz); 7.7-8.3 (m, 13H).
Analysis: calculated for C,,H;gN,0-2.5H,0: C, 77.12; H,
7.12; N, 6.75; O, 9.01; found: C, 77.33; H, 6.78; N, 6.72.

2.4.5. 9-(5-(1-Pyrenyl)-pentylamino)-acridine (II)

This compound was prepared in 35% isolated yield from
5-(1-pyrenyl)-pentylamine and 9-chloroacridine in phenol
at 120 °C, and was purified as described above. 'H NMR
(CDCl;) &: 1.52 (m, 2H); 1.80 (m, 2H); 1.88 (m, 2H);
332 (,2HJ=17.2Hz); 3.77 (t, 2H, J=7.2 Hz); 5.0 (brss,
1H);7.29 (t,2H,J=7.7 Hz);7.65 (t,2H,J=7.7Hz);7.7-
8.2 (m, 13H). Analysis: calculated for C;,H,sN, - 1.6H,0:
C, 82.75; H, 6.37; N, 5.68; O, 5.20 found: C, 82.71; H, 6.53;
N, 5.40.
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2.4.6. 9-(4-(1-Pyrenyl)-butylamino)-acridine (II1)

4-(1-Pyrenyl)-butyric acid (Fluka, 0.50 g, 1.7 mmol) was
converted to 4-(1-pyrenyl)-butylamine via the primary
amide as described above to yield 0.20 g (0.7 mmol, 42%)
of a clear yellow oil. The primary amine was then reacted
with 9-chloroacridine in the presence of phenol at 120 °C and
the product was purified by preparative TLC (neutral alu-
mina, eluted with 2% CH,OH in chloroform) to yield 90 mg
(12% overall yield) of III as a yellow powder. '"H NMR
(CDCl;) 8:2.15 (m, 4H); 3.40 (t, 2H /=7.4 Hz); 3.88 (t,
2H,J=7.2Hz);7.05 (1, 2H, J=7.7 Hz); 742 (, 2H, J=
7.7 Hz); 7.7-8.2 (m, 13H). Analysis: calculated for
Ci3Hy6N, - 2.9H,0: C, 78.78; H, 6.38; N, 5.57, O, 9.28;
found: C, 79.08; H, 5.98; N, 5.31.

2.4.7. 9-(1-Pyrenylmethylamino)-acridine (IV)
1-Pyrenylmethylamine hydrochloride (Aldrich, 0.46 g,
1.7 mmol) was reacted with 9-chloroacridine (0.40 g, 1.9
mmol) in the presence of phenol (3.0 g} at 140 °C for 1.5 h.
The phenol was then removed by distillation under reduced
pressure and the remaining solid, dissolved in a minimal
quantity of methanol, was poured into 100 ml of acetone and
filtered to yield 0.25 g of yellow powder. The product thus
obtained was liberated from the hydrochloride salt by shaking
with 100 ml of 2 N sodium hydroxide solution and extracted
with chloroform. The organic fractions were combined and
dried over anhydrous magnesium sulphate; the solvent was
removed on a rotary evaporator to yield, after purification by
column chromatography, 0.20 g (30% yield) of IV as a
yellow powder. '"H NMR (CDCl,) &: 5.69 (s, 1H); 7.28 (,
2H,J=7.5Hz);7.68 (t,2H,/J=7.5Hz); §.0-8.3 (m, 13H).
Analysis: calculated for C;gH,0N,-2.9H,0: C, 78.78; H,
6.38; N, 5.57; O, 9.28; found: C, 79.08; H, 5.98; N, 5.31.

3. Results

A bis-intercalator composed of pyrene and 9-AA linked
by a tether of sufficient length to span two base pairs (com-
pound I, Scheme 1) was prepared from S5-(1-pyrenyl)-
pentylamine and 9-(6-carboxyhexylamino)acridine. To
compare fluorescence quenching, electron transfer rates and
binding to DNA, homologous compounds in which the
pyrene and 9-AA chromophores were separated by a chain
of five, four or one carbon atoms (compounds II, III and IV
respectively, Scheme 1) were prepared from the correspond-
ing w-aminopyrenylalkanes and 9-chloroacridine. 9-Methy-
laminoacridine (9-MAA) was used as areference compound
to account for the effects of alkyl substitution on 9-AA. The
compounds were purified by column chromatography
(weakly acidic alumina) or by recrystallization from acetone.

3.1. Photochemical properties

The long-wavelength region of the absorption spectra of
compounds I, IV and 9-MAA in acetonitrile containing 0.005

” CCC
u n @
Q Nt Vol
O 0O
N? i
w 9-MAA
Scheme 1.

M HCIO, (to ensure complete protonation of the acridine
chromophore) are shown in Fig. 1. Although compounds I,
II and III are stable under the acidic conditions employed,
the amide function of compound IV hydrolyses with a first-
order rate constant of approximately 0.03 s~', determined
from kinetic analysis of the absorbance changes. The hydrol-
ysis of I eventually leads to the appearance of an absorption
spectrum identical with that of 9-AA under the same condi-
tions, and the concomitant appearance of strong fluorescence,
presumably due to 1-hydroxymethylpyrene.

Excitation of the pyrene chromophore at 341 nm in com-
pounds I-IV in aerated acetonitrile (0.005 M HCIO,)
solutions results in a weak fluorescence emission from the
acridine chromophore and some residual pyrene emission.
Excitation at longer wavelengths (A, = 396 nm), where only
the acridine chromophore absorbs, results in the observation
of weak acridine emission (Fig. 2). Compared with 9-AA,
9-MAA and compounds I-IV possess considerably lower
fluorescence quantum yields (Table 1) which, unlike that of
9-AA, are unaffected by the presence of air. The fluorescence
of IV can only be measured in neutral acetonitrile because of
the occurrence of hydrolysis under acidic conditions. The
absorption and emission maxima of I-IV in acidic acetoni-
trile are given in Table 1.

The fluorescence of 9-A A in acetonitrile (0.005 M HCIO,)
solution is quenched by the addition of pyrene with a Stern—
Volmer constant Kgy = k,7=385 M ~'. Assuming an excited
state lifetime for the 9-aminoacridinium cation of 7= 18 ns
[16], a quenching rate constant of k,=2.1X10"°M~"s™!
is calculated. The quenching may be attributed to exothermic
electron transfer from pyrene to excited acridine based on the
direct observation of the resulting radical ions by transient
absorption spectroscopy (see below). A value for the free
energy of electron transfer (A ,G°= —0.53 eV) can be cal-
culated from the pyrene oxidation potential (Ey =1.16 V vs.
saturated calomel electrode (SCE) [17]), the reduction
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Fig. 1. Absorption spectra of 9-MAA (
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Fig. 2. Fluorescence emission spectra of 9-MAA (
(- + -) in acetonitrile. Excitation wavelength, 396 nm.

potential of 9-AAH™* (E¥%= —1.21 V vs, SCE [18]) and
the singlet energy of the latter ('E* =2.92 eV) using Eq. (1)
proposed by Rehm and Weller [ 19]

A G =FEX—EX-1E*~0.06 H

The fluorescence emission arising from excitation of the
acridine chromophore in the linked compounds is substan-
tially quenched compared with that of 9-MAA as a resuit of
the proximal pyrene. Intramolecular electron transferquench-
ing has been observed in numerous systems composed of

—r
490

I T
530 550

Wavelength/ nm
Y. 1(-—-), I (---)and II (- - -) in degassed acetonitrile-HC1O, (0.005 M) solutions and IV

donor—acceptor molecules joined by flexible linkers [20-
22], and the rates of electron transfer are generally found to
decrease with increasing chain length. The degree of acridine
fluorescence quenching observed in compounds I, II and 111
(Table 1) is consistent with intramolecular electron transfer
quenching, being greater for those compounds possessing the
shortest connecting chains. Both electron and energy transfer
are thermodynamically feasible from the pyrene S, excited
state. The occurrence of energy transfer is indicated by the
observation of acridine-like fluorescence in the emission
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Table 1
Spectroscopic data of 9-MAA and I-1V in acetonitrile and bound to DNA
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Compound Acetonitrile® i DNA® Co (pM)
Amax(abs) (nm) Amax(fluo) (nm) Amax(@bs) (nm) Amax(fluo} (nm)

9-MAA 406, 430 441, 467 0.041 412,437 453,469 10

1 326, 342 379, 399 0.016 334, 349 455,478 2
410, 424 432,458 415,439

II 326, 342 379, 399 0.013 334, 350 452,475 2
411,423 432,458 416,440

EL 327,343 379, 399 0.007 333, 350 452,478 2
411,433 432,458 416,438

v 327,342 389, 408 (0.004)¢ 331, 345 455, 480 2.5
412,436 432,458 418,439

*Solution containing 0.005 M HCIO,. The spectrum of IV was measured using a diode-array spectrometer within 2 s after mixing with acid.

*In degassed acetonitrile containing 0.005 M HCIO,.
“In the presence of 0.5 mM ct-DNA.

9The concentration of added compound necessary to cause a 50% reduction in the concentration of ethidium bound to DNA.

°In acetonitrile.

spectra recorded on excitation of I, II and III at 341 nm,
where more than 98% of the light is absorbed by the pyrene
chromophore.

3.2. Binding to DNA

In the presence of ct-DNA, the aqueous solubility of com-
pounds I-IV is enhanced, and the absorption spectra of both
the pyrene and acridine chromophores shift bathochromically
and exhibit strong hypochromism. The absorption and emis-
sion spectra of compounds I, IT, IIT and IV in the presence
of ct-DNA are shown in Figs. 3(a) and 4 respectively.

Efforts to determine the binding constants to DNA of com-
pounds I-IV via direct UV titration were impeded by their
low aqueous solubility. Indirect methods employing compet-
itive binding assays only yield relative binding affinities, as
in the case of ethidium bromide displacement [23] (Fig. 5).
The Cs, values (i.e. the concentration of ligand necessary to
cause a S0% decrease in the fluorescence intensity of ethidium
bound to DNA) are reported in Table 1. In reverse addition
of ethidium to solutions of DNA and compounds I-1V, eth-
idium could not displace the DNA-bound species within the
experimentally accessible conditions.

To characterize the mode of binding to DNA, linear dichro-
ism spectra of compounds I-IV were measured in the pres-
ence of ct-DNA. It is well known that the binding of small
molecules to DNA results in the observation of dichroism in
the region of absorption of the bound molecule when the
DNA is oriented by flow or other techniques. The application
of linear dichroism to the elucidation of drug-DNA interac-
tions has been reviewed recently [24]. Provided that the
bound species absorbs in a region in which the DNA is trans-
parent, the orientation of its electronic transition vector rela-
tive to the long axis of DNA can be determined. The
compounds studied herein are well suited to analysis by linear
dichroism as they contain planar aromatic chromophores
which absorb in two separate regions of the spectrum beyond

-0.20

T T ¥ 1 A v
400 420 440 460 480

Wavelength / nm
Fig. 3. Absorption (a), linear dichroism (b) and reduced linear dichroism
(c) spectra of I ( Y, Il (===), I (---) and IV (- - -) in the
presence of 1 mM ct-DNA.

320 340 380 380 500

the absorption envelope of DNA. To ensure complete binding
to DNA, and that the bound molecules are sufficiently sepa-
rated along the DNA chain to avoid complications resulting



D.M. Bassani et al. / Journal of Photochemistry and Photobiology A: Chemistry 100 (1996) 6576

71

Fluorescence intensiy

L}
420 500

Fig. 4. Fluorescence emission spectra of 9-MAA ( .I(---), I (-

Wawalength / nm
--},II (- - -)and IV (- - -) in the presence of ct-DNA. The spectra were

measured under conditions of matched absorbance (A =0.07) at the excitation wavelength (A, =400 nm), and solutions contained 0.5 mM DNA base pairs

in aqueous phosphate buffer (pH 7) containing 0.1 M sodium chloride.
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Fig. 5. Reduction in the fluorescence of DNA-bound ethidium on addition of 9-
pM. [DNA] = 1.82 pM base pairs in 40 mM phosphate buffer.

from co-operative-type binding, loadings of 0.01 ligand to
one DNA base residue or less were employed. The linear
dichroism spectra and calculated reduced linear dichroism
(LD*=LD/A,,, where A, is the isotropic absorbance of the
sample) are presented in Figs. 3(b) and 3(c) respectively.

3.3. Transient absorption spectroscopy

To determine the spectra of the radical ions which may be
formed via intramolecular electron transfer quenching of the

AA (V),9-MAA (), I(0), 1 (O), HI (A) and IV (@). [Ethidium] =2.35

excited acridine chromophore by pyrene, 9-AA and pyrene
were investigated separately under conditions in which the
generation of the corresponding radical ions is expected.
Laser excitation of acetonitrile solutions of naphthalene or
anthracene has been reported to result in the photoinduced
ionization of the aromatic hydrocarbon and generation of the
corresponding radical cation [25]. On laser excitation of
pyrene (6.5X107° M) at 308 nm in aerated acetonitrile
solution, the transient absorption spectrum shown in Fig. 6 is
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Fig. 6. Transient absorption spectra of pyrene * (full line) in acetonitrile and 9-AAH (open circles) in acetonitrile-HCIO, (0.005 M).

formed within the duration of the excitation flash (approxi-
mately 20 ns). The spectrum agrees well with that of the
pyrene radical cation obtained in a freon matrix by Shida
[26]. The same spectrum is obtained on excitation of
5X 10~ M pyrene solutions containing 0.01 M p-dicyano-
benzene, a strong electron acceptor. Two components to its
formation may be identified: one formed within the laser
flash, and one that is time resolved. The latter component is
attributed to diffusional electron transfer quenching of the
pyrene excited state by p-dicyanobenzene.

The reduced form of protonated 9-AA was obtained by
excitation of 9-AA hydrochloride in the presence of potas-
sium thiocyanate (0.1 M) in aerated acetonitrile solution.
The quenching of aromatic molecules by inorganic anions
was recently investigated by Mac et al. [27], who reported
the detection of the corresponding aryl radical anions at
quencher concentrations sufficient to promote charge sepa-
ration in the initially formed charge transfer exciplex. The
transient absorption spectrum (Fig.6, A, =490 nm),
obtained on conventional flash photolysis (using microse-
cond discharge flash lamps fitted with filters to exclude light
below 400 nm) of 9-AAH™ in aerated acetonitrile (0.005 M
HCIO,, 0.1 M KSCN) solution, is therefore assigned to the
9-AA radical. Selective excitation of 9-AA in the presence
of pyrene (2.5 107° M and 0.01 M respectively in aerated
acetonitrile solution) by conventional flash photolysis results
in the observation of strong transient absorption signals at
445 nm and 500 nm which are assigned to the decay of the
pyrene radical cation and 9-AA radical respectively.
Although the signal at 500 nm is non-exponential, the signal
at 445 nm decays with a first-order rate constant k = 1.4 X 10°
s™

On excitation of 9-AAH™ in the absence of potassium
thiocyanate using a conventional or laser flash photolysis

apparatus, a weak transient species possessing an absorption
maximum at 470 nm is detected. The latter is identical with
that obtained on 308 nm laser excitation of degassed aceton-
itrile (0.005 M HCIO,) solution containing 0.01 M benzo-
phenone and 1.0X 10~ * M 9-AA. Kinetic analysis resolves
a grow-in of the 470 nm transient equal to the decay rate of
the benzophenone triplet. Since the triplet energy of benzo-
phenone (288 kJ mol ~' [28]) is higher than that of 9-AA
(191 kJ mol ' [16]), energy transfer from triplet benzophe-
none to 9-AA is expected to be efficient and the observed
transient spectrum is therefore assigned to triplet 9-AAH*.
The absorption of triplet 9-AAH ™ is observed with a lifetime
of 150 ns in aerated acetonitrile solution, from which a value
of k,=3.6X10° M~ ' s~ ! is calculated for the rate of quench-
ing by oxygen assuming [0,] =1.9X107* M [29].

Direct excitation of compounds I-IV in degassed aceton-
itrile solution (0.005 M HCIQ,), using pulsed flash lamps
fitted with cut-off filters to exclude light below 395 nm, leads
to the observation of a weak transient absorption with a max-
imum at approximately 460—-470 nm, which is not observed
in the presence of air. The weak transient absorption spectrum
is assigned to the triplet state of acridine based on its similarity
with the spectrum of triplet 9-AAH™ and the occurrence of
oxygen quenching. Because the acridine triplet state (191 kJ
mol ! [16]) is lower in energy than the pyrene triplet state
(202 kJ mol ™' [30]), its formation may be expected on
return electron transfer. Fast return electron transfer has been
observed in many intramolecular donor—acceptor systems,
including linked pyrene—-amines [20].

In the presence of DNA, no transient absorption can be
detected on the nanosecond or millisecond time scale in
degassed solutions. The absence of signals, under conditions
in which they would normally have been observed, suggests
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the occurrence of a deactivation mechanism faster than the
time resolution of the instrumentation.

4. Discussion
4.1. Photophysics

The absorption spectra of 9-AA [31] and pyrene [32]
have been the subject of numerous investigations. Pyrene
possesses a highly structured absorption spectrum with a par-
ity-forbidden S, < §; electronic transition beginning at 372
nm. The second ww* transition (A, =338 nm) is allowed
and exhibits prominent 1400 cm ! progressions. A conse-
quence of the weak oscillator strength of the S, < S, transi-
tion is the uncommonly long lifetime of singlet excited pyrene
in degassed solutions (650 ns [33]) rendering it particularly
susceptible to quenching. The electronic transitions to S, and
S, occur at 274 nm and 241 nm respectively, and partially
overlap the DNA absorption. Alkyl substitution on the C1
position of pyrene has only a modest effect on the absorption
spectrum, resulting in a bathochromic shift of 4 nm for the
S, < S, transition and an intensification of the S,« S,
transition.

The basicity of acridine is enhanced by the presence of the
9-amino substituent and, in aqueous solutions at pH 7, the
ring nitrogen of 9-AA (pK,=9.6) [31] is quantitatively
protonated to form the 9-aminoacridinium cation, 9-AAH ™.
Although acridine and 9-AA possess close-lying excited
states of wn™* and nm™ nature, the lowest excited state has
been proposed to be of mar™ character in all solvents [ 16,34].
Alkyl substitution on the exocyclic amino group in 9-AA
results in a small shift of the first band to longer wavelengths
due to the electron-releasing inductive effect of the alkyl
group. A more important effect of substitution is the large
reduction in fluorescence intensity observed in 9-alkylami-
noacridines compared with 9-AA [31].

Linkage of the 9-AA and pyrene chromophores via a tether
of more than one carbon atom as in I, Il or III does not result
in any additional changes in the absorption or emission spec-
tra, other than those expected for alkyl substitution at the C1
position of pyrene and at the 9-amino group of 9-AA. The
larger inductive effect of the longer chain is reflected in an
increased bathochromic shift of the acridine absorption band
in I, IT and III compared with 9-MAA and 9-AA. Although
acridine is known to have a high propensity towards ground
state aggregation [31], no additional absorption bands at
longer wavelengths, assignable to intramolecular electron
donor—acceptor (EDA) complex formation, are detected in
the linked compounds. In the case of IV, the electronic inter-
actions through the methylene bridge are sufficiently strong
to cause more substantial changes in the absorption and emis-
sion spectra of the two chromophores. The acridine absorp-
tion in IV is further shifted to longer wavelengths, and a
substantial reduction in the oscillator strength of the pyrene
S, transition is observed (Fig. 1).

4.2. Binding to DNA

Pyrene and other planar aromatic hydrocarbons have been
found to bind to B-form DNA by intercalation between adja-
cent nucleotide base pairs [35]. In the case of pyrene, both
intercalative (type 1) and groove or exterior ( type I1) binding
are observed [10,36,37]. Type I binding is characterized by
strong hypochromism in the absorption spectrum, which is
shifted bathochromically by 10 nm, and strong quenching of
the fluorescence emission, whereas type 1l binding is much
weaker and produces no changes in the absorption or emis-
sion spectra. Comparison of the relative solubilization of
pyrene by synthetic polynucleotides reveals a preference for
type I binding to AT sequences in DNA [36]. Recently,
investigation of the electron transfer quenching of excited
state pyrene by nucleosides has been reported [38].

Because of the anti-tumour activity of acridine and many
of its derivatives, such as m-amsacrine, the interaction of
acridines and, in particular 9-AA, with DNA has been the
subject of numerous investigations and is well documented
[4,35]. As in the case of pyrene, both intercalative and sur-
face binding are possible. The latter is much weaker and
suppressed at moderate ionic strengths, and has been attrib-
uted to stacking on the surface of DNA due to electrostatic
interactions [31]. Intercalative binding is accompanied by a
reduction in the extinction coefficient (hypochromism) of
the long-wavelength band, which is shifted to longer wave-
lengths by 6 nm [39]. The fluorescence emission is similarly
shifted and the fluorescence quantum yield is reduced. Studies
by Weisblum and de Haseth [40] have shown that the fluo-
rescence of DNA-bound acridine is quenched by the presence
of nearby GC base pairs.

Joining of two acridine molecules by a flexible chain may
result in the formation of compounds capable of bis-interca-
lative binding to DNA [41-43]. The mode of binding, mono-
vs. bis-intercalative, depends on the length of the chain, its
point of attachment and the presence of substituents on the
chain or chromophores. Bis-intercalation is observed only in
cases in which the chain is of sufficient length to span two
base pairs (10 A or more). This was interpreted as an exten-
sion of the neighbour exclusion principle, where binding of
one intercalator effectively excludes binding at adjacent sites
[42]. Exceptions to this rule have, however, been observed.
Atwell et al. [44] reported the bis-intercalative binding of a
rigid diacridine derivative at two contiguous DNA interca-
lation sites. Binding in violation of the neighbour exclusion
principle has also been proposed in a bis-acridine linked by
a pentamethylene chain [43].

Because the first electronic transitions of the pyrene and
acridine moieties in compounds I-IV are well separated, it is
possible to investigate the binding of each chromophore sep-
arately. This has not been the case in the other bis- and multi-
intercalating compounds studied previously. All of the
compounds synthesized and studied in this work undergo the
characteristic spectral changes in their UV-visible absorption
spectra assigned to type I binding in the presence of DNA,
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namely strong hypochromism and a shift to longer wave-
lengths. As a result of the low water solubility of these
compounds, conventional methods of obtaining binding con-
stants, such as Scatchard plots, do not give meaningful results.
Relative binding strengths were determined by comparing
the capability of each ligand to displace intercalated ethidium
from double-stranded DNA. Fig. 5 charts the decrease in
ethidium fluorescence resulting from the displacement of
bound ethidium by 9-AA, 9-MAA and compounds I-IV. The
introduction of a methyl group on the exocyclic nitrogen of
9-AA has already been reported to result in little change in
its binding properties to DNA [41], and this is reflected in
the similar displacement curves obtained for 9-AA and 9-
MAA inFig. 5. Conversely, the presence of the pyrene group
leads to a dramatic increase in the DNA binding affinity of
I-IV. The similarity between the absorption spectra of the
bound species (Fig. 3(a)) observed for I, I1 and III suggests
similar binding modes for the three molecules. However, the
observation of changes in the absorption spectra of the mol-
ecules on binding to DNA cannot be used as clear-cut evi-
dence for intercalative-type binding, a fact that has already
been pointed out by Long and Barton [45], and additional
confirmation of intercalation must be sought.

More precise information concerning the difference in
binding modes can be obtained from an inspection of the
linear dichroism and reduced linear dichroism spectra shown
in Figs. 3(b) and 3(c). Intercalation of a planar aromatic
chromophore is expected to lead to areduced linear dichroism
signal of similar magnitude and direction as that observed for
the base pairs if the electronic transition moment is perpen-
dicular to the long axis of the DNA strand. The wavelength
dependence of the vibronic bands in the reduced linear
dichroism spectrum has been associated with adeviation from
coplanarity of the chromophore with respect to the base pairs
[24]. In the case of pyrene, the S, «- §; transition at 350 nm
is aligned with the long axis of the chromophore, whereas 9-
AA possesses an electronic transition at 401 nm aligned with
the short axis of the molecule [24]. To compensate for the
modest oscillator strength of the pyrene S, « S, and acridine
S| < §, transitions, ligand concentrations of approximately
1X10~° M were employed. Because of the high DNA con-
centration used (1 mM in base pairs), direct comparison of
the signal from the DNA bases and the intercalated com-
pounds is not possible, and exact ligand—-DNA orientations
cannot be determined. However, approximate relative ori-
entations of the chromophores can be inferred by assuming
that the strongest undistorted signal is due to intercalation
with a planar or near-planar orientation with respect to the
base pairs. Inspection of the LD* signals of compounds I-1V
reveals important differences, and only compound I meets
all the criteria expected for near-planar intercalation of both
the pyrene and the acridine chromophores. It can be observed
that both chromophores in I possess LD" signals of equal
magnitude and sign, and that each of the vibronic bands in
pyrene is of equal intensity. In contrast, compound II yields
much smaller LD" signals which are severely distorted. Such

signals are consistent with either a mixture of pyrene and
acridine mono-intercalated molecules or partial bis-interca-
lation at adjacent base pairs. Large deviations from copla-
narity of the chromophores would be expected in the latter
case, as the tether in I is of insufficient length to allow full
intercalation of both acridine and pyrene moieties. To eluci-
date the binding geometry of II, it is useful to examine the
homologous compound possessing one methylene group less
in the connecting chain. Because the chain in III is too short
to allow bis-intercalation even at adjacent binding sites, a
similar behaviour to Il would indicate that both ligands bind
as a mixture of pyrene and acridine mono-intercalated com-
pounds. However, this is not the case, as only the acridine
signal in III corresponds to that expected for intercalation;
the pyrene signal, on the other hand, is displaced to shorter
wavelengths (where the free pyrene absorbs) and is assigned
to exterior-bound pyrene. Compound IV behaves similarly
to IIL intercalating only its acridine moiety and producing a
broad distorted signal in the region of pyrene absorption. The
presence of LD signals for pyrene in II and IV, even in the
absence of intercalation, may reflect the restricted confor-
mational mobility induced by the intercalation of the acridine
moiety or the occurrence of external binding.

Binding of compounds I-IV to DNA is accompanied by a
reduction in the fluorescence quantum yield of the acridine
chromophore, as expected from the additive effects of
quenching by pyrene and the DNA bases (Fig. 4). Guanine
is known to quench acridine excited states and will therefore
compete with pyrene for electron transfer to the acridine
chromophore. Unfortunately, precise data concerning the
oxidation potentials of nucleosides are not available owing
to irreversible oxidation in aqueous and aprotic media, and it
is not currently possible to assign conclusively the quenching
to electron transfer from pyrene or from the DNA bases.
Lecomte et al. [46] have estimated the oxidation potential of
2’-deoxyguanosine-5’-monophosphate (GMP) in aqueous
solution to be E, (GMP ¥ /GMP) = 1.29 V vs. SCE, slightly
above that of pyrene (1.16 V) [17]. However, a lower value
(1.00 V vs. normal hydrogen electrode (NHE)) was esti-
mated by Faraggi and Klapper [47] from a combination of
cyclic voltammetry and differential pulse polarography.

Compared with 9-MAA bound to DNA, compounds I1 and
IIT possess increased fluorescence yields, probably indicative
of a reduced quenching efficiency by the DNA bases and/or
a preference for AT regions in the DNA strand. The strongest
emission is detected from II, which is proposed to be only
partially intercalated on the basis of the linear dichroism
results. In contrast, the fluorescence emissions of I and IV
are strongly quenched with respect to that of 9-MAA
(Fig. 4). In the case of I, the pyrene moiety is proposed to
lie coplanar to the acridine chromophore, separated by two
base pairs (approximately 10 A ), assuming conventional bis-
intercalation. Pyrene and 9-AA preferentially bind to GC and
AT regions in DNA respectively. Hence, the observed reduc-
tion in the fluorescence quantum yield may result from pref-
erential binding of I to CG-rich regions in the DNA rather



D.M. Bassani et al. / Journal of Photochemistry and Photobiology A: Chemistry 100 (1996) 65-76 75

than from electron transfer from pyrene to acridine through
the DNA core. Further investigations by picosecond time-
resolved fluorescence emission and pump-probe absorption
spectroscopy may serve to identify the process responsible
for fluorescence quenching and to determine the rates for
intramolecular electron transfer in I in the presence and
absence of DNA. Finally, a detailed characterization of the
binding sites of I at synthetic oligonucleotides in solution
may be attained by NMR methods [48].

5. Conclusions

In solution, the degree of fluorescence quenching of acri-
dines linked to a pyrene quencher was found to decrease with
increasing chain length, as expected for intramolecular
quenching. This trend was reversed in the presence of DNA
where I was more efficiently quenched than II or III. Linear
dichroism experiments indicated that compounds Il and IV,
possessing tethers of four and one methylene units respec-
tively, underwent binding to DNA by mono-intercalation of
the acridine chromophores. Compound II, possessing a pen-
tamethylene linker, appeared to undergo partial bis-interca-
lative binding, in violation of the neighbour exclusion
principle, where the two chromophores were partially
inserted in the DNA and were tilted with respect to the base
pairs. In compound I, the two chromophores were linked by
a chain of sufficient length to span two base pairs and this
compound was bound to DNA in accordance with the neigh-
bour exclusion principle. The experimental data were fully
consistent with bis-intercalation and an essentially coplanar
orientation of the two chromophores in the DNA complexes
of compound L.
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