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ABSTRACT

Photochemical activation of meta-diynes incapable of Berg-
man and C1–C5 cyclizations still leads to efficient
double-strand DNA cleavage. Spatial proximity of the two
arylethynyl groups is not required for efficient DNA photoc-
leavage by the enediyne-lysine conjugates. Efficiency of the
cleavage is a function of the external pH and DNA damage is
strongly enhanced at pH < 7. The pH-dependence of the
DNA photocleavage activity stems from the protonation
states of lysine amino groups, the internal electron donors
responsible for intramolecular PET quenching and deactiva-
tion of the photoreactive excited states. DNA-binding analysis
suggests intercalative DNA binding for phenyl substituted
conjugate and groove binding for TFP-substituted conjugate.
Additional insights in the possible mechanism for DNA dam-
age from the ROS (Reactive Oxygen Species) scavenger
experiments found that generation of singlet oxygen is par-
tially involved in the DNA damage.

INTRODUCTION
The ability of natural enediynes (1), hailed as the Nature’s “most
potent cancer agents” (2), to induce cleavage of both strands of a
DNA duplex stems from the formation a reactive p-benzyne dira-
dicaloid via Bergman cyclization (3). Presence of two radical
centers allows the initiation of hard-to-repair double-stranded
DNA cleavage via two H abstractions from the DNA backbone.
This chemistry inspired the development of new cancer therapies
based on the controlled creation of either chemical (4) or photo-
chemical DNA damage (5,6). Soon after the report of photo
Bergman cyclization by Turro and Evenzahav (7), we found that
increase in the acceptor power of terminal substituents enables
C1–C5 cyclization of enediynes (8) initiated by the photoinduced
electron transfer (PET) (Scheme 1).

Because the latter process leads to four formal H-transfers to
the enediyne, it increases the DNA-damaging ability of this func-
tional group even further (9). We had further amplified the
potential of the photochemically activated enediynes by equip-
ping them with pH-regulated amino acid functionality with
variable protonation states (10). Although several amino acid/
enediyne hybrids (11,12) have been reported in the literature
(13,14) and the list is growing (15–17), we found the unique

advantage of lysine groups for the control of reactivity and bio-
logical utility of such hybrids. Not only do the positively
charged amino acid residues allow to modulate binding with an
anionic target such as DNA but they also allow to control photo-
physics of the enediyne chromophore via pH-gated intramolecu-
lar photoinduced electron transfer (PET). These conjugates are
able to selectively cleave at G-sites flanking A-T tracks (18),
convert nicked (ss) DNA into linear (ds) DNA (19) and induce
intracellular DNA damage (20). Further modifications of the
DNA binding and pH-regulating amino acid part of the hybrid
molecules lead to highly efficient ds DNA photocleavage (21).

The above structural and functional features are especially
interesting because the selectivity of natural enediynes toward
cancer cells is low. Increasing the selectivity is the key require-
ment because damage to DNA of the healthy cells needs to be
avoided. Furthermore, the parent enediyne system is relatively
unreactive. Its activation via thermal Bergman cyclization
requires a well-designed combination of strain and electronic
effects (22). Computations have revealed that activation barrier
of the Bergman cyclization could be decreased when appropriate
cationic groups, i.e. protonated amines, are attached to enediynes
(23). This finding introduces a possibility of selective targeting
of cancer tissues via pH-regulated activation of a prodrug.

More than 80 years ago, Warburg showed that tumor cells
actively convert glucose and other substrates to lactic acid with
the concomitant decrease in the pH (24). Most of the additional
H+ ions are transported outside of the cell, so it is the extracellu-
lar environment that acidified the most. However, it is possible
to equilibrate the extracellular H+ ions with the cell contents
(25,26), thus lowering intracellular pH of cancer cells, using cer-
tain drugs such as amiloride (27,28), nigericin (29) and hydraly-
zine. Under such conditions, one can take advantage of the
acidic environment of cancer cells for the design of chemical
agents that increase reactivity and selectivity at the lower pH
(30).

In the efforts to better understand the photochemistry and
photophysics responsible for the highly efficient DNA cleavage,
Yang et al. (10) discover surprising DNA photocleavage activity
of the mono acetylene-lysine conjugates (Fig. 1). Because mono-
alkynes can undergo neither Bergman nor C1–C5 cyclization,
DNA cleavage by these molecules is likely to originate from a
combination of photoinduced electron transfer (PET) and base
alkylation. To gain better understanding of structural effects in
the observed photochemistry, we tested the relative reactivity of
the excited o-, m- and p- acetamidyls towards 1,4-cyclohexadiene
(1,4-CHD) as a reactive p-system that mimics DNA bases as
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well as serve as both the electron and H-atom donor toward the
excited alkynes (31). This study found that both p- and m- acet-
amidyls alkylate 1,4-CHD to form the formal photocycloaddition
product whereas o-isomer gave the products of intramolecular
cyclization. In parallel, we found that only the p- and m- alkyne

isomers were capable of causing the ds DNA cleavage. Encour-
aged by the correlation between DNA-cleaving ability of mono-
alkynes and their alkylating properties and by observation of
DNA photocleavage activity of the m-acetylene-lysine conjugate,
we decided to look deeper at the use of metasubstituted alkynes

Scheme 1. Thermal Bergman cyclization, photochemical Bergman cyclization and C1–C5 cyclization.

Figure 1. Isomeric acetylene-lysine conjugates and respective acetanilides.
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in the design of light-activated reagents for the ds DNA cleav-
age.

Considering that the ortho alkynes are unreactive, there are
the two possible ways to place two alkyne groups at a benzene
core position which does not interfere with DNA photocleavage.
Whereas the m,p-isomer corresponds to the well-explored enediy-
nes that can react via Bergman and C1–C5 cyclization, the sec-
ond (m,m) isomer has not been tested in photoreaction with
DNA before. Taking into account the substantial effects of m-
substitution on photochemical processes (32,33), the m,m-isomer
is an interesting choice in the design of DNA photocleavers. This
structural modification keeps the total number of alkynes the
same as in the commonly studied enediynes but, at the same
time, it changes molecular shape, moves both alkynes closer to
the DNA-binding group, and spatially separates the alkynes,
eliminating the possibility of both the Bergman and C1–C5 cyc-
lizations.

Considering these factors and sensitivity of DNA binding to
the shape of the DNA cleaver, we decided to investigate the pH-
dependent binding and photoreactivity of the m,m-isomer. We
can further vary the electron acceptor ability and the electrophi-
licity of the DNA-damaging warheads by changing substitution
at the terminal position of alkynes. In this work, we included
bis-alkynes with either phenyl (Ph) or a strong electron acceptor
group tetrafluoropyridyl (TFP) at the remote alkyne termini
(Fig. 2).

MATERIALS AND METHODS

General information. All chemicals were purchased the highest purity
available and the reactions were performed under dry N2. Purification of
the products and synthesized intermediates was performed using silica (60
�A, 230�400 mesh). 1H and 13C NMR spectra were collected on a Bruker
400 MHz and 600 MHz NMR spectrometer. Individual solvent signals
were assigned as reference chemical shift. Mass spectrometry data were
collected on a Jeol JMS-600H. UV spectra were recorded on Agilent Cary
60 UV-Vis Spectrophotometer. The fluorescence spectra were collected
on a Fluorolog-3 spectrometer (Jobin Yvon Inc., Edison, NJ) equipped
with TBX PMT detector and an air cooled CCD camera. pH was adjusted
with AB 15 plus pH meter (Accument) after standardization at 25°C. All
buffers were prepared and pH-adjusted at room temperature (25°C).

Plasmid DNA photocleavage. pBR322 plasmid DNA (4361 b/p; from
BioLabs Inc., 1 lg lL�1 solution in 10 mM Tris-HCl (pH 8.0), and
1 mM EDTA buffer) was diluted to a concentration of 0.01 lg lL�1.
The solution containing cleavage agent, DNA (30 lM bp�1) in 20 mM

sodium phosphate buffer was incubated for 1 h at 30°C. Samples were
placed on ice at a distance of 20 cm from 200 W Hg-Xe lamp (Spectra-

Physics, Laser & Photonics Oriel Instruments with long pass filter with
324 nm cut-on wavelength).

Electrophoretic analysis. The gel electrophoresis was carried out in
19 TBE buffer at 80 V using Miligel FisherBiotech Horizontal Electro-
phoresis System. All gels were run on 1% agarose slab gels. Before load-
ing, the DNA samples were mixed with 0.33 volume of tracking dye
containing bromophenol blue (0.25%) and glycerol (30%) in water. After
staining in ethidium bromide solution (2 lg mL�1) for 3 h, the gel was
washed with water and pictures were taken. The relative quantities of the
supercoiled, nicked and linear DNA were calculated by integrating the
“area” of each spot by the image analyzer software Total/Lab (Nonlinear
Dynamics Ltd., UK). The amount of supercoiled DNA was multiplied by
factor of 1.4 to account for reduced ethidium bromide intercalation into
supercoiled DNA.

Spectrometric determinations of pKa. pH of 15 lM of compound solu-
tion in H2O was adjusted with 0.1, 0.2, 1.0 M HCl (aq) and NaOH (aq)
solution. UV spectra were recorded for each titration point. Quartz cu-
vettes were used.

Absorbance titration with DNA. Two milligram of calf thymus DNA
was dissolved in 1.5 mL of double distilled water and the concentrations
of calf thymus DNA stock solution was determined spectophotometrically
using the following molar absorptivity value: 13 200 M

�1 cm�1 (per base
pair) at 260 nm. All experiments were carried out in 20 mM sodium
phosphate buffers at 25°C and quartz cuvettes were used. The same
amount of DNA was added to both sample and reference cuvettes during
UV/Vis titration.

Fluorescence titration with DNA. The solution of 15 lM compound in
20 mM sodium phosphate buffers were titrated by adding (0–10.8 lM
[base pair]) ct DNA. Fluorescence spectra were recorded for each mea-
surement. Quartz cuvettes were used.

Ethidium bromide displacement. The concentration of ethidium bro-
mide was determined spectophotometrically using the molar absorptivity
value: 5.60 9 103 M

�1 cm�1 at 480 nm. The solutions of 10 lM ethidium
bromide and 10 lM ct DNA in 20 mM sodium phosphate buffer are tested
by adding 1.5 lL of compounds solution (1 mM) each time. The experi-
ments were carried out at 25°C and PMMA cuvettes were used. Emission
was measured 10 min. after addition of compound to get the equilibrium.

RESULTS AND DISCUSSION

Synthesis

Sonogashira cross coupling of 3,5-dibromonitrobenzene with tri-
methylsilyl (TMS) acetylene and phenyl acetylene produced com-
pounds 4 and 5. The substitution of 5 with tetrafluoropyridyl
(TFP) group was achieved using CsF promoted reaction with pen-
tafluoropyridine (PFP). Reduction in nitro groups of 4 and 6 with
SnCl2 yielded anilines 7 and 8. Compound 7 can be coupled with
Boc-protected lysine in POCl3 to produce the conjugate 10. The
more reactive aniline 7 undergoes reaction with Boc-protected
lysine in the presence of 1-ethyl-3-(3-dimethylaminopropyl)

Figure 2. Evolution of molecular design of lysine-alkyne conjugates.
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carbodiimide (EDCI) and 1-hydroxybenzotriazole (HOBt) as cou-
pling reagents to yield 9. The removal of Boc groups with trifluo-
roacetic acid in dichloromethane produced the target conjugates 1
and 2 as water-soluble TFA salts (Scheme 2).

Photophysical properties

Determination of pKa. To test whether the new conjugates are
suitable for the pH-regulated DNA cleavage, the pKa values of
the conjugates were studied by UV spectroscopy. UV spectros-
copy is a useful method for determination of acid dissociation
constant (pKa) of the compounds (34). If the chromophore is suf-
ficiently close to the ionization center, the protonated and deprot-
onated forms of the compounds will have adequate spectral
differences (35,36). 15 lM aqueous solutions of each compound
were titrated with 0.1, 0.2 and 1.0 M HCl and NaOH with the
intermediate pH values measured by AB15+ pH Meter. The UV
spectrum of the compounds was taken for each point of titration
(Fig. 3). The change in absorbance is plotted against pH and
data are fitted to Henderson–Hasselbalch equation.

The obtained pKa values for each compound are shown in
Fig. 4. pKa of conjugate 1 is 7.5 and pka of conjugate 2 is 7.3.

The absorbance of the bis-Ph diyne 1 changed in a systematic
way with a clearly defined isosbestic point. On the other hand,
the spectra of the bis-TFP analog 2 changed in a more complex
way where the initial spectral evolution that was similar to that
for compound 1 changed at ~pH 9.0 to give rise to the formation
of a broader redshifted absorbance. Such changes may indicate
the beginning of aggregation at the higher pH where transforma-
tion of cations into neutral species starts to become sufficiently
important. Despite the differences in the spectral behavior, the
pKa values for the two compounds are similar. This similarity is
expected because of 1 and 2 differ only at substitution of the
remote terminal position of the alkyne moiety. Translocation of
p-alkyne in m,p-enediyne hybrids to the meta position, signifi-
cantly alleviates the acidifying effect of the acceptor TFP group
at the a-amino group of lysine.

Because the e-amino group of lysine is far away from the
chromophore, we assume that the measured pKa value corre-
sponds to a-amino group of each lysine conjugates. Indeed, very
small spectral changes are observed at the higher pH where de-
protonation of the e-ammonium is expected. The pKa values sug-
gest that the amino groups of compounds will be >50%
protonated below pH 7.4 (37). Below pH 6.4, >90% of the

Scheme 2. Synthesis of lysine-bisacetylene conjugates.
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Figure 3. Changes in UV spectra during pH titration of the conjugates 1 (left) and 2 (right).
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self-quenching PET from the lone pair of a-amino group to the
excited chromophore will be blocked.

DNA binding

Small molecules can interact with DNA via several modes such
as electrostatic interactions, groove binding and intercalation
(38). To study interaction of our compounds with DNA, we
titrated the conjugates with Calf Thymus DNA (ct DNA) at dif-
ferent pH conditions and the binding constants of the conjugates

with DNA were determined from UV spectra using the Eq. 1
(39).

½DNA�=ð�a � �f Þ ¼ ½DNA�=ð�b � �f Þ þ 1=Kbð�b � �f Þ ð1Þ

where ea is apparent extinction coefficient of complex with
DNA, eb is extinction coefficient of fully bound complex, ef is
extinction coefficient of unbound compound and Kb is the DNA-
binding constant of the compound. [DNA]/(ea�ef) is plotted vs

3 4 5 6 7 8 9 10 11

0.2

0.3

0.4

0.5

0.6

0.7

pKa=7.46
R2=0.949

ecnabrosb
A

pH
2 4 6 8 10 12

0.3

0.4

0.5

0.6

0.7

0.8

0.9

ecnabrosb
A

pH

pKa=7.34
R2=0.971

Figure 4. pKa values of compound 1 (left) and 2 (right) obtained from UV absorbance.
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[DNA] and slope is divided by y-intercept gave the (Kb) binding
constant.

Both compounds show significant UV absorption at ~300 nm
in the absence of DNA (Fig. 5). With addition of 0–40 lM ct
DNA, the absorbance intensity steadily decreases. Such hypo-
chromic behavior with the concomitant bathochromic shift is
often taken as a strong evidence for intercalation with DNA
(40). It is generally attributed to the decrease in the HOMO-
LUMO gap of p-p* excitation state as the molecules intercalate
between the DNA base pairs (38,41). In the case of conjugate 1,
the large hypochromicity (54% at pH 6, 50% at pH 7 and 45%
at pH 8), bathochromic shift (8 nm) supports intercalation with
DNA. Furthermore, the binding constants of the compound 1 are
closer to each other for all pH conditions (Table 1), indicating
that the binding mode of the compound 1 is insensitive to acidity
of solution and protonation states of the lysine chain. On the
other hand, conjugate 2 is much more sensitive to the different
pH conditions and displays stronger binding constants at the
higher pH values. The absence of an isosbestic point shows that
binding mode of the conjugate 2 to DNA is not a simple process
but rather involves an evolving assemble of species of different
nature. The small hypochromicity (30% at pH 6, 24% at pH 7
and 28% at pH 8) and absence of the redshift argue against inter-
calation of compound 2. Remaining possibilities include electro-

static interaction with the phosphate backbone or binding at the
DNA grooves. At lower pH, electrostatic interaction between
phosphate backbone of the DNA and the ammonium groups of
the lysine should be favorable. However, conjugate 2 displayed
stronger binding constants at the higher pH, when the a-ammo-
nium group should lose its charge and the electrostatic interac-
tion with phosphate backbones of DNA should weaken. This
finding suggests that the likely binding mode for conjugate 2
involves groove binding. The latter can be more favorable when
a-ammonium loses its charge at the higher pH values since con-
jugate 2 becomes more hydrophobic. In an aqueous solution, the
hydrophobic moiety (chromophore) of the molecule will have
stronger affinity toward the DNA grooves.

Competitive DNA binding with ethidium bromide

To gain further insight in the mode of DNA binding for the two
conjugates, we investigated competitive DNA-binding study with
ethidium bromide (EB), a well-studied DNA intercalator. The
DNA-binding constants obtained from the UV absorption spectra
(previous section) are comparable with those for the number of
DNA intercalators reported in the literature (105–1011 M

�1) (42).
The EB displacement assay is commonly used as an indicator
for intercalation due to the large decrease in EB fluorescence

Table 1. Summary of DNA-binding constants. The values in parenthesis show the standard deviation of three individual experiments.
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Figure 6. Changes in fluorescence of ethidium bromide upon its displacement from ct DNA by compound 1 (excitation wavelength is 525 nm).
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intensity as it is displaced from DNA into aqueous environment
(43).

To study competitive binding ability of the compound with
EB, we titrated DNA-ethidium bromide (DNA-EB) complex with
compounds 1 and 2 for different pHs. For all the pH conditions,
the compounds displace EB, leading to decrease in fluorescence
intensity from the (EB-DNA) complex. As expected from the
UV titrations, compound 1 has shown similar binding for all pH
conditions as well as showing that DNA-binding mode of the
compound 1 is a single-mode process (Fig. 6). Compound 2 dis-
placed EB most efficiently at the lower pH whereas similar, less
efficient, displacement was observed for pH 7 and pH 8 condi-
tions (Fig. 7). This finding suggests that binding mode at low
pH conditions is different than the higher pH conditions. UV
titrations of the compound 2 and EB displacement experiment
suggest that groove binding is the major interaction at higher
pHs whereas intercalation becomes important at low pH.

Fluorescence

We investigated direct quenching of fluorescence of compound 1
with ct DNA as well. With addition of DNA, fluorescence inten-
sity of the compound 1 decreases. Figure 8 shows the changes
on the fluorescence and the respective Stern–Volmer plots for
quenching of compound 1 with addition of DNA at pH 6 (see
Supplementary Materials for pH 7 and pH 8). The quenching
constants were calculated from the Stern–Volmer equation. F0

and F are the fluorescence intensities of the compounds in
absence and presence of different concentrations of ct DNA.

From the fluorescence data, the binding constants and binding
stoichiometry for conjugates at different pH conditions can be

calculated from Eq. 2 (44). K and n are the binding constant and
number of binding sites, respectively.

log½ðF0 � FÞ=F� ¼ logK þ nlog½DNA� ð2Þ

Calculated binding constants are values close to each other for
compound 1 at pH 6 and pH 7 conditions which is below the
pKa value (7.46) whereas it resulted in 10-fold less for pH 8
conditions which is higher than pKa value of the compound 1
while quenching constants are similar for all pH conditions
(Table 2).
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Due to the absence of the isosbestic point during the titration
of compound 2 with ct DNA, we have not performed the fluores-
cence titration for this compound with DNA.

DNA photocleavage

Encouraged by promising pKa values of the new conjugates
for pH regulation, we evaluated DNA cleavage activity of

compounds using 15 lM of each compound and 30 lM (per base
pair) of DNA for the biologically relevant pH conditions. The
efficiencies of DNA photocleavage were monitored using the
plasmid relaxation assays. Conversion of supercoiled plasmid
DNA (Form I) into the respective relaxed circular and linear
forms (Forms II and III) was determined by densitometric analy-
sis of the gel electrophoresis bands.

In all pH conditions, Ph and TFP alkynes are able to generate
ds DNA cleavage (Form III). Furthermore, both compounds are
remarkably more active at lower pH (pH 6, conjugate 2 ss:ds
1.0:1.2). This behavior is associated with the basic properties of
the a-amino group of the lysine moiety in the conjugates. Proton-
ation of amino groups increases efficiency of DNA photoclea-
vage (Fig. 9).

At lower pH, both amino groups will be protonated, thus,
excited state reactivity is not quenched via intramolecular and in-
termolecular PET from the lone pair of a-nitrogen (Fig. 10).

0%

20%

40%

60%

80%

100%
Cont pH 6 pH 7 pH 8

FormI FormII FormIII

0%

20%

40%

60%

80%

100%
Cont. pH 6 pH 7 pH 8

FormI FormII FormIII

Figure 9. Ethidium bromide stained agarose gel image and quantified cleavage data for plasmid relaxation assay for DNA photocleavage with 15 lM of
bis-acetylenic conjugates 1 (left) and 2 (right) and 30 lM (bp) of pBR322 plasmid DNA at pH range 6–8 after 10 min. of UV (>300 nm) irradiation.
Reported values represent the average of three experiments.

Table 2. Binding and quenching constants of compounds.
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1 (pH 8) 3.38 0.41 1.21

Figure 10. Activation and deactivation of pH-gated DNA photocleavage.
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When pH increases, the amount of unprotonated a-amino group
of lysine grows, rendering PET from lone pair electrons of nitro-
gen possible. The charge-separated state can go back to the
ground state after back electron transfer. The overall process is
unproductive from the photochemical perspective and lead to the
decreased reactivity of lysine conjugates toward DNA at the
higher pH.

Scavenger experiments

In the absence of light, both conjugates do not induce DNA
cleavage. Possible mechanistic scenarios for DNA damage by
the conjugates can be summarized in Fig. 11 (45). Having acety-
lenes in the meta arrangement eliminates both the Bergman and
C1–C5 cyclization but the number of other possibilities remain,
such as cross-link formation between dipeptides and DNA, alkyl-
ation of DNA nucleobases (46,47) and their oxidative damage
initiated by electron transfer (48–50), hydrogen abstraction from
the sugar moieties (51,52) and other reactions with reactive oxy-
gen species (ROS) (53–55).

Irradiation with UV light transforms the conjugates into the
excited singlet states. The excited molecule can undergo intersys-

tem crossing (ISC) to generate triplet excited state. Both singlet
and triplet states of alkynes possess sufficient electrophilicity for
alkylating reactive p-systems and damaging DNA via base alkyl-
ation (56,57). In addition, the triplet state can sensitize the trans-
formation of molecular oxygen into singlet oxygen (1O2). The
latter highly reactive form of oxygen can oxidize DNA bases,
especially guanine. Another path to cleave DNA is via electron
transfer (ET) from DNA generating alkyne radical anion, capable
of transferring an electron to molecular oxygen with the forma-
tion of superoxide. The latter species can undergo further reac-
tions to generate hydroxyl radical.

To investigate the possible involvement of reactive oxygen
species (ROS), we used the selection of traps for different ROS,
i.e. glycerol and DMSO (53,54) as hydroxyl radical scavengers
and NaN3 (55) as a singlet oxygen scavenger. The results of
these scavenging experiments are summarized in Fig. 12.

Albeit there is no significant effect by hydroxyl radical scav-
engers (DMSO and glycerol) for both compounds, ds DNA
photocleavage activity of the conjugate 2 is inhibited (70%) by
singlet oxygen scavenger (NaN3). This inhibition is even more
pronounced for conjugate 1, where singlet oxygen is responsible
for significant part of DNA photocleavage.

Figure 11. Possible mechanistic pathways for DNA photocleavage.
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Figure 12. Effect of hydroxyl radical/singlet oxygen scavengers (20 mM) upon the efficiency of DNA cleavage at pH 6 by conjugates 1 and 2.
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CONCLUSIONS
Spatial proximity of two arylethynyl groups is not required for
efficient DNA photocleavage by enediyne-lysine conjugates.
Newly prepared meta-bis-alkyne chromophores are able to
induce DNA ds-photocleavage upon UV irradiation at different
pH conditions. Translocation of p-alkyne in m,p-enediyne
hybrids to the meta position, alleviates the acidifying effect of
the acceptor TFP group, rendering the a-amino group of lysine
residues to have similar basicity in the two conjugates. The
intrinsic DNA-binding constants of the conjugates from UV titra-
tions suggest intercalative DNA binding for phenyl substituted
conjugate (1) and groove binding for TFP substituted conjugate
(2). The difference of the DNA photocleavage activity of the
conjugates stems from protonation states of lysine amino groups,
responsible for intramolecular PET quenching of excited state of
molecules. Scavenger experiments for ROS has shown that gen-
eration of singlet oxygen is an important contributor to the
observed DNA ds-damage.
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Figure S1. Fluorescence titration spectra of the compound 1
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(15 lM) with ct DNA (0–10.8 lM bp�1) at pH 8 (excitation at
307 nm).
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