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Highly-efficient DNA photocleavers with long wavelength
absorptions: thio-heterocyclic fused naphthalimides containing
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Abstract—Thio-heterocyclic fused naphthalimides with aminoalkyl side chains were designed, synthesized and evaluated. These
compounds have long wavelength absorptions and binding affinities to Calf thymus DNA. They could photodamage supercoiled
pBR322 DNA from form I (closed) to II (nicked) at a concentration as low as 0.5 lM and to form III (linear) at a concentration of
50lM. A possible mechanism of superoxide anion was provided.
� 2004 Elsevier Ltd. All rights reserved.
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Synthetic photochemical DNA cleaving reagents are of
great interest in chemistry, biology and medicine. These
reagents can site selectively or nonselectively cleave
DNA triggered by near-UV light.1 Although many
photocleavers can damage DNA (supercoiled pBR322)
from form I (closed) to II (nicked), only a few of them at
a lower concentration, was able to photocleave DNA
from form I to III (linear). It was known that many
naphthalimide derivatives are famous anti-cancer drugs
or DNA photocleavers, but there was few heterocyclic
fused naphthalimide as DNA photocleaver.1g;2 We ever
reported that N-dimethylaminoethyl thioxo-naphthal-
imide could damage DNA from form I to form III at
200 lM,1m and the presence of thio-moiety on hetero-
cyclic conjugation promoted the photocleavage.1n

Herein, we would present novel photocleavers of
thio-heterocyclic fused naphthalimides containing
aminoalkyl side chains at the imide moiety with long
wavelength absorption in the preferred visible area,
which could photocleave DNA from form I to form II
and III at a very low concentration.

Firstly, we noted that benzo[k,l]xanthene-3,4-dicarbox-
ylic anhydride had absorption wavelength in the visible
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region and nearly planar structure.3 Its absorption could
make target compounds activated by visible light to
cleave DNA, which was safe for the manipulation.
Secondly, N,N-dimethyl aminoethyl group or analogues
were chosen as side chains for its imide moiety because
they appeared commonly in clinically useful anti-cancer
drugs that bound with DNA, such as amonafide and
mitonafide.4 More importantly, we expected that the
anhydride attached with these groups mentioned above
would damage DNA photochemically and efficiently.
Therefore, several novel photocleavers A1, A2 and A3

were designed (Fig. 1). All of these compounds were
shown to possess excellent photocleaving abilities to the
closed supercoiled pBR322 DNA rather than their
counterparts, compound A4 and A5 (Fig. 1).

These compounds were synthesized from 4-bromo-
naphthalic anhydride shown in Scheme 1.3 After the
A3 R=CH2CH2CH2N(CH3)2

A4 R=CH2CH2CH2CH3

A5 R=CH2CH(OCH3)2

S

Figure 1. Novel photocleavers and counterparts.

mail to: xhqian@dlut.edu.cn;


Figure 2. Photocleavage of the supercoiled pBR322 DNA. The

cleavage activities were evaluated using the supercoiled circular

pBR322 DNA (form I) (30 ng/lL) with a compound in the buffer Tris–

HCl (pH 7.5) under photo-irradiation (2300W/cm2) though a trans-

luminator (450 nm) in the distance of 20 cm at 0 �C and then analyzed

on a 1% agarose gel. (a) Photocleavage of compounds A1–A5. Photo-

irradiation: 2 h; lane 1: DNA alone; lane 2–6: DNA and compounds

A3,A5,A2,A1,A4 at the concentration of 100lM, respectively; lane 7:

DNA alone (no hm). (b) Concentration-dependent of A2�s photoclea-

vage. Lane 1: DNA alone (hm, 90 min); lane 2–8: DNA and A2 at the

concentration of 50, 20, 10, 5, 2, 1, 0.5 lM, respectively; lane 9: DNA

alone (no hm). (c) pH-dependence of photocleavage lane 2, 4, 6, 8:

DNA alone (hm, 60 min), pH¼8.5, 8.0, 7.5, 7.0; lane 1, 3, 5, 7: DNA

and A2 (20/lM), pH¼8.5, 8.0, 7.5, 7.0, respectively. (d) Time-depen-

dence of photocleavage for A2 lane 1: DNA alone (hm, 75min); lane 2–

7: DNA and C3 (100 lM) (hm, 75, 60, 45, 30, 15, 0min, respectively.
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Scheme 1. Synthesis of novel naphthalimide-derived photocleavers. (a)

2-aminobenzenethiol, K2CO3, DMF, reflux, 30min, 77% yield; (b)

NaNO2, HOAc, H2SO4 ; CuSO4, HOAc, H2O, 99% yield; (c) RNH2,

ethanol, reflux, 2–4 h, 85% yield.
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separation through silica gel column chromatography
with the eluent of chloroform–acetone (1:1, v/v), their
structures were confirmed by IR, 1H NMR, MS and
element analysis.5 It was found from Table 1 that their
absorptions were all in the visible absorption area
around 464 nm with the similar intensities. They also
had the emission at 520 nm with different fluorescent
intensities. It was noticed their fluorescent quantum
yields (in absolute ethanol, almost without free protons)
seemed to be inversely proportional to their intramo-
lecular photoinduced electron transfer (PET) abilities,
which would quench fluorescence. Someone believed
that the PET to naphthalene moiety from a lone pair of
N,N-dimethyl aminoethyl group at N-imide of naph-
thalimide was usually weak,6 but we ever observed the
PET effects and changes in the fluorescence intensities
for the similar naphthalimide derivatives.7

The fluorescences of compounds A upon addition of
Calf thymus DNA were quenched, the analyses showed
that their affinities to DNA were not so strong. With A1

as an example, the Scatchard binding constant8 between
A1 and CT-DNA was determined to be 8.27 · 103 M�1,
indicating that A1 might bind DNA via electrostatic
attraction between the ammonium (positive charge) and
DNA (negative charge), rather than plausible interca-
lation exerted by the chromophore of thio-heterocyclic
fused naphthalimides.

Photocleaving abilities of compounds A1–A5 were then
examined with the closed supercoiled pBR322 DNA
under the photoirradiation at 450 nm as shown in Figure
2a. The cleaving efficiency was defined by the degree of
the relaxation of supercoiled DNA. It was apparent that
A2 exhibited the greatest DNA cleaving ability over A1

and A3, as A2 resulted in more form III than A1 did,
while A4 and A5 could hardly damage DNA under the
same condition. The order of their photocleaving abili-
ties was as follows: A2 > A1 > A3 > A5�A4.
Table 1. Spectra data of compounds A1–A5
a ;b

Compound UV kmax/nm (log e) FL kmax/nm (/)

A1 462 (4.42) 521 (0.51)

A2 461 (4.20) 521 (0.47)

A3 462 (4.37) 521 (0.63)

A4 462 (4.45) 519 (0.89)

A5 467 (4.37) 520 (0.86)

a In absolute ethanol.
bWith fluorescein as standard (/ ¼0.90).
In fact, the nitrogen atom of N,N-dimethyl aminoethyl
group or analogues at imide moiety was easily proton-
ated in aqueous solution at the physiological pH, in this
case the increasing of compound�s fluorescence intensity
should be proportional to the protonation extent of
N,N-dimethyl aminoethyl group or analogues at the
imide moiety, as intramolecular PET to quench fluo-
rescence was inhibited in this case. Our Hþ addition
experiments showed that the fluorescence intensities of
A1, A2 and A3 were obviously increased due to totally
protonation. However, the counterpart A4 without the
similar side chains at N-imide only had small changes in
fluorescence intensity when acidified (A5 was not
involved because of its instability under an acidified
condition). It was noticed that there seemed a parallel



Table 2. Change of fluorescence quantum yield before and after Hþ additiona

A1 A1 (Hþ) A2 A2 (Hþ) A3 A3 (Hþ) A4 A4 (Hþ)

/ 0.32 0.45 0.34 0.53 0.37 0.42 0.48 0.51

D/=/ þ41% þ58% þ11% þ6%

aMeasured in ethanol–H2O (4:1) using fluorescein as standard (/ ¼ 0:90).
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relationship between the order (A2 > A1 > A3 > A4) of
their fluorescence enhancements in the presence of pro-
tons and that of their photocleavages (Table 2). It
implied that charge–charge interactions between these
ammoniums and DNA, probably controlled the
photocleavage profile.

These above results clearly indicated that the existence
of the N,N-dimethyl aminoethyl group or analogues was
very important for their photo-cleaving abilities. Espe-
cially, A1, A2 and A3 could cleave the closed supercoiled
DNA almost completely to the nicked and linear DNA
at the concentration 100 lM. This fact implied that the
chromophore of thio-heterocyclic fused naphthalimides
also played an important role in the photocleavage by
comparison with that of the similar N-aminoalkyl thi-
oxo-naphthalimide, which could damage DNA from
form I to form II and III at about 200 lM.1m

Further experiment indicated that A2 could cleave the
closed supercoiled DNA to the nicked form at a con-
centration as low as 0.5 lM and to the linear form at a
concentration of 50 lM. However, no cleavage was
observed in the control reactions run in the dark or
without compounds (Fig. 2b). In addition, the buffer�s
pH value did not obviously affect its DNA cleaving
actions (Fig. 2c), and it exhibited better DNA damage
abilities under prolonged photo-irradiation. (Fig. 2d).

Mechanism experiment was performed with the addition
of histidine, dithiothreitol, superoxide dismutase and
ethanol (Fig. 3). It was found that histidine (singlet
oxygen quencher) had no effect on the cleavage reaction,
ethanol (radical quencher) strangely accelerated the
reaction somewhat. However, dithiothreitol (DTT,
superoxide anion radical scavenger) retarded the reac-
tion very efficiently. It also should be pointed out that
superoxide dismutase (SOD, superoxide radical killer)
Figure 3. The effect of different additives on the photocleavage of

supercoiled pBR322 DNA (30 ng/lL) in the buffer Tris–HCl (pH7.5)

under photo-irradiation (2300W/cm2) with a transluminator (450 nm)

for 2 h in the distance of 20 cm at 0 �C. Lane 1: DNA alone (no hm);
lane 2: DNA alone; lane 3: DNA and A2 in the presence of ethanol

(1.7M); lane 4: DNA and A2 in the presence of superoxide dismutase

(SOD, 100lg/mL); lane 5: DNA and A2 in the presence of dithio-

threitol (DTT, 30mM); lane 6: DNA and A2 in the presence of histi-

dine (6mM); lane 7: DNA and A2 at the concentration of 10lM.
accelerated the rate of DNA-cleaving reaction, because
the hydrogen peroxide produced by SOD from super-
oxide anion radical, could decompose to produce
hydroxyl radicals in the presence of UV light or after
reduction by the trace of metal ions and at last lead to
DNA damage.1b Although the excited naphthalimide
might be able to directly oxidize the guanine in DNA,
guanine oxidation would be detected as strand cleavage
only after piperidine treatment. Obviously, in our case
without using piperidine, superoxide anion radical was
involved in the DNA cleavage at least.

The above experimental results showed that compounds
A1–A3 possibly bound with DNA through ammonium�s
action and mainly generated superoxide anion through
intermolecular electron transfer from the chromophore
to oxygen, which at last damaged DNA. Both of
aminoalkyl side chain at the imide and thio-heterocyclic
fused naphthalimide were important for the photo-bio-
activities of A1–A3, while A4 and A5 could not damage
the DNA photochemically due to the absence of amino
side chain at their imide moieties.

In summary, the present work demonstrated the design
and evaluation of novel and highly-efficient photoclea-
vers with long wavelength absorption, thio-heterocyclic
fused naphthalimides containing aminoalkyl side chains
at the imide A1, A2 and A3. They could photodamage
the circular supercoiled pBR322 DNA from form I
(closed) to II (nicked) at a concentration as low as
0.5 lM and to form III (linear) at a concentration of 50–
100 lM under irradiation of visible light at 450 nm.
Mechanism experiment showed that superoxide anion
possibly were responsible for the DNA photodamage.
The anti-cancer studies on these photocleavers are in
progress.
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