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Abstract: Despite the growing number of redox-active chromophores utilized to photoinduce oligonucleotide
cleavage, detailed correlations between the degree of ground-state complexation and product yields have not
been developed. To elucidate the specific role of singlet and triplet excited states in nucleotide photooxidation,
the photochemical reactivities &f-(2-(N-pyridinium)ethyl)-1,8-naphthalene imide (NI) amN'-bis-[2-(N-
pyridinium)ethyl]-1,4,5,8-naphthalene diimide (NDI) with calf-thymus DNA have been explored as a function

of ground-state complexation with the DNA polymer. Upon addition of calf-thymus DNA to a phosphate
buffered solution of the naphthalene imide derivatives, distinct changes in the UV absorption spectrum of the
chromophores, along with single isosbestic points, are observed. Analysis of these changes using the
noncooperative model of McGhee and von Hippel yield association constants of{2.4&) x 10* M~ and

(7.784 0.11) x 1 M~ for NI and NDI, respectively. Pulsed 355 nm excitation of either NI or NDI in the
presence of calf-thymus DNA produced the reducet ldhd NDF- species that absorbed maximally at 400

and 480 nm, respectively, from the triplet excited states. For both compounds, the yield of radical anion from
self-quenching processes was substangigl € 0.11+ 0.01 and 0.25t 0.01 for NI and NDI, respectively).
However, pulsed excitation of NI in the presence of DNA resulted in the production of radical species that
were not attributed to self-quenching processes. For both compounds, the fraction of associated imide was
systematically varied between 0 and 1. The intersystem crossing yield was found to decrease linearly with the
fraction bound to DNA from 0.71 to 0.08 for NI and 0.35 to 0.004 for NDI.

Introduction versatility may be achieved by modification of a specific
The enormous interest in the development of chemical Chemical system to (@) favor site-specific association and
systems as structural probes in biological macromolecules, as'€activity or (b) preferentially produce nonselective and diffus-
well as therapeutic agents, has led to the design of a growing'ble, mte.rmledlates (g.g: hydroxyl radicals). The naphthalene-
number of studies on synthetic “reagents” that can be activatedd€rived imide and diimide chromophores have been shown to

by UV or visible light. The ability to deliver chemical reactivity € @ €lass of chromophores capable of generating a multitude
on demand has been used in photodynamic therapy, where th&f reactive intermediatés® In a previous report, we have shown
localized interaction of a chromophore and light results in tumor that the t”P'e,t excngd s}ates of 1,8-naphthalimide an.d 1458
destruction. Recently, the development of synthetic chemical naphthaldiimide derivatives are photoreduced by the individual
systems that can photocleave nucleic acid or protein po|ymersnucleotides and that the kinetics of nucleotide oxidation are
has emerged into a growing database of molecular systemsiunable, over~2 orders of magnitude, depending upon the
capable of photoinitiating specific or nonspecific lesions. This nucleotide employedl. This observation, coupled with the
work is largely driven by the desire to create molecular prospects of readily functionalizing (on the imide nitrogen) the

chromophores as (a) nonsequence-specific reagents for utilizaN@Phthalene-derived imides with specific recognition groups,
tion in photofootprinting experiments, or (b) sequence-specific Makes them ideal candidates for sequence-specific photooxi-
structural probes and sequencing agents. dation and cleavage of oligonucleotide polymers.

Of the chromophores employed, hydroxyl radical generators, ~SPecifically,L-lysine derivatives of 1,8-naphthalimide have
singlet oxygen generators, electron transfer agents, and excited®®en previously reported to nick both supercoiled DNA, as well

states capable of hydrogen atom abstraction from the nucleotide (2) Aveline, B. M.; Matsugo, S.; Redmond, R. \W. Am. Chem. Soc
ribose unit have been most studied. The multitude of synthetic 1997 119 11785-11795. T ’
systems used for photoinitiated oligonucleotide cleavage has_ (3) Matsugo, S.; Kawanishi, S.; Yamamoto, K.; Sugiyama, H.; Matsuura,

; i i T.; Saito, I.Angew. Chem., Int. Ed. Endl991, 30, 1351-1353.
been recently reviewetDesirable chemical systems are those (4) Saito. 1.: Takayama, M.: Kawanishi, & Am. Chem. S00995 117,

that demonstrate a versatile range of photochemical reactivity 5599-5591

that can be tuned for specific or nonspecific interactions. This  (5) Saito, I.; Takayama, M.; Sugiyama, H.; Nakatani, K.; Tsuchida, A.;
Yamamoto, M.J. Am. Chem. S0d.995 117, 6406-6407.
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(1) Armitage, B.Chem. Re. 1998 98, 1171-1200. 3861.

10.1021/ja992332d CCC: $19.00 © 2000 American Chemical Society
Published on Web 01/06/2000



428 J. Am. Chem. Soc., Vol. 122, No. 3, 2000 Rogers et al.

as double-stranded DNA fragments, upon UV irradiation and state remains unclear in cases where the chromophore is
treatment with hot piperidingé Specific cleavage at the-Side associated with the DNA polymer. Moreover, the photoredox
of 5'-GG-3 steps was observed. Upon nitration of the naph- activity of the excited states of the corresponding naphthaldi-
thalimide ring, photocleavage at thymine sites was also ob- imide chromophore with DNA has not been characterized.
served. Variable selectivity between these two modes of Although a number of organic and inorganic chemical systems
cleavage was obtained, depending upon the position of the nitrohave been employed to photochemically cleave oligonucleotide
substituent. In a subsequent publication, Saito et al. demonstrategolymers, the photochemical efficiency has not been systemati-
that irradiation of this.-lysine 1,8-naphthalimide derivative in  cally correlated with extent of ground-state complexation. In
the presence of a duplex hexamer selectively produced piperi-this paper, we (a) report the synthesis of a novel pair of cationic
dine-labile damage at the-Side of 3-GG-3 sites® Using laser naphthalene imide and diimide derivatives, (b) characterize the
flash photolysis, the one-electron reduced imide was directly noncovalent interactions of these two photoredox reagents with
detected. Production of this species was via bimolecular calf-thymus DNA, and (c) demonstrate the first systematic
guenching of the naphthalimide triplet state. The quenching rate investigation of the relative roles of singlet and triplet excited
constant was estimated to be 5310" M~ s™%. When the states in nucleotide oxidation.

photoinduced reaction is not base-specific and not reversible,
site-specific damage is rendered only when the chromophore ) ) )
is tightly associated with the target of interest. This prerequisite tetr'\gi:rrt:ilj “20' E;gﬁozt:;é"ea@mg:ég:gﬂgggg ;'?c;ﬁjg;]’;aszrl‘ft:r?'?”e'
Iocahzes.the Sltg of 'damage and results in rgpld (s'”c? the chloride (9539/1‘—%), me);hyl v’iologen dichloride Hydrate (98%), )1/,4-
process is not diffusion controlled) photochemical reactions.

. . ; . diazobicyclo [2.2.2]-octane (DABCO) (98%) and benzyl viologen
Moreover, rapid excited state quenching by the associated targefjichioride (97%) were used as received from Aldrich Chemicals

precludes the formation of diffusible species (e.g., singlet (viwaukee, Wi). 1,8-naphthalic anhydride (97%, Acros) was recrystal-
oxygen). Although the naphthalimide derivatives are flat planar |ized fromN,N-dimethylacetamide (DMA) and dried in vacuo prior to
species, likely to intercalate between DNA base pairs, no use. Sodium hydrogen phosphate (99%) was obtained from Acros and
evidence of ground-state complexation was indicated in the used as received. Solutions of calf-thymus DNA (highly polymerized
reports of Saito et &> sodium salt (Sigma, St. Louis, MO)) were sonicated at@5or 1 h.

In a Series Of Separate reportS, the noncovalent interactionsThe reSUlting So.lution.WaS f|ltered through a O/Aﬂ M|"|p0re filter. )
of a series oN-alkylamine-substituted naphthalene imides with PNA concentrations 1('” bjse pairs) wete determined spectroscopically
DNA were assessédl® Since the pendant alkylamine is USinge = 13200 M cm* at 260 nm! DNA stock solutions were

. . o stored at £°C and discarded after one week.

protonated in neutral aqueous solution, the binding constants

h | L % Water was deionized and freshly passed through an lon-Pure Reverse
were shown to be strongly dependent upon ionic strehgtr. Osmosis system. The system utilizes a point of use cartridge system,

a given DNA substrate, imide substituent, and ionic strength fo|iowed by UV irradiation to provide> 18 MQ ultrapure bacteria-

(0.10 M NaCl), the binding constants for the naphthaldiimide free water. Other materials were obtained from commercial sources.

derivatives K = (3.0—4.6) x 10° M~1) were~10-fold larger N-(2-(N-Pyridinium)ethyl)-1,8-naphthalene Imide (NI, 1). Etha-

than those of the corresponding naphthalene monoifide. nolamine (5 mL) was added dropwise over 15 min to a solution of
The ability of functionalized naphthalene imides and diimides 1.8-naphthalic anhydride (3.46 g, 17.4 mmol) in 40 mL of DMA. The

to strongly associate with DNA and, in certain cases, exhibit a mixture was heated at 10@ for 2 h. The crude reaction mixture was

binding preference for GC-rich regio#&makes them viable concentrated on a rotary evaporator,and the product washed with 95%

candidates to explore the photoredox chemistry while associateaﬂ%i?fgnzhioﬁizﬂggﬁfﬁ'T?ﬁgggél(’g ';?phtlhf ld'fmn']?ﬁ Of)?’ \'/&g rgét?rs;élci
to DNA. A detailed understanding of the photochemical P y >0

B . . . in pyridine at room temperature for 20 h and then refluxed for 5 h.
mechanisms must first consider the nature of the excited stateSagear conversion to the chloride salt (DOWEX>18—200 ion-exchange

responsible for damage. Under conditions where the chromo- resin), the crude product was recrystallized in methanol under an
phore is not associated with the DNA polymer, photodamage atmosphere of aceton#d NMR (DMSO-ds): 9.20 (d, 2H, pyr), 8.60
initiated by triplet states will predominate, owing to their long (t, 1H, pyr), 8.40 (e-d, 4H, napht), 8.05 (t, 2H, pyr), 7.80 (t, 2H, napht),
lifetimes. However, upon association of the chromophore to the 4.95 (t, 2H,—CHy), 4.60 (t, 2H,—CH,). Anal. Calcd C, 67.36, H, 4.43,
target, rapid nucleotide oxidation by the singlet excited-state N, 8.27. Found C, 66.57, H, 4.43, N, 8.15. UV max (10 mM phosphate
becomes competitive. Triplet-state quenching of a naphthalenebuffer; pH 7.00) 344 nme(= 13 500 M* cm™); 264 nm (4800 M*
imide by oligonucleotide duplexes has been demonstfated. ij); 232 nm ¢ = 38900 M* cm™); 214 nm ¢ = 21700 M*
However, the partitioning of singlet and triplet state reactivity, cm-9.

. - . . . N,N'-bis-[2-(N-Pyridinium)ethyl]-1,4,5,8-naphthalene Diimide (NDI,
\év;:lir:c?soc'awd with the oligonucleotides, has not been 2). Ethanolamine (10 mL) was added dropwise (over a period of 15

. ) min) to a solution of 1,4,5,8-naphthalenetetracarboxylic dianhydride
We have previously demonstrated that the triplet states of (500 g, 18.6 mmol) in 40 mIN,N-dimethylformamide (DMF). The
naphthalene imide and diimide systems do oxidize individual reaction mixture was heated at 9G for 2 h. The resultingV,N'-(2-
nucleotide$. However, nucleotide oxidation in DNA polymers  ethanol)-1,4,5,8-naphthalene diimig was filtered, and the precipitate
by these imide excited states has not yet been demonstratedwas washed with acetone. Compou(®) (2.3 g, 9.02 mmol) and
The reports by Saito et al. provide convincing evidence that p-toluenesulfonyl chloride (3.78 g, 19.84 mmol) were stirred in pyridine
the triplet excited states of 1,8-naphthalimide derivatives does, &t room temperature for 20 h and then refluxed for 5 h. The product
indeed, produce oxidized nucleotide, with subsequent oligo- was filtered, and the precipitate was washed with acetone and

- . . recrystallized from methandlH NMR (DMSO-dg): 9.24 (d, 4H, pyr),
nucleotide cleavage. However, the role of the singlet excited 8.61 (t+ 5, 6H, pyr-+ napht). 8.09 (t. 4H. pyr), 4.96 (t, 4H-CHy)

(7) Yen, S.-F.; Gabbay, E. J.; Wilson, W. Biochemistry1982 21, 4.62 (t, 4H,—CHy). Anal. Calcd (for NDI2H;O) C, 57.44, H, 4.44,
2070-2076. N, 9.57. Found C, 57.10, H, 4.41, N, 9.51. UV max (10 mM phosphate
(8) Hopkins, H. P.; Stevenson, K. A.; Wilson, W. D. Solution Chem. buffer; pH 7.00): 382 nme(= 25 600 ML cm™1), 362 nm € = 21 000

1986 15, 563-579. 1 ol - 1 om L = 1
(9) Tanious, F. A.; Yen, S.-F.; Wilson, W. Biochemistry1991, 30, M cm™), 260 nm ¢ = 9720 M™* cm™), 234 nm € = 35 200 M

1813-1819. cm).
(10) Liu, Z.-R.; Hecker, K. H.; Rill, R. LJ. Biomol. Struct. Dyn1996 (11) Armitage, B.; Yu, C.; Devadoss, C.; Schuster, GJBAm. Chem.
14, 331—-339. S0c.1994 116, 9847~—9859.
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Photoprocesses of ND and NDI Desgitives

Ground-State Complexation StudiesA stock solution of sonicated
calf thymus DNA (-4 mM base pairs in kD) was added in 1QL
aliquots (not to exceed 200L) to 2.00 mL of NI or NDI solution
(10—30 M in 10 mM phosphate buffer at pe 7.0). Ground-state
spectral changes were monitored as a function of added DNA. Spectral
changes were analyzed as described below at 344 and 354 nm for NI
or 362 and 382 nm for NDI. Data from a total of three (for NI) or five
(for NDI) experiments were analyzed.

The extinction coefficient of the free imides( was determined
through a Beer’s Law plot, and the extinction coefficient of the bound
complex €,) was estimated by dividing the limiting absorbance by the
imide concentration. From the spectral changes €& (A, — A/A))
and extinction coefficient data, the binding densitfconcentration
of bound imide/total DNA concentration) was calculated according to

eq 12
L
My

where Lt and My are the total concentrations of imide and DNA,
respectively. The concentration of “free” imidés| was calculated
according to eq 2.

€p ~ €

1)

€5

Li=L; —vM; 2)

For each wavelength that was analyzed, plots//bf vs v were
constructed, and the curves were fit to the noncooperative model of
McGhee and von Hippéf Values ofK (equilibrium constant in M)
andn (number of base pairs associated with each bound imide) were
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Figure 1. Structures of NI (1) and NDI (2) naphthalene imide
derivatives employed in this work.

are the structures of the naphthalene imide @iland diimide
(NDI, 2) derivatives employed in this study. The pyridinium
derivatives of the chromophores were prepared to provide water
soluble photooxidizing agents that can noncovalently associate
to double stranded DNA, either by an intercalative or electro-
static mode. In both cases, the ground-state absorption spectra
of NI and NDI exhibit the § — S; vibronic progression at
wavelengths longer than 300 nm. Higher enengyr* transi-
tions are observed at wavelengths shorter than 250 nm. The
one-electron reduction potentials were determined using cyclic
voltammetry. The half-wave potentials for the reduction of NI
and NDI were determined to be0.84 and—0.11 (V vs NHE),
respectively.

determined by a nonlinear least-squares regression. The average and Upon 355 nm nanosecond pulsed excitation of a deaerated
standard deviation for each set of data were calculated. At each imide/so|ytion of1 or 2, ground-state bleaching is observed concomi-
DNA ratio employed, the fraction of imide molecules not associated ant with the formation of transients absorbing at longer

with the DNA polymer {, = Li/Ly) was evaluated from the ground-
state spectral changes associated with the DNA addition.

General Techniques.Laser flash photolysis kinetic investigations
were carried out at 22 4 0.2 °C using a water-jacketed sample holder
connected to a Lauda RM6-B circulating water bath. Ground-state UV/
vis absorption spectra were measured using a JASCO V-570 double-
beam spectrophotometer. Proton NMR spectra were obtained using
either a GE QE-300 or a Varian Mercury 200 MHz NMR spectrometer.

wavelengths (Figure 2). In both cases, the transients were
guenched by molecular oxygen. The transient absorption spectra
are identical to the T— T, spectra reported previously for other
naphthalene imide and naphthalene diimide derivatiest

low excitation energies, the triplet decay kinetics are first-order.
At higher excitation energies, triptetriplet annihilation is
observed. Moreover, at high NI or NDI concentration, self-

Fluorescence spectra were measured using a SPEX Fluoromax-2quenching was observe#sf~ 1.2 x 10° M~ st and 2 x

fluorescence spectrometer. Excitation wavelengths of 368 nm and 390
nm were used for NI and NDI, respectively.

Nanosecond transient absorption measurements employed the tech
nique of laser flash photolysis. The third-harmonic (355 nm) of a
Q-switched Nd:YAG laser (Continuum Surelight Il, pulse widt3
ns) was used for laser flash excitation. Pulse energies of up to 25 mJ
cm? pulse* were typically employed. A detailed description of the
laser flash photolysis apparatus has been previously publfshed.

One-electron reduction potentials of the imide and diimide were
measured in 0.10 M N8O, aqueous solution containingd mM imide.
Solutions were bubbled with nitrogen prior to measurement. The cyclic
voltammograms were obtained using a BAS CV-1B CV controller that

1® M~1 s71 for NI and NDI, respectively). Under conditions
of low excitation intensities and small ground-state concentra-
tions, the triplet state lifetimes of NI and NDI were found to be
162 and 10Qus, respectively in deoxygenated 10 mM pH 7.00
phosphate buffer (Figure 2 insets). The triplet-state lifetimes in
aqueous buffer solutions were somewhat longer than those
reported previously for neutral NI and NDI excited states in
1:1 CH,CN:H,0 8

Spectra of Reduced NI and NDI.To characterize the UV/
vis spectrum of the one-electron reduced form of the naphthalene
imide (1) and diimide ) derivatives, DABCO was used as a

was interfaced to a pentium PC for data acquisition. For these yoqctive quencher of the imide and diimide triplet states. Under

measurements, platinum auxiliary and glassy-carbon working electrodes

were employed, with a silver/silver chloride (approximgt@iM KCI)
reference electrode. The electrochemical half-wave potentials of the
imide, measured with respect to the Ag/AgCl reference electrode, were
converted to a NHE reference using£= 0.36 V vs NHE for the
Fe(CN)}*~4~ couple in ferrocyanidé* A scan rate of 100mV/sec was
typically employed.

Results
Photophysical and Redox PropertiesShown in Figure 1

(12) Lohman, T.; Bujalowski, W. Thermodynamic Methods for Model-
Independent Determination of Equilibrium Binding Isotherms for Protein-
DNA Interactions: Spectroscopic Approaches to Monitor Binding. In
Methods in Enzymologyauer, R. T., Ed.; Academic Press: New York,
1991; Vol. 208, pp 258290.

(13) McGhee, J. D.; von Hippel, P. H. Mol. Biol. 1974 86, 469-489.

(14) Sawyer, D. T.; Sobkowiak, A.; Roberts, J.Electrochemistry for
Chemists2nd ed.; Wiley-Interscience: New York, 1995; p 27.

conditions where the imide triplet state is exclusively and quan-
titatively quenched by DABCO, reduced NI or NDI is observed
concomitant with triplet-state decay. Production ofNbr
NDI*~ in the presence of a secondary electron acceptor resulted
in the growth of the reduced accepibiin these investigations,
methyl viologen and benzyl viologen were employed as secon-
dary electron acceptors from Nland NDt—, respectively. Since

the one-electron reduction potential of methyl viologen in water
(E3,, = —0.450 V vs NHE}® is more negative than that for the
NDI/NDI*~ couple, benzyl viologen was used as a better elec-

(15) In these experiments, the concentration of the secondary electron
acceptor was kept small enough (8™ for methyl and benzyl viologen)
in relation to DABCO ([DABCO]= 6.2 mM and 10 mM for NI and NDI,
respectively) to preclude direct quenching of the imide triplet state by the
bipyridine derivatives. Under these conditions, the imide radical is
guantitatively “scavenged” by the viologen.

(16) Wardman, PJ. Phys. Chem. Ref. Date989 18, 1637-1723.
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A (nm) Figure 3. Transient absorption spectra of imide radical anions observed

upon 355 nm excitation of (a) 8BM NI containing 520uM DABCO
and (b) 11xM NDI containing 1.67 mM DABCO. All solutions were
argon-saturated and contain 10 mM pH 7.0 phosphate buffer.

Figure 2. T, — T, absorption spectra observed after pulsed (8 ns pulse)
355 nm excitation of (a) NI ([NIl= 5 M) and (b) NDI ([NDI] = 1
uM) in 10 mM phosphate buffer (pH 7.0) under argon-saturated
conditions. Times shown are (a) 5, 50, and 18fter the laser pulse
and (b) 0, 50, 100, and 3Q@s after the laser pulse. Insets: Triplet AA. = Ae,,,[sl*] of @ )
gﬁqcay traces with first-order fits measured at (a) 480 nm and (b) 400 In eq 3,AA- is the transient absorbance from the one-electron
' reduced imide, obtained by extrapolating the decay component
tron-accepting agent ¢g = —0.360 V vs NHE)® The to time zero,A¢-- is the extinction coefficient of the radical,

concentration of reduced methyl or benzyl viologen was deter- [**] o is the triplet state concentration produced by the laser
mined from the absorbance change (extrapolated to time zero)Pulse;® andfq = (kell)/ Kserfl] + ko) is the fraction of triplet
at 395 or 603 nm, respectivelj18 The extinction coefficients ~ States guenched by the ground state of the |m|d9. The absorption
of the imide radical anions were then determined from their change observed at 400 and 480 nm, respectively, for NI and
respective absorption changes (at time zero after the laser pulseg‘DI was plotted as a function ofif] , f,. Fits of the data to eq
following quenching of the triplet precursor by DABCO. The 3 (See Supporting Information) yieigi-- of 0.11+ 0.01 and
spectra of Nt~ and NDt~ are shown in Figure 3. 0.25+ 0.01 for NI and NDI, respectively.

Redox Products Produced from Self-QuenchingTo elu- Ground-State Interactions with Calf Thymus DNA. Upon
cidate the products from the self-quenching process, transient2ddition of calf-thymus DNA to a buffered solution of NI or
absorption spectra were measured under conditions whereND!, @ decrease in the long-wavelength absorption band
significant quenching ofNI* and 3NDI* by their respective intensity and slight red-shift are observed (Figure 4). In a and
ground states does occur. The transient spectral features of thd Of Figure 4, a single clean isosbestic point is observed at all
products are identical with those of Nland NDt—. Our imide/DNA ratios, suggesting that only one spectrally distinct
observation of single-electron transfer from self-quenching is iMide/DNA complex is present. The spectral changes were
consistent with that reported by Aveline et al. when a naph- @nalyzed and fit to the noncooperative model of McGhee and
thalene diimide derivative was usédilthough the oxidized ~ VON H'pp_eLls to obtain the binding constant and average number
species are necessarily produced, the similarity of the self- Of occupied sites in the DNA polymer. Analysis of the observed
guenching spectra to those shown in Figure 3 suggests that thes€Pectral changes with added calf thymus DNA yielded binding
species absorb weakly in the wavelength range that was probedconstants of (2.4 0.42) x 10*M~* and (7.7& 0.11) x 10°

Using the extinction coefficients of NI and NDF from M~ for NI and NDI, respectively. In both cases, the average
Figure 3, the yields of these radical anions produced from self- 0ccupied site size was determined to be 2.7 base pairs.
guenching ¢--) were determined from eq 3. In both cases, a60% hypochromicit§® is observed upon

complexation to DNA. Moreover, a-510 nm red-shift is

(17) Watanabe, T.; Honda, K. Phys. Chem1982 86, 26172619

- (19) The triplet-state concentration was evaluated from the- T
(€395npi= 42 100 M cm?). absorption change at 480 nm for both NI and NDI.
(18) Tsukahara, K.; Wilkins, RJ. Am. Chem. Sod.985 107, 2632~ (20) Percent hypochromicity calculated from the decrease in molar

2635 e;gsnn; 14 000 Mt cmY). extinction coefficient upon binding to DNA {( — ev/er)).
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Figure 5. (a) Transient absorption spectra observed after pulsed 355
A (nm) nm excitation of 4«M solution of NI in the presence of 2Q2M calf

Figure 4. Ground-state spectral changes observed upon addition of thymus DNA. Times shown are 0, 23, 53, and 1&2after the laser

calf thymus DNA to (a) 32«M NI (0—340xM DNA) and (b) 21uM pulse (decreasingA at 480 nm). Inse_t: Top trace shows exponential
NDI (0—110 «M DNA) in 10 mM pH 7.0 phosphate buffer. Insets: growth of NF~ (monitored at 400 nm) in the presence of DNA. Bottom

Data from (a) 344 nm and (b) 382 nm analyzed according to eqgs 1 angtrace shows_the biexponential growth a_\nd decay of Nioduced _from

2 and fitted to the noncooperative model of McGhee and von Hippel. S€lf-quenching (no added DNA). In this case, the concentration of NI
= 5.5uM in buffer corresponds to the concentration of “free” imide

observed for both compounds. Both observations are qualita-when DNA is present. (b) Transient absorption spectra observed after

tively consistent with those observed for intercalating com- Pulsed 355 nm excitation of 3@M solution of NDI'in the presence of

pounds. Using cationic naphthalene imide and diimide deriva- 30#M calf thymus DNA. Times shown are 0, 50, and 30after the
K excitation pulse (decreasiiA at 485 nm). From the measured ground-

tives that are nearly identical to those employed in this work, ; . .
the mode of association with calf thymus DNA has been state absorption spectra, along with eq 1, data _shown in (:_:1) and _(b)
. . ; . . correspond to 87 and 46% of NI and NDI, respectively, associated with
previously investigated and found to be exclusively intercala- e pna Al solutions are argon-saturated and in 10 mM phosphate
tive 2 The ground-state spectral changes observed in our workpffer (pH 7.0). Inset: Biexponential formation and decay of NDI
are identical with those reported by Yen et al.. Thus, we assume(monitored at 430 nm) in the presence of DNA (top trace). Bottom
that the primary mode of DNA interaction with NI and NDI is  trace shows the biexponential formation and decay of*Npioduced
predominantly that of intercalation. from self-quenching (no added DNA). In this case, the concentration
Excited-State Interactions with Calf Thymus DNA. Upon of NDI = 16 uM and corresponds to the concentration of “free” imide
355 nm laser flash excitation of a dearated aqueous bufferedwhen DNA is present.
solution of NI (1) containing calf thymus DNA, a transient is o _
observed immediately after the laser pulse that absorbs maxi-Observed could be arising from dynamic self-quencingo
mally at 480 nm (Figure 5a). The spectral features of this test this hypothesis, a buffered solution of NI was prepared at
transient are consistent with those of the NI triplet state shown & concentration corresponding to that of the nonassociated
in Figure 2a. With time, the triplet state evolves to produce a (‘free”) imide in the solution containing DNA. Shown in the
second, long-lived transient. By comparison of the spectrum of inset of Figure 5a is the absorption from*NImeasured at 400
this species with that of the radical anion shown in Figure 3a, "M, exclusively from self-quenching. Under these conditions
we have identified this species as the one-electron reduced form(87% of the imide molecules are bound to DNA), it is clear
of NI. that more N1~ is produced when DNA is present. From the
Since self-quenching of nonassociatai* molecules by NI kinetic trace shown in Figure 5a, it is apparent that Mlecays
does occur, we considered the possibility that the radical anionOn @ significantly slower time scale~1 ms). We have ruled
— — — — outthe possibility that the observed*Nis formed from bound
(21) The mode of binding of cationic naphthalene imide and diimide NI-forming triplet states by estimating the absorbance change

derivatives (the pendant groups on the imide nitrogens are a quaternary . . -
alkylammonium substituents) to DNA has been reported in ref 7. Using a_that would be observed if Ni were forming by this process.
combination of viscometric titrations, along with circular dichroism and Using the extinction coefficient of NI, we estimate the
UV/vis spectroscopies, Yen et al. have shown that the compounds interact
strongly with DNA through intercalative interactions. (22) We thank the reviewer for bringing this possibility to our attention.
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maximum concentration of N formed in the presence of DNA
that does not come from self-quenching in “bulk” agueous
solution is 0.5M. Given the concentration of NI not associated
with DNA (5.5 uM), the self-quenching rate constant (1x4
10° M~1 s71), and the triplet state lifetime in the absence of
qguenching (162:s), we estimate that, in the absence of any

Rogers et al.

ation increases. Under conditions where NI is predominantly
bound 2NI* is clearly observed as the sole transient immediately
after the 8 ns laser pulse (Figure 5a). The spectrum evolves to
that characteristic of the one-electron reduced NI. This result is
initially surprising, given the fact that diffusion is not required
prior to the electron transfer process. However, we have

qguenching by DNA, 56% of the triplet states are quenched by previously shown thafNI* reacts primarily with isolated
this process. With an estimate of the concentration of bound guanine nucleobases, and with a rate constant that is nearly 2

triplet states («M), and the cage escape efficiency following

self-quenching (0.11), we estimate that the maximum concen-

tration of NI~ that can be formed from self-quenching is 0.1
uM.

At lower concentrations of DNA, where the concentration
of naphthalimide in the bulk aqueous phase is higher; NI

orders of magnitude slower than that expected for a diffusion-
controlled reactiofi. Thus, our observation of slow electron
transfer within the NI/DNA complex is not surprising. Although
the analogous experiment was carried out with NDI, it is
apparent that NDt produced comes predominantly from self-
guenching processes in the bulk agueous solution.

appears to be produced exclusively from self-quenching. A To investigate the role of the singlet excited state in nucleotide

detailed analysis of the partitioning of NIproduced from self-
guenching only (no added DNA) and from nucleotide oxidation

oxidation, fluorescence emission spectra were recorded as calf
thymus DNA was titrated into pH 7.0 phosphate buffered

has been carried out. From our study (results shown in Figure solution (10 mM) of NI and NDI. In all cases, excitation was

2a of the Supporting Information), we conclude that when the
concentration of nonassociated or “free” NI is less thalD
uM, 50—100% (depending on the [NI]) of the total NI

at the isosbestic point in the ground-state absorption spectrum
(368 and 390 nm for NI and NDI, respectively). As calf thymus
DNA was added to a buffered solution of NI, the fluorescence

observed by laser flash photolysis arises from electron transferemission at 395 nm was diminished by a factor of 29 when

from DNA.23 At higher concentrations (low (with DNA) or
[NI] (in the absence of DNA)), self-quenching products are
dominant and imide radical anion produced from DNA oxidation
cannot be discerned.

In the range of DNA concentrations where self-quenching is
minimized, the observed rate constants3dr decay or NF~

99% of the chromophrore was associated to the DNA. In an
analogous experiment, the fluorescence intensity at 412 nm of
NDI was also strongly quenched by a factor of 270 (99% of
NDI bound to DNA) with the addition of DNA. In both cases,
emission spectral shifts were not observed.

growth, measured at 480 and 400 nm, respectively, were, within Discussion

experimental error, independent of the concentration of CT DNA
base pairs added. Due to our limitations in the range of DNA

concentrations that could be employed (at low DNA concentra-

tions, self-quenching dominates), this is not surprising.
The identical experiments were carried with NR2).(In the

presence of DNA, a transient was observed immediately after

pulsed excitation (Figure 5b). By comparison with Figure 2b,
we assign this transient to the triplet state of the chromophore

This transient evolves to a species that has a spectrum identica

to that of NDP~ shown in Figure 3b. To assess the role of self-
guenching in production of this radical, we systematically varied
the concentration of nonassociated NDI by DNA addition. At
each addition, the amount of NDI produced from self-

guenching was determined by pulsed excitation of an aqueous

buffered solution of NDI only. The concentration of NDI in

this solution corresponded to that in the bulk aqueous phase of

the DNA-containing sample. Shown in the inset of Figure 5b,
the yield of long-lived NDI radical is identical whether DNA

is present. The concentration of NDI in the bulk aqueous phase.

was varied by the addition of DNA. The results of this study
are shown in the Supporting Information. In all cases, the yield
of NDI*~ with and without DNA were identical, suggesting that
the yield of NDF~ from redox interactions with DNA is
negligible compared to that from self-quenching.

As additional amounts of DNA are added, the degree of
imide/DNA complexation is increased. The yield of photoin-

duced transients was elucidated under varying degrees o
complexation. For both imides, the magnitude of the nanosecond
laser-induced changes associated with (a) ground-state bleachin

at 340 and 380 nm (for NI and NDI, respectively) and (b) triplet-
state absorbance at 480 and 485 nm (for NI and NDI,

respectively) is significantly reduced as the degree of complex-

(23) This fraction refers to the fraction of Nlproduced in the presence

of DNA that is over and above that from self-quenching (see Supplemental

Information Figure 2). It does not imply anything about the fraction of triplet
states that are quenched.

Nucleotide Oxidation by Naphthalimide Excited States.
The design of chemical systems as potential redox-active oligo-
nucleotide cleavage agents must consider the reduction and oxi-
dation potentials of the chromophore excited state and nucleotide
units, respectively. Steenken and Jovanovic have determined
the one-electron oxidation potentials of the G, A, T, and C
nucleosides at pH 7 using pulse radiolytic technicfdéis.order
pf decreasing ease of oxidation, the reduction potentials of the
nucleoside radicals were determined to be 1.29€@)42 (A)
< 1.6 (C) < 1.7 (T) (V vs NHE at pH 7). Moreover, recent
calculations have shown that -GG- steps are more easily oxi-
dized than single guanine residues, with the HOMO localized
almost exclusively on the'Side of the step® Using the oxi-
dation potentials of the individual nucleosides as estimates in
DNA polymers?8it can be concluded that nucleotide oxidation
will be exergonic when initiated by excited states whose
reduction potential is more positive tharl.3—1.7 V vs NHE.
Using the half-wave reduction potentialslbhnd2 determined
in this work (see above), along with the zetzero excitation
energies of the Tand S states of these chromophofese
estimate the potentials to be (a) 1.5 and 2.6 V (vs NHE in
aqueous solution) for reduction &flI* and !NI*, respectively
and (b) 1.9 and 3.1 V (vs NHE in aqueous solution) for reduction
of SNDI* and INDI*, respectively. Thus, we anticipate that
forward electron transfer from all of the nucleotide bases to the
fsinglet excited state of NI and NDI will be exergonic by at least
1 eV. Likewise, forward electron transfer from some of the

ucleotide bases to the triplet excited states of NI and NDI will
e only slightly exergonic. Redox tunability offers the prospect

(24) Steenken, S.; Jovanovic, S.¥.Am. Chem. Sod997, 119 617—
618.

(25) Sugiyama, H.; Saito, 0. Am. Chem. S0d.996 118 7063-7068;
Prat, F.; Houk, K. N.; Foote, C. 8. Am. Chem. S04998 120, 845-846.

(26) Although the oxidation potentials for only the individual nucleosides
are known, they remain undetermined in DNA polymers, where ion solvation
is potentially reduced.
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of targeting the initial photochemistry to specific bases or subsetsemployed in Figure 5a (202M). We estimate this rate constant
of bases. However, site-specific cleavage requires that theto be ~2 x 10" M~! s713! Saito et al. have reported the
thermal events leading to strand cleavage can compete ef-bimolecular quenching of the triplet state of anlysine

fectively with other events, such as “hole-hopping,” that can
rapidly move the oxidative damage to a thermodynamic sink,

derivative of 1,8-naphthalimide by duplex DNAThe value
estimated by us is consistent with the value of %.30° M1

such as guanine nucleobases. Several recent reports have ! reported by these workers. However, in our investigations,
demonstrated that oxidative damage does indeed occur at siteshe kinetics cannot be studied over a widely varying range of

far removed from the site of initial electron transtér-2° These

nucleotide concentrations to conclusively show that the process

reports support hole-hopping and/or long-distance interactionsis a diffusional one. From our previous kinetic studies with

to damage duplex DNA at remote guanine sites.
From a comparison of the transient spectra of Nit Figure

individual nucleotide$, it is clear that the NI triplet state
undergoes electron transfer almost exclusively with guanine

3 with the spectra measured upon laser flash excitation of NI nucleotides since reactivity with the other nucleotides is more
in the presence of calf thymus DNA (Figure 5a), it is apparent than 30 times slower. Moreover, the guanine reactivity is more
that photoreduction of NI by the native DNA is occurring to than 2 orders of magnitude slower than that expected for a
facilitate nucleotide oxidation. Since the one-electron reduction diffusion-controlled process. Since our data do not conclusively
potential of 3NI* is only slightly higher than the oxidation  show that a dynamic process is occurring, the possibility of slow
potential of the purine bases (G and A), the most likely oxidative reactivity of a bound triplet state by a nearby guanine residue

target is expected to be guanine-rich regions. Thus, usingcannot be ruled out.

naphthalene imide triplet states, it will be difficult to discern
between nucleobase-specific and hole-hopping mechanisms.
Singlet- vs Triplet-State Electron Transfer. The role of

The roles of singlet excited states of the chromophores in
nucleotide oxidation must also be considered when ground-state
complexes are present. If significant concentrations of long-

excited singlet and triplet states of the naphthalene imides in lived reduced imide or diimide were produced from rapid

DNA oxidation was elucidated using a combination of absorp-

singlet-state quenching within the imide/DNA complex, it would

tion, fluorescence, and transient absorption experiments. Thebe discernible in the post-nanosecond laser pulse spectrum.

observation of significant fluorescence quenching as DNA is
titrated into aqueous buffered solutions of NI or NDI suggests
the availability of an efficient singlet-state quenching pathway
in the presence of DNA. From picosecond punmpobe kinetic
measurements, the lifetimes of tHél* and NDI* states have
been determined to be 2.4 ns and 280 ps, respecfi¥dlyus,
at the DNA concentrations employed (up to §d and 180
uM nucleotide base pairs for NI and NDI, respectively), dynamic

Under conditions where NI and NDI are predominantly associ-
ated with the native DNA, the laser-induced-¥ T, absorption
changes are substantially diminished (see below and Figure 6).
The detailed relationship between singlet states that are “stati-
cally” quenched, triplet states that are formed, and reduced imide
radicals produced is addressed below.

In attempts to time-resolve the reduced imide radical/oxidized
nucleotide charge-separated state, picosecond pingbe

singlet-state quenching cannot be responsible for the observedexperiments were carried out. Aqueous buffered solutions of

fluorescence quenching. Thus, we attribute the strongly dimin-

compoundd or 2 with calf thymus DNA were prepared where

ished fluorescence intensity to rapid electron transfer from the the imide or diimide was predominantly 8%) bound to the

DNA nucleotides to the singlet excited state of NI or NDI within

the preformed imide/DNA ground-state complex. Energy trans-

fer from the singlet excited states of NI or NDI is not likely,

DNA polymer. Immediately after 355 nm excitation with a 30
ps laser pulse, only trace amounts of imide or diimide radical
anion were observed and persisted after 10 ns. Since charge-

since their excited singlet-state energies (3.4 and 3.2 eV, respecseparated states were not observed in picosecond-pprope

tively®) are ~1 eV lower than those of the nucleotide bases.
As shown in Figure 5a, the formation of reduced NI is

concomitant with triplet state decay. Although self-quenching

does occur and also producesNlIit is clear that the amount

experiments, forward charge transfer and recombination is

occurring on time scales significantly shorter than 30 ps.
Relative Production of Triplet States with Added DNA.

From (a) the decrease in apparent triplet quantum yield and (b)

of the radical species increases in the presence of DNA (Figuresignificant fluorescence quenching observed upon the addition
5a inset). The results clearly suggest that nucleotide oxidation of calf thymus DNA to an aqueous buffered solution of NI or
can be facilitated by the naphthalene imide triplet state. In the NDI, we propose that rapid electron transferi* and INDI*

limited range of DNA concentrations (15@40xM) where Nt~

from associated nucleotides of calf thymus DNA, is occurring.

is predominantly formed from nucleotide oxidation, the observed The ground-state equilibrium and excited-state interactions with

rate of radical production is, within experimental error, inde-
pendent of DNA concentration. Our observation of the slow
formation &ops &~ 10* s1) of NI*~ from the triplet precursor

calf thymus DNA are depicted in Scheme 1.
In Scheme 1, triplet excited states of the free imide (I) are
produced upon excitation and intersystem crossing (pathway

state does suggest that the process is a dynamic one resultinga)). Near unity intersystem crossing yieldsst) have been
from reaction of nonassociated triplet states with the nucleotides.previously reported for 1,8-naphthalimide amN-bis(2,2-
With the assumption that the process is dynamic, a bimolecular dimethylpropyl)-1,4,5,8- naphthaldiimide in deoxygenated aceto-
rate constant can be estimated from the observed rate constamitrile, but intersystem crossing of 1,8-naphthalimide is some-

of NI~ formation &.ns = 10* s71), the known ftriplet state
lifetime (kg = 6.2 x 10® s71), and the nucleotide concentration

what diminished in ageuous solution due to hydrogen-bonding
to solvent?34 Using the T — T, extinction coefficients of NI

(27) Candeias, L. P.; Steenken,JSAm. Chem. S0d.993 115 2437
2440.

(28) Meggers, E.; Michel-Beyerle, M. E.; Glese, B.Am. Chem. Soc.
1998 120, 129506-12955.

(29) Barton, J. KPure Appl. Chem1998 70, 873-879; Hall, D. B.;
Kelley, S. O.; Barton, J. KBiochemistryl998 37, 15933-15940; Nunez,
M. E.; Hall, D. B.; Barton, J. KChem. Biol 1999 6, 85-97 and references
therein.

(30) Rogers and Kelly, unpublished data.

(31) Since the nucleotides in CT DNA are not homogeneously distributed,
this bimolecular rate constant represents only an “average” bimolecular rate
constant for quenching by the collection of nucleotides.

(32) (a) The concentration of imide excited states was determined by
comparative actinometry using benzophenone in deaerated acetogitgle (
=1 ander—1 = 6200 M~ cm~1 at 520 nm)3% (b) Bensasson, R.; Gramain,

J. C.J. Chem. Soc., Faraday Tran98Q 76, 1801-1810.

(33) Brun, A. M.; Harriman, AJ. Am. Chem. Sod.99], 113 8153~

8159.
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Scheme 1.Ground-State Association of the Imide (I) and Calf Thymus BDNA

( a) hV ¢|sc DNA
i TN

%1°.DNA*] — |4 DNA"

] 1|. 3|w

ﬂ DNA
(b) [.ONAI—™— i.onA] — ¥ (r-.oNA] ——

a pPathways (a) and (b) show the formation of charge-separated states that are observed on the nanosecond laser flash photolysis time scale.

and NDI derivatives that were previously measured in 1:3-CH 0.12 T T T T
CN:H,0 . we estimatepsc to be 0.71 and 0.35 for NI and NDI, 5
respectively. Of the “free” triplet states formed via pathway (a), 0.10+ °
a fraction of them will be diffusionally quenched to form b Z
solvated ion pairs, and some of the ion pairs will diffusionally =~ —  0.084 <
separate, in competition with geminate recombination, to form E ®
I*-. We have previously determined that the efficiency *of | o 0.061 . ]
production following quenching of NI and NDI triplet states 3 S
by the four individual nucleotides ranged from 19 to 37%, = 0.04- 3
depending upon the imide and nucleotide employed. é —
At varying concentrations of calf thymus DNA, a fraction of 0.02 (a) )C>
the imide chromophores becomes associated with the DNA R
polymer and singlet-state quenching within the complex may 0.00+ T g T T
occur. Since this process is in competition with intersystem 000 020 040 060 08B0 1.00
crossing within the excited-state manifold of DNA-bound imide, f ]
the apparent intersystem crossing yielghdp) is reduced. 0.12 T T T —
Moreover, in the case of both NI and NDI, the earliest resolvable
transient ¢ 30 ps) has spectral features characteristic of triplet- 0.10 9 I
state only, indicating that radical products from singlet state §
qguenching are not significant. From Scheme 1, the total triplet- — 0.08 73
state yield, observed from free and associated imide is given as g <
(disc + éapp), the sum of that from pathway (a) and (b). 5 0.06- N
Accordingly, the total T — T, absorption changeAAr;), ob- g o
served immediately after the 8 ns laser pulse, is given by eq 4 g 0.044 :3;
AAq = A'ng[ll*] Tort Pischy T Pappll — )} = 0021 - >
AeTl[lI*] ot (Pisc — Parpfs T dapet (4) 0.00 - i T T — - S
0.00 0.20 0.40 0.60 0.80 1.00
where, Aety is the T, — T, extinction coefficient, 1I*] rot is f

the total concentration of electronically excited states produced, 1
andfy is the fraction of imide molecules that are not associated Figure 6. T — T, absorbance change®(extrapolated to time= 0
with the calf thymus DNA (e.g., “free” imide). Assuming that  after the laser pulse) induced upon 355 nm excitation of a solution of
the T, — T, extinction coefficients of “free” and “associated” (&) NI and (b) NDI at 480 and 485 nm, respectively, as a function of
imide are the same, and that the total number of excited stateshe fraction of ground states that are not associafee fraction of
produced stays constant, eq 4 predicts that the laser-induced T free” imides) with calf thymus DNA. .AII solutions are prepared in

. . . . deoxygenated phosphate buffer solution (10 mM, pH 7.0). Data have
— T, absorption change should decrease linearly with decreasing

£ Th h I . been normalized for changes in ground-state absorbance at 355 nm
1.The Ty — T, absorbance changes, extrapolated to time zero, ,on complexation. Superimposed on these graphs are measured
as a function of the fraction of “free” imiddfj, are shown in

i ) fluorescence intensitie®] at (a) 395 nm and (b) 412 nm for NI and

a and b of Figure 6 for NI and NDI, respectively. Data have NDI as calf thymus DNA was added. In both (a) and (b) fluorescence
been corrected for the change in ground-state absorbance at 358xcitation was at the isosbestic point in the ground-state spectrum.
nm induced by binding to the calf thymus DNA. As predicted 6a vs 6% The large error on the latter valus & a result of
from eq 3, both plots are linear. Extrapolation of the dath to  the large uncertainty in the near-zero intercept in Figure 6b.
= 0 yields the “limiting” intersystem crossingp4pr) of the Correspondingly, thebsc values derived from this treatment
imide while associated with calf thymus DNA. The ¥ T, (pisc = 0.79 + 0.06 and 0.41+ 0.05 for NI and NDI,
extinction coefficientsAer1) have been previously determined  respectively) are in good agreement with those estimated from
for Nl and NDI derivatives® The concentration of excited states  pulsed photolysis of agueous solutions of NI and NDI in the
([*1*] ror) was determined using a benzophenone actinometerabsence of DNA. The fraction of triplet states that is produced
solutlo_n. Using these valugs, along with _Ilnear Ieast-sqyaresin competition with rapid singlet state quenchingadp) is
analysis of the data shown in a and b of Figure 6, we estimate significantly larger in the case of NI than NDI.

¢app to be 0.08+ 0.02 and 0.004E 0.02 for NI and NDI. The From the intersystem crossing quantum yields of NI and NDI,
results are consistent with the clearly nonzero intercept in Figure along with the measured singlet-state lifetimes; & 1/ks1 =

(34) Samata, A.; Ramacharndram, B.; Saroja, ®hbtochem. Photo-
biol., A 1996 101, 29—-32.

(35) The determinations apapp in aqueous solution were carried out
using the assumption that the triplet absorption coefficients of NI and NDI
were identical to those reported earlier (ref 6) in 50:50;CN:H;0.

(36) The apparent “scatter” in the absorption changes corresponding to
smallf; values is a consequence of the small transient absorption signals in
this range. Thus, the analysis in Figure 6, where the ISC efficiency is
extrapolated to fully bound conditions, provides a more accurate determi-
nation of gapp.



Photoprocesses of ND and NDI Desgitives J. Am. Chem. Soc., Vol. 122, No. 3, 20@35

2.4 ns (NI) and 280 ps (NDI)), the rate constants for intersystem Moreover, the ground-state concentrations used by these workers
crossing kisc) are 3.3x 10° st and 1.5x 10° s 1 for NI and are sufficiently high (10QM) that radical anions from self-
NDI, respectively. In both cases, the decrease in ISC quantumquenching could certainly arise. From our studies (see above),
yield suggests a competing pathway fardgactivation when  significant concentrations of N1 were produced at concentra-
the chromophores are bound to the DNA. The rate constantstions that were an order of magnitude smaller. In published

(key for this competitive pathway are evaluated from eq 5. reports of DNA oxidation and cleavage using naphthalene imide
chromophore$? this mechanism was not discussed.
@: 1_’_& ) In a second report, strand scission of supercoiled DNA in
Dppp ks, the presence of bis(substituted)-1,4,5,8-naphthaldiimide was in-

vestigated. A bis(hydroperoxy) derivative of the naphthaldi-

From eq 5 and the quantum yields given above, we estimateiMide was shown to spontaneously nick supercoiled DNA.
the rate constants for this competive process to be-87.07) However, in control experiments, naphthaldiimide derivatives
x 10° s~ and 3.6 & 15) x 10 s71 for reaction of the imide  that lacked the pendant hydroperoxide substituent did not cleave
singlet states with DNA? Assuming that the competitive the DNA, even after piperidine treatment. The result is perplex-
process is electron transfer, it is clear that, in both cases, electroring, considering the fact that derivatives of 1,4,5,8-naphthal-
transfer competes very effectively with intersystem crossing. imides are more powerful oxidizing agents in their electronically
Although the rate constant for intersystem crossing in NDI is excited singlet and triplet states. Since, on time scales slower
higher than that of NI, the lower apparent triplet yield of the than 30 ps, singlet-derived products are not observed with either
former can be attributed to the more rapid photoinduced electroncompound, charge recombination is apparently rapid. Under
transfer to the singlet state of NDI. This result is consistent with conditions where NDI derivatives are predominantly associated
NDI being a better electron acceptor than NI. with the DNA and such “static” processes can occur, the photo-
Our observation of fluorescence quenching with added DNA cleavage efficiency will be severely diminished. Thus, it is criti-
is consistent with Scheme 1. Owing to the rapid singlet-state cal to consider the partitioning of “free” and “bound” excited
quenching within the imide/DNA complex, the fluorescence states when correlating results from separate studies. From our
intensity is significantly diminished. Consistent with Scheme observation of the data presented herein, the contrasting photo-
1, fluorescence is predominantly observed only from electroni- reactivities of naphthalimide and naphthaldiimide may be a re-
cally excited imide singlet states that are free in solution. Thus, sult of differing degrees of association (and thus differing
it is anticipated that the fluorescence intensity will increase degrees of static quenching processes) within a ground-state
linearly withf;. These data are superimposed in a and b of Figure complex.

6 for NI and NDI, respectively. The linear dependence is  grom our systematic correlation of the relative yield of long-
consistent with the model shown in Scheme 1. lived naphthalimide and naphthaldiimide radical with the
The issue of competitive electron transfer and intersystem ¢ tion of bound chromophore, it is apparent that the compari-

grossinoglg ffor iﬂtercalated pgotocle?vagde agents has been a?j'son of photocleavage quantum yields (and yields of the radical
ressed for other compounds. In related experiments, Brun and,;omediates) must consider the relative role of singlet- and

Harriman_ investigateql the photoc_hemistr_y of intercalatec_i qua- triplet-state electron transfer. As the data in Figure 6 clearly
ternary dlaazgaromatlc saffsConsistent W't_h th_e observations show, rapid singlet-state quenching within the imide/DNA
reporteq hereln,Tese workers obse.rved significant fluorescencecomplex results in diminished product yield. In the case of
quenching gr/¢r = 20 or 50’. depending upon the chromophore compound2, extrapolation of the transient absorption data to
employed) upon intercalation of the dye. The reduced chro-

moohore was observed by picosecond be spectros- the “fully bound” conditions leads to insignificant product
phore Y pICOSECONT PHIPD Pec formation, suggesting that rapid charge-recombination, within
copy. First-order charge recombination occurred rapiay: (

<100 ps) but apparently on a somewhat slower time scale thanthe complex, is occurring. In con_trast, intersyste_m crossing in
singlet ion-pair recombination in our work. In other work, singlet compogndl, even when predommanyly boupd_, IS gpparently
vs triplet ion pairs have been considered in the cleavage of competitive ‘.N'th smg[et-gate quenchln'g.. This is evidenced by
duplex DNA by intercalated anthraquinoffdt was postulated the nonzero intercept in Figure 6a. _The f_|n|te amounts of re_ducgd
that efficient cleavage of DNA does not occur from singlet- NI formed as a result of competitive _mte_rsyst(_em_ crossing 1S
state precursors, since rapid charge recombination occurs befordkely a result of slower charge recombination within the triplet
strand cleavage and hole hopping takes place. vs singlet radical ion pair.

Significance to Efficient DNA Photocleavage©One report
has addressed oligonucleotide cleavage resulting from irradiationConclusions
of anL-lysine derivative of 1,8-naphthalimidein the former
case, photocleavage of a duplex hexamer was observed under In summary, we have carried out detailed investigations to
conditions of steady-state irradiation. Using laser flash, the characterize the photophysical and photochemical properties of
reduced naphthalimide was observed as a product of thenaphthalene imide and diimide derivatives in the presence of
bimolecular quenching of the triplet excited state. Ground-state DNA. The systematic investigations correlate the extent of
association by the planar 1,8-naphthalimide with the oligo- chromophore/DNA complexation with triplet-state and radical
nucleotide was not addressed, and the relative yield of redox production following pulsed photolysis. Significantly, the rela-
products, as a function of complexation, was not determined. tive yield of long-lived triplet excited states produced decreases
linearly as the fraction of associated chromophores increases.

(37) The electron-transfer rate constants from the intersystem crossing

efficiencies (eq 5) were estimated assuming that-T T, extinction In the case of the 1,8-naphthalimide derivatily ¢mployed
coefficients of “free” and “bound” imides are identical. in this work, the intersystem crossing efficiency within the
81&%8) Brun, A. M.; Harriman, AJ. Am. Chem. Sod99], 113 8153~ ground-state complex is 0.08. In contrast, intersystem crossing

(39) Ly, D.; Kan, Y.: Armitage, B.; Schuster, G. B. Am. Chem. Soc. within the ground-state complex of NDI and calf thymus DNA
1996 118 8747-8748. is negligible (0.004), and only trace amounts of radical products
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are observed. The design of chemical systems that can initiateproduced from DNA-bound molecules is consistent with very
site-specific damage in biological polymers requires efficient rapid electron transfer and charge recombination processes
and selective association with the target of interest. Hence, it is initiated by the electronically excited singlet state.
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