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We report the synthesis and characterization of N,N¢-bis[(7-dimethylamino)phenothiazin-
5-ium-3-yl]-4,4¢-ethylenedipiperidine diiodide (3), consisting of two photosensitizing phenothiazinium
rings attached to a central ethylenedipiperidine linker. At all time points (10, 30, 60 min) and all
wavelengths (676, 700, 710 nm) tested, photocleavage of pUC19 plasmid DNA (22 ◦C and pH 7.0) was
markedly enhanced by 1 mM of 3 in comparison to 1 mM of the parent phenothiazine methylene blue
(MB). At concentrations of phenothiazine ranging from 5 to 0.5 mM, the photocleavage levels produced
by compound 3 were consistently higher than the cleavage produced using approximately twice the
amount of MB (e.g., 710 nm irradiation of 5 mM of 3 and 10 mM of MB cleaved the plasmid DNA in
93% and 71% yields, respectively). Scavenger assays provided evidence for the involvement of singlet
oxygen and, to a lesser extent, hydroxyl radicals in DNA damage. Analysis of photocleavage products
at nucleotide resolution revealed that direct strand breaks and alkaline-labile lesions occurred
predominantly at guanine bases. While compound 3 and MB were both shown to stabilize duplex
DNA, the DTm values of calf thymus (CT) and C. perfringens DNAs were approximately three fold
higher in the presence of compound 3. Finally, viscometric data indicated that CT DNA interacts with
compound 3 and MB by a combination of groove binding and monofunctional intercalation, and with
compound 3 by a third, bisintercalative binding mode.

Introduction

In photodynamic therapy (PDT), photosensitizing drugs are
employed to effectively treat a variety of malignant tumors and
non-cancerous diseases.1 PDT offers the advantage of selective
localization and light activation of the photosensitizer in diseased
tissue, thereby minimizing damage to healthy cells. Notwith-
standing, only a few drugs, mostly first and second generation
porphyrin derivatives, have been approved clinically.1b There is now
great interest in the development of alternative photosensitizing
agents. An important requirement of PDT is strong absorption
of light within a therapeutic window of 600–800 nm.1b,c These
longer wavelengths reduce light scattering and are more readily
transmitted by biological constituents, thereby providing maximal
light penetration. At wavelengths greater than 800 nm, photons do
not possess the necessary energy required by the sensitizer triplet
state to excite ground state molecular oxygen.

The phenothiazine dye methylene blue (MB; Scheme 1) strongly
absorbs light at 664 nm. With regards to PDT, MB has demon-
strated efficient photodynamic activity in several malignant cell
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Scheme 1 Structure of methylene blue and transformation of
10H-phenothiazine 1 to bis-(phenothiazinium)ethylenedipiperidine salt 3.

lines,2 murine tumor models,3 and in the palliation of inop-
erable human esophageal cancer4a and AIDS-related Kaposi’s
sarcoma.4b Additionally, MB has been employed in anti-microbial
research.5 Specifically, MB has exhibited photoinactivation of
bacterial pathogens including Bacillus anthracis, the causative
agent of anthrax,5c and methicillin-resistant, epidemic strains
of Staphylococcus aureus.5b MB photosensitization is in current
use to inactivate the human immunodeficiency virus HIV-1 in
donated blood products.5a,e A recent study has indicated that
phototreatment of cell cultures in the presence of MB abolishes
the infectivity of West Nile virus.5d
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Methylene blue meets two additional important criteria of
PDT: low levels of cytotoxicity in the absence of irradiation and
preferential retention by diseased tissue.1,2 As a result, MB has
been employed as a staining agent for tumor detection in vivo.6 Low
toxicity levels have permitted other non-PDT clinical applications,
which include the use of MB to identify sentinel lymph nodes
in cancer staging,7 and as an effective treatment for ifosfamide-
induced encephalopathy8a and methemoglobinemia.8b

While methylene blue has been reported to accumulate in
mitochondria and lysosomes,9 Rück and co-workers have demon-
strated that irradiation triggers its re-localization from lysosomes
to the cell nucleus.9a MB is positively charged at physiological pH
(pKa > 12.0),10 rendering DNA an attractive biological target.
In fact, it has been well established that MB can non-covalently
bind to DNA (Ka = 7–10 ¥ 105 M-1), by exhibiting one of two
different binding modes (intercalation or groove binding), as a
function of DNA sequence and experimental conditions.11 Its close
association with DNA and efficient singlet oxygen production
form a basis for effective oxidative photodamage by MB.2,12

Although enzymatic reduction of phenothiazinium chromophores
to the photoinactive, leuco form can reduce photodynamic action,
methylation of methylene blue at the 1 and/or position 9 of the
phenothiazinium ring has been shown to prevent and/or inhibit
the reduction process and increase singlet oxygen yields.5e,12b

In spite of the many advantages of MB, the use of
phenothiazine-based chromophores in PDT has remained rel-
atively unexplored. Herein we report the synthesis and char-
acterization of photosensitizer 3 in which two phenothiazine
intercalating units are attached covalently by a semi-rigid, electron
donating ethylenedipiperidine linker. (In a previous study, the
substitution of ethylenedipiperidine into the linking chain of
ditercalinium was shown to promote stronger bisintercalation into
double-helical DNA with appropriate placement of the linker in
the major groove of the helix.13) Our goal was to design a reagent
capable of photocleaving DNA more efficiently and at longer
wavelengths than MB.

Results and discussion

Synthesis

Bis-(phenothiazinium)ethylenedipiperidine salt 3 was synthesized
according to the procedures depicted in Scheme 1. The pre-
cursors 1 and 2 are known compounds14 and were prepared
following a commonly utilized route for the synthesis of 3-
(dialkylamino)phenothiazin-5-ium salts with the exception of
changing the solvent from methanol to chloroform in the prepa-
ration of compound 2. While syntheses of other 3,7-disubstituted
phenothiazin-5-ium salts have been reported,14,15 the nucleophilic
attachment of an ethylenedipiperidine linker chain to two equiv-
alents of 2 to form dicationic 3 required the exploration of a
number of different solvents (e.g., methanol, chloroform, DMSO)
and counterions (e.g., hexafluorophosphate). The synthesis of
the iodide salt of 3 was finally achieved in DMF using caesium
carbonate as base. Purification of the reaction products by silica
gel flash column chromatography and subsequent recrystallization
from methanol yielded pure compound 3 as a dark-blue solid in
54% yield.

Table 1 Electronic absorption dataa

Compound lmax/nm e ¥ 104/M-1 cm-1 e ¥ 104/M-1 (bp) cm-1

3 615 nd na
3 + 1% SDS 675 14.5 na
3 + DNA 680 na 7.78
MB 664 6.43 na
MB + 1% SDS 661 7.84 na
MB + DNA 675 na 5.80

a Extinction coefficients for compound 3 and MB were determined in
10 mM sodium phosphate buffer pH 7.0 using solutions containing 1
to 10 mM of dye in the presence and absence of 1% SDS (w/v) or
38 to 380 mM bp CT DNA. The lmax values were obtained from the
spectra recorded at 10 mM concentrations of phenothiazine. The samples
containing DNA were pre-equilibrated for 12 h in the dark at 22 ◦C. na =
not applicable; nd = not determined due to aggregation in buffer.

UV–visible spectrophotometry

In our first set of experiments, we recorded UV–visible absorption
spectra of 10 mM of compound 3 and of 10 mM of MB in the
presence and absence of calf thymus (CT) DNA (380 mM bp CT
DNA, 10 mM sodium phosphate buffer pH 7.0; Table 1, Fig. 1A
and 1B). Dye–nucleotide base-stacking interactions give rise to
bathochromic wavelength shifts and hypochromic absorption in
the electronic spectra of most if not all DNA intercalators.
To more easily detect these DNA-induced spectral changes, the
negatively charged surfactant sodium dodecyl sulfate (SDS) was
added to samples with no DNA in order to disrupt phenothiazine
dimerization.2 (Dimerization of phenothiazines produces a blue-
shifted absorption band with respect to the absorption band of
corresponding phenothiazine monomer.2)

Under our experimental conditions, 10 mM solutions of com-
pound 3 and of MB exhibited maxima at 615 nm and 664 nm in
the absence of 1% SDS and 675 nm (e = 1.45 ¥ 105 M-1 cm-1)
and 661 nm (e = 7.84 ¥ 104 M-1 cm-1) in the presence of 1%
SDS, respectively (Table 1, Fig. 1A and 1B). Thus, SDS produced
a pronounced red shift only upon its addition to compound 3,
indicating that 10 mM of 3 undergoes extensive dimerization in
the absence of the surfactant. Notwithstanding, when the 1%
SDS was removed and then replaced with 380 mM bp CT DNA,
bathochromic wavelength shifts and hypochromic absorption
were generated, indicating that compound 3 dimerization was
disrupted and that compound 3 and MB were bound to DNA
under the experimental conditions employed: in the presence of
the CT DNA, 10 mM of compound 3 and of MB exhibited
maxima at 680 nm (e = 7.78 ¥ 104 M-1 (bp) cm-1) and 675 nm
(e = 5.80 ¥ 104 M-1 (bp) cm-1), respectively. When the series of
experiments was conducted using 1 mM of compound 3 and of
MB, the corresponding UV–visible spectra exhibited the same
general dimerization and DNA binding trends observed at 10 mM
concentrations of phenothiazine (Fig. S1 in ESI†).

A previous comparison of MB to partially methylated analogs
demonstrated that phenothiazine absorption moves to longer
wavelengths as the degree of N-methylation increases (MB >

azure B > azure A > azure C).11,12 The electronic spectra of
compound 3 and methylene blue in 1% SDS show that the effect
of replacing an N,N-dimethyl group in MB with an electron
donating ethylenedipiperidine linker is to induce an additional
bathochromic wavelength shift. In the presence of either DNA or
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Fig. 1 UV–visible spectra recorded at 22 ◦C in 10 mM sodium phosphate buffer pH 7.0 of: (a) 10 mM compound 3 (●, lmax = 615 nm) in the presence
of 380 mM bp CT DNA (©, lmax = 680 nm) or 1% SDS (w/v) (solid line, lmax = 675 nm); (b) 10 mM MB (�, lmax = 664 nm) in the presence of 380 mM bp
CT DNA (©, lmax = 675 nm) or 1% SDS (w/v) (solid line, lmax = 661 nm); (c) 1 mM compound 3 (●, lmax = 680 nm) or 1 mM MB (�, lmax = 671 nm)
with 38 mM bp CT DNA. Line markers (●,©,�) are placed at every 50th data point. Prior to data acquisition, the samples containing DNA were
pre-equilibrated for 12 h in the dark at 22 ◦C.

SDS, it is evident that compound 3 absorbs light more strongly
and at longer wavelengths in comparison to MB (Fig. 1A and 1B).

Photocleavage experiments

DNA photocleavage as a function of wavelength (676, 700 and
710 nm) and time (10, 30, 60 min) was studied next. Reactions
were carried out in 10 mM sodium phosphate buffer pH 7.0
with 38 mM bp pUC19 plasmid DNA and 1 mM of 3 or MB.
The samples were aerobically irradiated using a 75 W xenon
lamp fitted with a monochromator. DNA photocleavage products
were then visualized on a 1% nondenaturing agarose gel. While
both phenothiazines showed time-dependant photocleavage that
continued to increase after 30 min of irradiation, compound 3
exhibited markedly higher levels of cleavage at all time points and
all wavelengths tested (Fig. 2). In Fig. 1C are the corresponding
absorption spectra of compounds 3 and of MB prior to irradiation
(10 mM sodium phosphate buffer pH 7.0 with 38 mM bp calf
thymus DNA and 1 mM of each phenothiazine). The absorption
of DNA-bound compound 3 is stronger and more red-shifted than

DNA-bound MB at all three wavelengths (676, 700 and 710 nm
in Fig. 1C, Table S1 in ESI†). Therefore, the absorbance data
are in good general agreement with the higher levels of DNA
photocleavage produced by 1 mM of compound 3 in comparison
to 1 mM of MB.

We then used the longest wavelength in the series to compare
DNA photocleavage as a function of dye concentration. (Due to
the presence of hemoglobin and melanin, the main chromophores
in human tissue, the penetration depth of visible light increases
with increasing wavelength, and is higher at 710 nm in comparison
to 676 nm and 700 nm.1c,16) Reactions consisting of 38 mM bp
pUC19 plasmid DNA and 10 to 0.25 mM of compound 3
or MB were irradiated at 710 nm for 60 min. As shown in
Fig. 3, compound 3 consistently generated higher levels of DNA
photocleavage at all six tested concentrations. Notably, irradiation
of only 5 mM of dye at 710 nm produced cleavage yields of 93%
and 59% for 3 and MB, respectively. In addition, the cleavage
levels produced by 5 to 0.5 mM concentrations of compound 3
were higher than the cleavage produced using greater to or equal
than twice the concentrations of MB (10 to 1 mM). For example,

Fig. 2 % DNA photocleavage of 38 mM bp pUC19 plasmid DNA in the presence of 1 mM compound 3 (grey bars) or 1 mM MB (white bars) in 10 mM
sodium phosphate buffer pH 7.0 at 22 ◦C. The samples were irradiated at 676, 700, or 710 nm with a 75 W xenon lamp connected to a monochromator.
The black bars represent DNA that was irradiated for 60 min in 10 mM sodium phosphate buffer pH 7.0 in the absence of dye. In the inset are dark
controls in which 1 mM of 3 and 1 mM of MB were treated with 38 mM bp pUC19 plasmid for 60 min (22 ◦C, no hn). % DNA cleavage (% nicked +%
linear DNA) was averaged over three trials with error bars representing standard deviation.
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Fig. 3 Photograph of a 1% nondenaturing agarose gel showing photo-
cleavage of pUC19 plasmid DNA. Samples contained 10 mM sodium
phosphate buffer pH 7.0 and 38 mM bp DNA in the presence and absence
of dye. After being equilibrated for 12 h in the dark at 22 ◦C, the samples
were aerobically irradiated at 710 nm for 60 min at 22 ◦C. Lanes 1 and
9: DNA controls (no dye). Lanes 3 to 8: 10 to 0.25 mM compound 3.
Lanes 11 to 16: 10 to 0.25 mM MB. Lanes 2 and 10: 10 mM 3 and 10 mM
MB (no hn). Abbreviations: N = nicked; S = supercoiled. It is evident
that DNA photocleavage yields increase as a function of increasing dye
concentration with one exception. We attributed the slight decrease in
photocleavage observed in the presence of 10 mM of compound 3 to DNA
precipitation.

710 nm irradiation cleaved plasmid DNA in 93% and 71% yields
in the presence of 5 mM of 3 and 10 mM of MB and in 82% and
59% yields in the presence of 2 mM of 3 and 5 mM of MB.

Chemically induced changes in photocleavage

DNA photodamage by MB is thought to proceed primarily
through a Type II (energy transfer) pathway in which singlet
oxygen (1O2) produces the alkaline labile lesion 8-hydroxy-2-deoxy
guanosine ca. 17 times more frequently than direct strand breaks.17

We therefore conducted a series of experiments to test for the
relative participation of singlet oxygen (1O2) compared to DNA
damaging Type I hydroxyl radicals (·OH) in direct strand break
formation. A total of 50 mM of the 1O2 scavenger sodium azide
or of the ·OH scavenger D-mannitol was added to photolysis
reactions containing 1 mM of compound 3 or 1 mM of MB and
38 mM bp plasmid DNA (10 mM sodium phosphate pH 7.0).
DNA photocleavage yields in the presence of sodium azide and
D-mannitol were reduced by approximately 48% and 20% in
reactions containing compound 3 and by 40% and 20% in reactions
with MB (Table 2). These data indicate that singlet oxygen is
likely to be a principal reactive species involved in phenothiazine-
induced DNA photocleavage. Because deuterium oxide is known
to increase the lifetime of singlet oxygen, an additional set of
reactions was conducted in 85% D2O (v/v). As shown in Table 2,

Table 2 Percent change in DNA photocleavage by compound 3 and MB
in the presence of scavengers and D2Oa

Compound D-Mannitol NaN3 D2O

3 -20 ± 1 -48 ± 2 +20 ± 6
MB -20 ± 7 -40 ± 1 +20 ± 5

a Individual solutions consisted of 38 mM bp pUC19 plasmid DNA, 1 mM
compound 3 or 1 mM MB, and 10 mM sodium phosphate buffer pH 7.0 in
the presence of either 50 mM D-mannitol, 50 mM sodium azide (NaN3),
or 85% (v/v) D2O. The solutions were aerobically irradiated at 710 nm for
60 min, 22 ◦C. Percent change in DNA photocleavage was averaged over
three trials with errors reported as standard deviation.

the effect of this chemical was to increase phenothiazine cleavage
yields by approximately 20%, supporting the involvement of 1O2

in photoinduced DNA strand scission. Interestingly, the weak
inhibitory effects of D-mannitol indicate that hydroxyl radicals
may make a minor contribution. This latter result contrasts with a
previous report in which hydroxyl radical scavengers were shown
to be ineffective in inhibiting the production of methylene blue-
sensitized direct strand breaks.17

DNA photocleavage at nucleotide resolution

To further investigate mechanism(s) underlying photocleavage,
pUC19 plasmid DNA was linearized with EcoRI, 3¢-end labeled
with [35S]dATPaS, and cut with FspI to generate a 138 bp restric-
tion fragment. Duplicate sets of reactions containing 15 mM bp of
the radiolabeled DNA in 20 mM sodium phosphate buffer pH 7.0
without and with 5 mM of 3 and 5 mM of MB were irradiated
for 60 min in a ventilated Rayonet Photochemical Reactor fitted
with twelve 575 nm lamps (spectral output 400–650 nm). In order
to produce DNA strand breaks at alkaline labile lesions, half of
the reactions were treated with 1% piperidine (90 ◦C, 30 min)
immediately after the 60 min irradiation period. Products were
resolved adjacent to G, G + A, and T chemical sequencing
reactions on a 10% denaturing polyacrylamide gel. Shown in Fig. 4
are photocleavage plots generated from a representative 40 bp
sequence within the 138 bp radiolabeled DNA fragment. In the
absence of piperidine, it is evident that many of the direct strand
breaks produced by compound 3 and MB are at guanine bases
(Fig. 4A). This result points to a photocleavage mechanism that
involves either singlet oxygen and/or direct electron transfer from
DNA nucleobases, as both pathways produce preferential DNA
damage at guanines.18 (With respect to electron transfer, guanine
possesses the lowest oxidation potential out of the four bases.) It
can also be concluded that hydroxyl radicals are less likely to have
played a major role. These reactive oxygen species cleave DNA
by abstracting hydrogen atoms from deoxyribose. Because sugar
residues are present at every nucleotide position, hydroxyl radicals
and other reagents which function by hydrogen atom abstraction
tend to cleave at all nearby DNA sequences irrespective of base
composition.19 Thus, the cleavage patterns produced by compound
3 and MB are in agreement with the photocleavage data in Table 2.
Both indicate that singlet oxygen, rather than hydroxyl radicals,
makes a more significant contribution to the formation of DNA
direct strand breaks.

As shown in Fig. 4B, levels of damage at guanine bases were
dramatically increased after the DNA photolysis reactions were
treated with piperidine. This result indicates that irradiation of 3
and MB contributed to the formation of alkaline labile lesions
at guanine bases, either through the production of singlet oxygen
and/or by direct electron transfer from DNA. Notwithstanding,
the different photocleavage patterns obtained after piperidine
treatment indicate that the two phenothiazines may bind to DNA
at different sites. In comparison to 3, the damage produced by MB
at the eleven guanine bases in the 40 bp fragment is more evenly
distributed. For example, compound 3 is more specific for cleavage
at the 3¢-G of the two 5¢-GGG-3¢ tracts contained in the fragment.
This is in contrast to the DNA damage produced by direct electron
transfer, where base radical cation migration forms piperidine
labile lesions at the second base in 5¢-GGG-3¢ sequences.20 Taken
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Fig. 4 Cleavage plots of a representative 40 bp DNA sequence. Photo-
cleavage intensities as a function of base were calculated by quantitating
a storage-phosphor autoradiogram of DNA photocleavage products
resolved on a 10% denaturing polyacrylamide gel. A total of 15 mM bp of
35S 3¢-end labeled 138 bp restriction fragment was irradiated at 575 nm
in the presence of 5 mM 3 and 5 mM MB without (a) and with (b)
post-irradiation piperidine treatment.

together, the above data indicate that DNA binding by 3 is
non-uniform in comparison to MB and that its photocleavage
pattern might arise from locally higher concentrations of singlet
oxygen at preferentially bound DNA sites.21 Our results are in
agreement with previously published work in which the majority
of direct strand breaks and alkaline labile lesion produced by
irradiation of MB occurred at guanine bases.17,22

Thermal denaturation

Thermal melting studies offer a reliable method for ranking the
relative affinities of ligands that preferentially bind to helical
forms of DNA. In the process of intercalation and/or groove
binding, favorable free energy contributions arising from p–p,
van der Waals, electrostatic, and hydrogen bonding interactions
increase the DNA binding affinity of these ligands, and stabilize
the DNA duplex. Because more heat energy must be applied to
melt the ligand-bound duplex, the melting temperature (Tm) of
the DNA is increased.23 We recorded thermal melting curves at
dye to DNA bp molar ratios (r = [dye]/[DNA bp]) ranging from

0.05 to 0.6 (12.5 mM bp CT DNA in 10 mM sodium phosphate
buffer pH 7.0). While the DTm values produced by MB continued
to increase, the DTm values produced by 3 remained constant at
r ≥ 0.3, indicating that DNA saturation by this compound had
been reached (Fig. 5A). Shown in Fig. 5B are the corresponding

Fig. 5 (a) DTm values of 12.5 mM bp CT DNA in 10 mM sodium phos-
phate buffer pH 7.0 and 0.625, 1.25, 3.75, and 7.50 mM of phenothiazine:
© = 3, �= MB. (b) Thermal melting curves of: 12.5 mM bp CT DNA (D,
Tm = 65 ◦C), 12.5 mM bp CT DNA and 3.75 mM of MB (�, Tm = 69 ◦C),
or 3.75 mM of 3 (©, Tm = 78 ◦C). (c) Melting curves of: 12.5 mM bp CP
DNA (D, Tm = 60 ◦C), 12.5 mM bp CP DNA and 3.75 mM of MB (�,
Tm = 66 ◦C), or 3.75 mM of 3 (©, Tm = 78 ◦C).
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melting curves generated at r values of 0.0 and 0.3. Under these
conditions, the melting temperature (Tm) obtained for CT DNA
was 65 ◦C, while the addition of compound 3 or MB produced
Tm values of 78 ◦C (DTm = 13 ◦C) and 69 ◦C (DTm = 4 ◦C),
respectively. When the ratio of dye to DNA bp was doubled from
0.3 to 0.6, the Tm for MB was 71 ◦C (DTm = 6 ◦C), still significantly
lower than the Tm of 78 ◦C (DTm = 13 ◦C), recorded for compound
3 at saturation (r = 0.3 and 0.6). Even at the lowest ratio in the
series (r = 0.05), the addition of 3 raised the Tm of CT DNA from
65 ◦C to 70 ◦C, compared to only 66 ◦C for MB.

In order to rank the relative DNA binding affinities of com-
pound 3 and MB as a function of DNA sequence, we recorded
additional melting isotherms using C. perfringens DNA (CP DNA;
12.5 mM bp CP DNA in 10 mM sodium phosphate buffer pH 7.0).
In comparison to CT DNA (58% AT), CP DNA possesses a higher
AT content (69%). As shown in Fig. 5C, the Tm of CP DNA is
60 ◦C, while the addition of 3 or MB at an r value of 0.3 raises the
Tm to 78 ◦C (DTm = 18 ◦C) and 66 ◦C (DTm = 6 ◦C), respectively.

Collectively, the CT and CP DNA melting data indicate that
compound 3 produces an approximately three fold higher level of
duplex stabilization compared to MB under identical experimental
conditions: at r = 0.3, the DTm values of 12.5 mM bp of CT and
CP DNAs were 13 ◦C and 18 ◦C for 3 and 4 ◦C and 6 ◦C for
MB. Thus, higher DNA binding affinity in addition to stronger
light absorption may account for the ability of compound 3 to
photocleave DNA more efficiently. Because compound 3 and MB
generated higher DTm values in the presence of CP DNA compared
to CT DNA, interaction of these phenothiazines with AT rich
sequences is likely to stabilize the nucleic acid duplex to a greater
degree than their interaction with GC rich sequences. Finally, the
Tm data indicate that compound 3 saturates CT DNA binding
sites at a significantly lower concentration than MB. It can be
inferred from this latter result that either the linker chain and/or
the second phenothiazine ring of 3 may come into direct contact
with DNA.

Viscometric measurements

Viscosity provides a simple and stringent hydrodynamic assay
for inferring the binding modes of DNA interacting compounds
in the absence of X-ray crystallography and/or high-resolution
NMR structural data. When an intercalator binds to duplex DNA,
the helix unwinds and lengthens to accommodate the ligand in
between base pairs. This increase in length results in an increase in
DNA viscosity. Alternatively, groove binding compounds do not
lengthen helical DNA and viscosity is not significantly changed.24

In the case of classical monointercalators such as daunomycin,
ethidium bromide, and proflavin, the slopes observed from plots
of the cubed root of the relative viscosity ((h/ho)1/3) versus r (molar
ratio of bound ligand to DNA bp) range from 0.80 to 1.50.25 For
bisintercalators, typical slopes are from 1.3 to 2.3.25c,26

Fig. 6 shows that viscometric data of MB with CT DNA
(42% GC) yields a slope of 0.962 ± 0.002, clearly consistent with
monofunctional intercalation, while the slope for compound 3 is
1.50 ± 0.13 and is within the ranges expected for both mono-
and bisintercalators. Notwithstanding, 3 increases the viscosity
of CT DNA to a significantly greater extent than MB (Fig. 6),
leading us to hypothesize that the association of compound 3 with
DNA might involve the existence of multiple binding modes (e.g.,

Fig. 6 Viscometric measurements of CT DNA in the presence of
compound 3 (©, slope = 1.50 ± 0.130, R = 0.997) and MB (�, slope =
0.962 ± 0.002, R = 0.987). The values were averaged over at least three
trials. Error bars represent standard deviation.

concomitant monointercalation, bisintercalation, and/or groove
binding). In fact, combinations of these modes are thought to
account for DNA viscosity enhancements produced by a number
of bifunctional agents with non-ideal slopes (usually lower than
twice the slope of the corresponding monointercalator).27

To test our hypothesis, we performed viscometric measurements
of 3 and MB in the presence of additional double-helical se-
quences. Plots of (h/ho)1/3 versus r for poly(dA)·poly(dT) and
alternating poly[(dA-dT)]2 DNAs yielded slopes of 0.22 and
1.18 for compound 3, and 0.17 and 1.11 for MB, respectively
(Fig. S7 in ESI†). These data indicate the existence of different
binding modes as a function of DNA sequence: groove binding
for poly(dA)·poly(dT) and monointercalation for poly[(dA-dT)]2.
However, taking into consideration the minimal effect of com-
pound 3 on poly(dA)·poly(dT) viscosity, we recorded the circular
dichroism (CD) spectra shown in Fig. 7. The strong, positive
induced CD signal at 690 nm confirms the formation of a complex
in which 3 associates with the DNA duplex via groove binding.

Fig. 7 CD spectra recorded at 22 ◦C of 10 mM sodium phosphate buffer
pH 7.0 in the presence and absence of 50 mM bp poly(dA)·poly(dT)
DNA or 12 mM of compound 3. Solid line: compound 3. Dashed line:
poly(dA)·poly(dT) DNA. ©: compound 3 + poly(dA)·poly(dT) DNA
(© line marker is placed at every 20th data point).

The above viscosity data are consistent with a published CD
study in which MB was shown to bind to poly(dA)·poly(dT) and
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Table 3 Viscometric dataa

Slope

Deoxyribonucleic acid MB Compound 3

poly(dA)-poly(dT) 0.17 0.22
[poly(dAdT)]2 1.11 1.18
CT DNA (58% AT) 0.92 1.50

a The slopes of viscometric plots of the cubed root of relative DNA viscosity
((h/ho)1/3) versus r, molar ratio of bound ligand (MB or compound 3) to
DNA bp.

alternating poly[(dA-dT)]2 by groove binding and intercalation,
respectively.28 The same study provided convincing evidence that
MB interacts with poly(dG)·poly(dC) by intercalation. We next
attempted to measure the viscosity of poly(dG)·poly(dC) and
M. lysodeikticus (28% AT) DNA, but were unsuccessful due
to DNA precipitation in the presence of high concentrations
of 3. Notwithstanding, when the poly(dA)·poly(dT), alternating
poly[(dA-dT)]2, and CT DNA (58% AT) slopes are compared
side by side (Table 3), it can be inferred that CT DNA interacts
with MB by groove binding and monofunctional intercalation,
and with compound 3 by a combination of three modes: groove
binding, and mono- and bisintercalation.

Conclusion

We have synthesized a new DNA photocleaving agent (3) in which
two phenothiazine units are attached by an ethylenedipiperidine
linker. To the best of our knowledge, compound 3 represents the
first example of a phenothiazine that binds to DNA through
bisintercalation. In comparison to the parent phenothiazine
methylene blue, this compound absorbs light more strongly at
longer wavelengths, exhibits higher levels of photocleavage under
near physiological conditions of temperature and pH, and, as
indicated by Tm data, associates more strongly with double-helical
DNA. Our future research efforts will focus on obtaining high-
resolution structural data that will aid in the design of new and ef-
fective DNA intercalators. We envisage that phenothiazine-based
compounds will represent attractive alternatives to porphyrins for
use in phototherapeutic applications.

Experimental

General materials and methods

Merck silica gel 60 (230–400 ASTM mesh) was employed for
flash column chromatography. TLC was performed on precoated
aluminium silica gel plates (Merck or Macherey-Nagel 60F254
0.25 mm). Melting points were determined in a Stuart Scientific
model SMP10 apparatus. Infrared spectra were taken on an
FT-IR Perkin Elmer Spectrum One spectrophotometer. 1H and
13C NMR spectra were recorded at 300 and 75 MHz, respec-
tively, on either Varian Unity One or Varian Mercury-VX-300
spectrometers. Carbon and proton assignments were based on
HSQC, HMBC, and HMQC spectra obtained using a Varian
Unity Plus 500 MHz instrument. Tetramethylsilane was utilized
as an internal reference. Coupling constants (J values) are given
in Hz. Electrospray ionization (ESI) mass spectra were acquired
on a Micromass Q-Tof hybrid mass spectrometer. Elemental

analyses (CHNS) were done on a Leco CHNS-932 automatic
analyzer. Iodine composition was performed by oxygen flask
combustion and by ion chromatography (Atlantic Microlabs,
Inc. Norcross, GA). UV–visible and CD spectra were recorded
with a UV-1601 Shimadzu spectrophotometer and a JASCO J-
810 spectropolarimeter, respectively. Thermal melting curves were
generated using a Cary Bio100 UV–visible spectrophotometer.

Distilled, deionized water was utilized in the preparation of
all buffers and aqueous reactions. Chemicals were of the highest
available purity and were used without further purification.
Methylene blue chloride (99.99% purity) was purchased from
Fluka. Caesium carbonate, chloroform, D2O, dimethylamine
(2 M solution in methanol), DMF, ethidium bromide, 4,4¢-
ethylenedipiperidine dihydrochloride, iodine, 10H-phenothiazine,
sodium azide, sodium benzoate, sodium phosphate dibasic, and
sodium phosphate monobasic were obtained from the Aldrich
Chemical Co. Transformation of Escherichia coli competent cells
(Stratagene, XL-blue) with pUC19 plasmid (Sigma) and growth
of bacterial cultures in Lauria-Bertani broth were performed
according to standard laboratory procedures.29 The plasmid DNA
was purified with a Qiagen Plasmid Mega Kit. The restriction
enzymes EcoRI and FspI were purchased from New England
BioLabs and [35S]dATPaS was supplied by GE Healthcare. Ultra
PureTM calf thymus (Invitrogen Lot No. 15633–019, 10 mg mL-1,
average size ≤ 2000 bp) and C. perfringens DNA (Sigma, Lot
No. 024K4065, purity ratio A260/A280 = 1.9) were used without
purification. The DNA polymers poly(dA)·poly(dT) (average
size ~6000 bp, Lot No. GD0276), and poly[(dA-dT)]2 (average
size ~5183 bp, Lot No. GF0106) were obtained as lyophilized
powders from Amersham Biosciences. They were dissolved in
10 mM sodium phosphate pH 7.0 and were used without further
purification. The concentrations of all DNA solutions were
determined by UV–visible spectrophotometry using the following
extinction coefficients in units of dm3 mol-1 (bp) cm-1: calf
thymus DNA, e260 = 12 824; C. perfringens DNA, e260 = 12 476;
poly(dA)·poly(dT), e260 = 12 000; and poly[(dA-dT)]2, e262 = 13 200.

N ,N ¢-Bis[(7-dimethylamino)phenothiazin-5-ium-3-yl]-4,4¢-
ethylenedipiperidine diiodide (3)

To a solution of 2 (0.200 g, 0.322 mmol) in 20 mL of DMF
were added 4,4¢-ethylenedipiperidine dihydrochloride (0.044 g,
0.161 mmol) and caesium carbonate (0.629 g, 1.931 mmol). The
reaction was vigorously stirred at rt for 48 h and then concentrated
under reduced pressure. The progress of the reaction was moni-
tored by silica gel TLC (9.5 : 0.5 dichloromethane–methanol).
The resultant solid was purified by flash column chromatography
(3 cm column, 39 g silica gel) using 9.5 : 0.5 dichloromethane–
methanol as the eluent. Then, two successive recrystallizations
from methanol afforded dark-blue solid 3 (81 mg, 54%), mp >

300 ◦C (from MeOH); Rf = 0.2 (9.5 : 0.5 dichloromethane–
methanol); nmax (film)/cm-1 2907, 1592, 1487, 1389, 1330, 1232,
1133, 1038, 969, 883, 825, and 779; dH(300 MHz, 4 : 6 CDCl3–
CD3OD; Me4Si) 7.95 (2H, d, J 9.6, H-1), 7.94 (2H, d, J 9.6, H-9),
7.50–7.46 (4H, m, H-6, H-8), 7.33 (2H, dd, J 9.6 and 2.7, H-2), 7.26
(2H, d, J 2.7, H-4), 4.42 (4H, d, J 13.5, 2 ¥ CH2-a), 3.43 (12H, s,
2 ¥ N(CH3)2), 3.38 (4H, m, overlap with CH3OH, 2 ¥ CH2-a), 2.06
(4H, d, J 11.7, 2 ¥ CH2-b), 1.81 (2H, broad, 2 ¥ CH) and 1.44–1.31
(8H, m, CH2-CH2, 2 ¥ CH-b); dC(75 MHz, 4 : 6 CDCl3–CD3OD;
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Me4Si) 154.3 and 153.3 (C-3, C-7), 139.2 and 138.7 (C-1, C-9),
136.4, 135.9, 135.8, and 134.8 (C4a, C5a, C9a and C10a), 119.3
and 118.6 (C-2, C-8), 107.1 and 106.4 (C-4, C-6), 49.3 (C-a), 41.6
(NCH3), 35.8 (CH), 33.0 and 32.9 (C-b, CH2-CH2); m/z (HR-ESI)
337.1612 (M2+ - C40H46N6S2 requires 337.1613).

UV–visible spectrophotometry

Extinction coefficients for compound 3 and MB were determined
using 500 mL solutions containing 1 to 10 mM of dye in the
presence and absence of 38 to 380 mM bp calf thymus DNA in
10 mM sodium phosphate buffer pH 7.0. The solutions were pre-
equilibrated for 12 h in the dark, after which spectra were recorded
in 1 cm quartz cuvettes at 22 ◦C. The absorbance was then plotted
as a function of concentration and linear least square fits to these
data yielded slopes (KaleidaGraph version 3.6.4 software) that
were averaged over three trials. Using the procedure described
above, extinction coefficients in the absence of calf thymus DNA
were also recorded in the presence of a final concentration of
aqueous 1% sodium dodecyl sulfate (w/v).

Photocleavage experiments

Individual samples consisted of 38 mM bp pUC19 plasmid DNA
and 10 to 0 mM of compound 3 or MB in 10 mM sodium
phosphate buffer pH 7.0 (total volume 20 mL). The samples were
pre-equilibrated in the dark for 12 h at 22 ◦C, after which they were
kept in the dark or aerobically irradiated at 676, 700 or 710 nm
for 10, 30, or 60 min at 22 ◦C using a Photon Technology Inc.
Model A1010 light supply fitted with a 75 W xenon lamp and a
monochromator with a grating (blazed at 500 nm, 1200 lines/mm,
20 nm slit width). After irradiation, cleavage products were
electrophoresed on a 1% nondenaturing agarose gel stained with
ethidium bromide (0.5 mg mL-1), visualized on a transilluminator
set at 302 nm, photographed, and scanned. The amounts of
supercoiled, nicked, and linear plasmid DNA were quantitated by
densitometry using ImageQuant version 5.2 software (Amersham
Biosciences). Photocleavage yields were calculated using the
formula [(nicked DNA + linear DNA)/total DNA] ¥ 100. The
density of supercoiled DNA was multiplied by a correction factor
of 1.22 to account for the decreased binding affinity of ethidium
bromide to supercoiled DNA as compared to the nicked and
linear forms. Photocleavage concentration profiles were conducted
as described above. In these experiments, individual reactions
consisting of 10 to 0.0 mM of compound 3 or of MB in the presence
of 38 mM bp pUC19 plasmid DNA were irradiated at 710 nm for
60 min.

Chemically induced changes in DNA photocleavage

Immediately prior to irradiation, a chemical additive, either
sodium azide (final concentration 50 mM), D-mannitol (final
concentration 50 mM), or D2O (final concentration 85% (v/v)) was
transferred to individual 20 mL reactions consisting of 38 mM bp
pUC19 plasmid DNA pre-equilibrated with 1 mM of compound
3 or MB in 10 mM sodium phosphate buffer pH 7.0 in the
dark for 12 h at 22 ◦C. Control reactions containing 1 mM of
compound 3 or MB, 38 mM bp pUC19 plasmid, and 10 mM
sodium phosphate buffer pH 7.0 were run in which an equivalent
volume of ddH2O was used to substitute for the sodium azide,

D-mannitol, or D2O. The samples were then aerobically irradiated
at 710 nm using a Photon Technology Inc. light supply (Model
A1010) fitted with a 75 W xenon lamp and monochromator
with a grating (blazed at 500 nm, 1200 lines/mm, 20 nm slit
width) for 60 min at 22 ◦C. Reaction products were resolved
on a 1% nondenaturing agarose gel and quantitated as described
above. The percent change in DNA photocleavage was calculated
as follows: [((% cleavage with chemical) - (% cleavage without
chemical))/(% cleavage without chemical)] ¥ 100.

DNA photocleavage at nucleotide resolution

An established laboratory protocol was used to prepare a
138 bp EcoRI-FspI pUC19 restriction fragment 3¢-end-labeled
with [35S]dATPaS.30 The purified, radiolabeled DNA was stored
at -78 ◦C in a total volume of 400 mL of ddH2O until use.

Typical photocleavage reactions contained 15 mM bp of the
138 bp DNA fragment in 10 mM sodium phosphate buffer pH 7.0
and 5 mM of 3 or 5 mM of MB (50 mL total volume). The reactions
were pre-equilibrated in the dark at 22 ◦C for 2 h and then
were aerobically irradiated for 60 min in a ventilated Rayonet
Photochemical Reactor (Southern New England Ultraviolet Co.)
fitted with twelve 575 nm lamps (spectral output 400–650 nm).
The photolyzed DNA was precipitated with 40 mg glycogen–2.5
volumes neat ethanol, and washed with 70% aqueous ethanol. A
duplicate set of precipitated reactions was dissolved in 100 mL
of 1% aqueous piperidine, heated at 90 ◦C for 30 min, and
then lyophilized to dryness. Cleavage products without and with
piperidine treatment were dissolved in 4 mL of SequenaseTM Stop
Solution, denatured for 3 min at 95 ◦C, and then electrophoresed
on a 10% denaturing polyacrylamide gel adjacent to G, G + A,
and T chemical sequencing reactions.30a To determine yields, the
gel was scanned with a Storm 860 PhosphorImager (Molecu-
lar Dynamics). The resulting storage-phosphor autoradiogram
was quantitated using ImageQuant 5.2 software (Molecular
Dynamics).

Thermal melting studies

Individual 3 mL solutions containing 10 mM sodium phosphate
buffer pH 7.0 and 12.5 mM bp calf thymus DNA in the presence
and absence of 0.625, 1.25, 3.75 and 7.50 mM of compound 3 or of
MB were placed in 3 mL (1 cm) quartz cuvettes (Starna). Similarly,
12.5 mM bp C. perfringens DNA was utilized in the presence and
absence of 3.75 mM of compound 3 or MB. After the samples
were equilibrated in the dark for 12 h and 22 ◦C, absorbance
was monitored at 260 nm while the DNA was denatured using a
Peltier heat block programmed to increase the temperature from
25 to 95 ◦C at a rate of 0.5 ◦C min-1. KaleidaGraph version
3.6.4 software was then used to approximate the first derivative
of DA260/DT versus temperature. The Tm values were determined
according to the maximum of each first derivative plot.

Viscosity measurements

In a total volume of 1 mL, individual solutions containing 10 mM
sodium phosphate buffer pH 7.0 and 200 mM bp of calf thymus
DNA (average length ≤2000 bp) in the absence and presence of
2 to 12 mM of compound 3 or MB were pre-equilibrated for 12 h
in the dark at 22 ◦C. DNA viscosity was then measured in a

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 4026–4035 | 4033



Cannon-Ubbelohde size 75 capillary viscometer immersed in a
thermostated water bath maintained at 25 ± 0.1 ◦C. The flow times
of the buffer, DNA in buffer, and dye–DNA in buffer were
measured with a stopwatch. The measurements were averaged over
four trials to an accuracy of ±0.2 s. After subtracting the averaged
flow time of the buffer, DNA (h0) and dye–DNA (h) averaged
flow times were plotted as (h/ho)1/3 versus the molar ratio of dye to
DNA bp.31 Slopes were generated by conducting linear least square
fits to these data (KaleidaGraph version 3.6.4 software). The
viscosity measurements containing poly(dA)·poly(dT) (average
length ~6000 bp) and poly[(dA-dT)]2 (average length ~5183 bp)
were done exactly as described for calf thymus DNA except
that DNA concentrations were decreased to account for the
longer average lengths of these polymers compared to calf thymus
DNA. Accordingly, measurements were conducted with 50 mM bp
of each polymer and 0.5 to 3 mM of compound 3 or MB (Fig. S7
in ESI†) such that dye to DNA bp molar ratios were consistent
with the calf thymus DNA measurements. While the conventional
method for performing viscosity assays involves titration of the
ligand into a DNA solution inside the viscometer, here we report
an alternative and efficient technique that may be particularly
useful for 3 as well as for other phenothiazines (e.g., 1,9-dimethyl
methylene blue and methylene blue) where pre-equilibration with
DNA is required to reduce ligand self-stacking interactions in
solution.32

Circular dichroism analysis

Samples consisted of 10 mM sodium phosphate buffer pH 7.0 and
12 mM of compound 3 in the presence and absence of 50 mM bp
poly(dA)·poly(dT) DNA in a total volume of 500 mL. After
equilibration in the dark for 12 h at 22 ◦C, spectra were recorded
from 800 to 200 nm at 22 ◦C in a 0.5 cm quartz cuvette using a
scan rate of 100 nm min-1 and a time constant of 1 s. The spectra
were averaged over 4 acquisitions and were baseline-corrected to
remove signals generated by the buffer.
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