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Abstract A water-soluble porphyrin dimer (Por

Dimer) containing eight positive charges, bridged by

4,49-dicarboxy-2,29-bipyridine, has been synthesized.

With Meso-tetrakis(N-methyl-pyridium-4-yl)porphyrin

(H2TMPyP) as the reference compound, the water-sol-

uble porphyrin dimer was investigated for its inter-

action with DNA by absorption, fluorescence, and

circular dichroism (CD) spectroscopy. The apparent

affinity binding constant (Kapp5 1.26 106) of Por

Dimer binding to CT DNA was measured by a com-

petition method with ethidium bromide (EB) (that of

H2TMPyP was 6.96 106). The cleavage ability of Por

Dimer to pBR322 plasmid DNA was studied by gel

electrophoresis. The results suggest that the binding

modes of Por Dimer were complex and involve both

intercalation and outside binding.

Keywords porphyrin dimmer, DNA, the apparent affin-

ity binding constant, photocleavage

1 Introduction

Since porphyrins were covalently linked to form the first

porphyrin dimer in 1972, bridged bisporphyrin com-

pounds have become a focus in porphyrin chemistry [1–

6]. The bridged reagents have a strong influence on the

performance of the porphyrin dimers. The relative dis-

tance and position of the two porphyrin cycles are the

major factors that decide the character of the bispor-

phyrin molecule [7]. Porphyrin dimers and oligomers have

been studied widely in the field of mimic photosynthesis

[8], molecular devices [9], magnetic materials [10] and non-

linear optical material [11].

The interaction of water-soluble cationic porphyrins

and nucleic acids has been intensively studied because

of their potential clinical applications in photodynamic

therapy [12–16]. Porphyrin as a photosensitizer can loc-

alize in tumor cells and be phototriggered to produce

singlet oxygen, cleaving DNA and damaging tumor
cells. There are three major binding modes between

the water-soluble porphyrins and DNA – intercalation,

outside groove binding and outside stacking binding

[17]. Each binding mode exhibits a unique character-

istic in the spectrum measurement. The development of

the oligonucleotide synthetic technique makes the study

of the interaction between porphyrin dimer and DNA

convenient. The results show that cationic porphyrins
prefer to intercalate in the GC-rich regions of DNA at

low [porphyrin]/[DNA base pairs] ratio and low ionic

strength. When the [porphyrin]/[DNA base pairs] ratio

and/or ionic strength increases, the binding mode

becomes complex and involves both intercalation in

GC-rich regions and outside binding at AT-rich sites

[18,19].

The studies on the interaction of porphyrin dimer or

oligomer with DNA are of interest in photodynamic ther-

apy. The first clinical photosensitizer was a mixture of

pophyrin oligomers which contain two to eight porphyrin

units [20]. However, the interaction of porphyrin dimers

with DNA was rarely studied [21]. In this paper, the syn-

thesis of a water-soluble porphyrin dimmer (Por Dimer)

containing positive charges, using 4,49-dicarboxy-2,29-
bipyridine as the linker, is described. With H2TMPyP

(Meso-tetrakis(N-methylpyridium-4-yl)porphyrin) as the

evaluating criterion, the interaction of the porphyrin

dimer with CT (calf thymus) DNA, the apparent affinity

binding constant, the binding mode and the ability to

cleave plasmid DNA were investigated.

2 Experiments

2.1 General

All reagents and solvents were purchased from commer-

cial sources and used with standard purification.
Chromatographic separations were performed using silica

gel G (200–300 mesh). The spectral measurements were
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performed at room temperature in a buffer solution
(pH5 7.4, 0.05 M Tris-HCl, 0.1 MNaCl). All UV-visible

spectra were obtained on a Shimadzu 1601 spectropho-

tometer. Fluorescence spectra were recorded on a Perkin

Elmer LS-55 spectrometer. Circular dichroism was mea-

sured on a JASCO J-810 spectrometer. IR spectra were

obtained on a Shimadzu FT-IR 3000 spectrometer.

Proton NMR spectra were measured using a Varian

Mercury-VX 300 spectrometer. Mass spectra were
obtained on a TSQ 7000 instrument.

2.2 Synthesis

5-(4-Aminophenyl)-10,15,20-tripyridyl porphyrin was

prepared according to the method described in Ref. [22].

The synthetic routes of the porphyrin dimer 1 and Por
Dimer are shown in Scheme 1.

2.2.1 Synthesis of the porphyrin dimer 1

18.3 mg (0.075 mmol) 4,49-dicarboxy-2,29-bipyridine and

2 mL thionyl chloride were mixed and refluxed for three

hours. The mixture was concentrated to dryness, and

110.7 mg (0.175 mmol) 5-(4-aminophenyl)-10,15,20-tripyr-
idyl porphyrin, 0.3 mL triethylamine, and 15 mL dried

chloroform were added and reacted at 70uC for 18 hours.

The solution was concentrated and the residue was purified

on a silica gel column using a mixture of chloroform and

methanol as the eluent. Themain fraction was collected and

compound 1 was obtained by recrystallization from a mix-

ture of chloroform and petroleum ether.

Yield, (45.1 mg, 40%). UV-vis (lmax/nm, in CHCl3):

420, 517, 553, 594, 652; 1H-NMR (CDCl3, 300 MHz), d:
9.06 (s, 2H, Py3), 9.05–9.02 (m, 16H, Hb), 8.94 (d,

J5 8.1 Hz, 4H, CONH-Phm), 8.90 (d, J5 6.0 Hz, 2H,

Py6), 8.83 (d, J5 5.7 Hz, 12H, Por-Pyo), 8.67 (d,

J5 6.6 Hz, 2H, Py5), 8.24 (d, J5 8.1 Hz, 4H, CONH-

Pho), 8.13 (d, J5 5.7 Hz, 12H, Por-Pym), 22.85(s, 4H,

pyrrole-H); IR (KBr, cm21): 1654 (-CONH-); MS
(FAB), m/z: 1472 [M-1]+.

2.2.2 Synthesis of the Por Dimer

To a solution of the porphyrin dimer 1, 14.7 mg

(0.01 mmol) in 5 mL DMF, was added 2 mL methyl iod-

ide, and the mixture was stirred at room temperature for
3 hours. After concentrating, 50 mL ether was poured

into the mixture, and the precipitate was obtained with

a centrifuge and dried under vacuum.

Yield, (24.5 mg, 94%). 1H-NMR (DMSO-d6,

300 MHz), d: 11.24 (s, 2H, Py3), 9.47–9.45 (m, 16H, Hb),
9.19 (br s, 6H, CONH-Phm, Py

6), 9.11(br s, 12H, Por-Pyo),

9.00–8.97 (m, 6H, Py5, CONH-Pho), 8.18 (br s, 12H, Por-

Pym), 4.70(s, 24H, -CH3), 22.99(s, 4H, pyrrole-H); MS

(FAB), m/z: 1594 [M-8I]+.

2.3 The ability to produce singlet oxygen

Measurement of singlet oxygen production was carried

out by DPBF (1,3-diphenyl isobenzofuran) decomposi-

tion. Porphyrin (1.06 1026 M) and DPBF
(1.06 1024 M) was dissolved in the buffer solution

(pH5 7.4, 0.05 M Tris-HCl, 0.1 M NaCl) and irradiated

under a high-pressure lamp (50 W) at a distance of 15 cm.

DPBF concentration was measured by UV absorbance at

415 nm.

2.4 Spectral properties of the porphyrin-CT DNA

interactions.

The spectral measurements were performed at room tem-
perature in the buffer solution (pH5 7.4, 0.05 M Tris-

HCl, 0.1 M NaCl). An extinction coefficient of

1.316 104 M21 cm21 at 260 nm was used to determine

the CT DNA concentration in base pairs.

2.4.1 UV-vis absorption spectra

UV titrations were performed with the two porphyrins in

solutions containing an increasing concentration of CT

DNA. UV-vis absorption spectra were recorded within a

Scheme 1

Studies on interaction of water-soluble bridged porphyrin with DNA 407



range of 380–520 nm and the concentration of the por-

phyrins was 2 mmol/L.

2.4.2 Fluorescence spectra

Fluorescence emission spectra were recorded with the

increase of CT DNA for the two porphyrins.

Fluorescence spectra were recorded at 422 nm for excita-

tion, 652 nm for emission and within a range of 550–

750 nm. The concentration of the porphyrins was

1 mmol/L.

2.4.3 CD spectra

CD spectra were recorded within a range of 380–520 nm.

The concentration of the porphyrins was 10 mmol/L and

the concentration of CTDNAwas 0 or 200 mmol/L (r5 0,

0.05).

2.5 Measurement of apparent binding constants

The apparent affinity binding constants were determined

by a competition method with EB. The measurement was

performed at room temperature in the buffer solution

(pH5 7.4, 0.05 M Tris-HCl, 0.1 M NaCl). The binding

constant of EB for DNA in the experimental conditions

was 5.936 105 M21. Fluorescence spectra of EB binding

to DNA were recorded at 540 nm for excitation and

610 nm for emission. This assay included the measure-

ment of the fluorescence intensity of EB bound to CT

DNA in the presence of the porphyrin.

2.6 Photocleavage abilities of the porphyrins to plasmid

DNA

pBR322 plasmid DNA (1.0 mg) was mixed with the por-

phyrin solution (concentration of 2.0 or 0.5 mM) to form a

solution (10 mL). All the experiments were performed in

the buffer solution. The photo-inducing experiments were

performed by illumination with 50 W high-pressure mer-

cury lamp at 37uC. The distance from the filament of the

mercury lamp to the sample was kept at 15 cm. The time

of illumination was 12 min, DNA was analyzed by 0.9%
agarose gel electrophoresis. The gel was incubated in a

solution of ethidium bromide for 30 min and the DNA

bands were filmed by a gel imaging instrument from

Vilber Lourmat Bio Print.

3 Results and discussion

3.1 Measurement of the singlet oxygen production

It is known that DNA could be damaged by porphyrins

after photoactivation owing to its ability to produce sing-

let oxygen. Therefore, it is necessary to ascertain the abil-

ity of the porphyrins to produce singlet oxygen so as to

study its cleavage ability to DNA.

Measurement of singlet oxygen production was per-

formed by measuring the reduction of absorbance of

1,3-diphenylisobenzofuran (DPBF) whose decomposition

is caused by singlet oxygen [23,24]. A decrease of DPBF

concentration was measured by absorbance at 415 nm.

The slopes of the plots of bleached absorption of DPBF

versus illumination time were proportional to the rate of

production of singlet oxygen.

As shown in Fig. 1, there was no distinct difference for

the rates of singlet oxygen production by Por Dimer and

H2TMPyP. Thus, the photocleavage ability of the two

porphyrins to DNA was only related to their affinity to

DNA and binding mode with DNA. The structure of

H2TMPyP is also shown in Fig. 1.

3.2 Spectral properties of the interaction of the

porphyrins with CT DNA

3.2.1 UV-vis absorption spectra

Because of the presence of a conjugated rigid ring struc-

ture, porphyrin compounds have a unique absorbance

peak in its UV spectra. This peak is often used to study

the interaction of porphyrin and DNA [25,26].

Fig. 1 Decomposition of DPBF by Por Dimer and H2TMPyP; The structure of H2TMPyP
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As shown in Fig. 2, UV titrations were performed for

the two porphyrins in solutions containing an increasing

concentration of calf thymus DNA [27,28]. The red shift

and intensity change of the Soret region with the increase

of CT DNA suggested the binding of the porphyrin to CT

DNA. The porphyrin dimer exhibited 37% hypochro-

mism and 9 nm red shift of the Soret band. The data is

summarized in Table 1.

3.2.2 Fluorescence spectra

Fluorescence spectroscopy is an important method for

studying the interaction of small molecules and DNA

[29,30]. Fluorescence emission spectra of the two porphyr-

ins were recorded in the presence and absence of CT DNA.

In the presence of CT DNA, both porphyrins showed a

remarkable decrease in intensity of fluorescence emission

as shown in Fig. 3. The data is summarized in Table 1.

3.2.3 CD spectra

CD spectroscopy is another useful method for studying

the interaction between small molecules and DNA [31,32].

The sign of the induced CD spectra in the Soret band

depends upon the binding mode of porphyrin-DNA

[33,34]. In the case of duplex DNA, a positive induced

CD band in the Soret region indicates groove binding

and a negative induced CD band indicates intercalation

[35]. The induced CD spectrum of Por Dimer bound to

CT DNA at a [Por Dimer]/[DNA base pairs] ratio of 0 or

0.05 is shown in Fig. 4. The data is summarized in

Table 1.

Fig. 2 UV-vis absorbance change when titration of the cationic porphyrins by CT DNA

Table 1 Data for the interaction of the two porphyrins with CT DNA

porphyrin UV-vis on the soret band fluorescence emission CD in the soret region Kapp/L?mol21)

hypochromicity H/% red shift Dl/nm decrease of intensity/% positive band/nm negative band/nm

Por Dimer 37 9 21 445 426 1.26 106

H2TMPyP 39 10 37 – – 6.96 106

Fig. 3 Fluorescence emission spectra of the cationic porphyrins in the absence (——) and presence (???????) of CT DNA
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At a [Por Dimer]/[DNA base pairs] ratio of 0, no bands

on the CD spectra were detected. When the ratio was

changed to 0.05, a strong positive band at 445 nm and a

weaker negative band at 426 nm appeared. Considering
the hypochromic effect, the red shift in the UV-vis spectra

and the decrease in intensity of fluorescence emission, it

appears that the Por Dimer binds to DNA by outside

binding. The bisignate nature of the induced CD, how-

ever, indicates that the binding modes of Por Dimer is

complex and involves both intercalation and outside bind-

ing. The conformation of the molecule might play an

essential role in the process of porphyrin dimer bonding
to DNA.

3.3 Measurement of apparent binding constants

UV and fluorescence titration have been used to deter-

mine the binding constant of drugs for DNA [36,37] but

both methods have disadvantages. A competition method

with ethidium bromide (EB) was used to determine the

apparent affinity binding constant (Kapp) [38]. This

method can be used for all compounds having a good

affinity for DNA as it only measures the ability of a com-

pound to prevent intercalation of EB into DNA.

When EB interacted with DNA, the equilibrium of dis-

sociative EB and combined EB could be expressed by the
Scatchard equation:

rEB

cEB
~KEB n{rEBð Þ

When EB competed with porphyrin for binding sites on

DNA, the Scatchard equation becomes

rEB

cEB
~

KEB

1zKappcpor
n{rEBð Þ

where KEB and Kapp are the binding constants of EB

and porphyrin to DNA, cEB and cpor are the concen-
tration of free EB and porphyrin, rEB is the number of

moles of bound EB by nucleotide and n is the combined

number of moles of bound EB per mole of nucleotide.

The constant of porphyrin, Kapp, is estimated from this

equation.

The Scatchard plots for the binding of EB to CT DNA

in the presence of various porphyrins are shown in Fig. 5.

The data is summarized in Table 1.

Our studies indicate that the binding ability of por-

phyrin with DNA should be improved with an increase

of positive charges [8]. The results show that the value

of Kapp of H2TMPyP is more that five times that of Por

Dimer. This may be due to the different binding modes

employed by the two molecules. It is likely that the

conformation of Por Dimer plays a passive part in

the electronegative environment and results in weaker

affinity for CT DNA. Furthermore, the conformation

of our target compound should be linear [39,40] as

shown in Fig. 6.

This conformation caused only one porphyrin ring con-

taining three positive charges to intercalate DNA and

influence its affinity to DNA. Photocleavage of pBR322

plasmid DNA by the two porphyrins was carried out to

verify this conclusion.

3.4 Photocleavage of plasmid DNA by the two

porphyrins

As shown in Fig. 7, no cleavage of DNA occurred without

irradiation whether in control experiments or in the pres-

ence of porphyrins. No cleavage was observed when only

DNA was illuminated.

At high concentration (A in Fig. 7) of the two porphyr-

ins, DNA was almost fully cleaved by both porphyrins,

while at low concentration (B in Fig. 7), there was no

cleavage by Por Dimer compared with complete cleavage

by H2TMPyP. These results are consistent with the Kapp

measured above.

Fig. 4 Induced CD spectrum of Por Dimer bound to CT
DNA, r5 0, 0.05

Fig. 5 Competition between porphyrins and EB for the
binding site of CT DNA (Scatchard plot), r is the number of
moles of EB bound per mole of DNA, c is the concentration of
free EB
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4 Conclusions

In this paper, a water-soluble bridged porphyrin contain-

ing eight positive charges was synthesized using 4,49-
dicarboxy-2,29-bipyridine as the bridge. Cationic por-

phyrin binding with DNA and cleavage of DNA were

investigated by UV-visible absorption, fluorescence and

CD spectroscopy. The apparent affinity binding constant

(Kapp) was measured and cleavage of plasmid DNA by the

porphyrins was observed. The DNA binding and plasmid

DNA cleavage ability of the porphyrin dimer were in

agreement with our estimates with reference to

H2TMPyP. The possible reason was the configuration

and binding mode of the porphyrin dimer. The structure

of the bridged porphyrin was probably too large to inter-

calate DNA and this influenced its DNA affinity.

References

1. UnoH,Masumoto A, OnoN.Hexagonal columnar porphyrin
assembly by unique trimeric complexation of a porphyrin
dimer with-stacking: remarkable thermal behavior in a solid.
J Am Chem Soc, 2003, 125: 12082–12083

2. Kubo Y, Ishii Y, Yoshizawa T, Tokita S. Effective cation-
assisted chirality induction using a dibenzo-diaza-30-crown-
10 with bis-(zinc(II) porphyrin) units. Chem Commun, 2004,

1394–1395

3. Cheng F, Drain C M, Grohmann K. Porphyrins linked

directly to the 5, 59 positions of 2, 29-bipyridine: a new supra-
molecular building block and switch. Inorg Chem, 2003, 42:
2075–2083

4. Qin Y, Bakker E. Elimination of dimer formation in in III
porphyrin-based anion-selective membranes by covalent
attachment of the ionophore. Anal Chem, 2004, 76: 4379–4386

5. Blake I M, Krivokapic A, Katterle M, Anderson H L.
Anderson, fusion and planarization of a quinoidal porphyrin
dimer. Chem Commun, 2002, 1662–1663

6. Hajjaj F, Yoon Z S, Yoon M C, Park J, Satake A, Kim D H,
Kobuke Y. Assemblies of supramolecular porphyrin dimers in
pentagonal and hexagonal arrays exhibiting light-harvesting
antenna function. J Am Chem Soc, 2006, 128: 4612–4623

7. Ema T, Nemugaki S, Tsuboi S, Utaka M. Synthesis and CD
spectrum of chiral porphyrin dimer. Tetrahedron Lett, 1995,
36: 5905–5908

8. Gust D, Moore T A, Moore A L. Mimicking bacterial pho-
tosynthesis. Pure & Appl Chem, 1998, 70: 2189–2200

9. Wanger RW, Lindsey J S, Seth J, Palaniappan V, Bocian D F.
Molecular optoelectronic gates. J Am Chem Soc, 1996, 118:
3996–3997

10. Brandon E J, Kollmar C, Miller J S. Orbital overlap and anti-
ferromagnetic coupling in substituted tetraphenylporphinato-
manganate (iii) tetracyanoethenide based magnets. The
Importance ofs-dz

2-pzOverlap. JAmChemSoc, 1998, 120: 1822

11. Anderson H L, Martin S J, Bradly D C. Synthesis and third-
order nonlinear optical properties of a conjugated porphyrin
polymer. Angew Chem Int Ed Engl, 1994, 33: 655–657

12. MacDonald I J, Dougherty T J. Basic principles of photody-
namic therapy. J Porphyrins Phthalocyanines, 2001, 5: 105–129

13. Zupan K, Herenyi L, Toth K, Egyeki M, Csık G. Binding of
cationic porphyrin to isolated DNA and nucleoprotein com-
plex: quantitative analysis of binding forms under various
experimental conditions. Biochemistry, 2005, 44: 15000–15006

14. Mettath S, Munson B R, Pandey R K. DNA interaction and
photocleavage properties of porphyrins containing cationic
substituents at the peripheral position. Bioconjugate Chem,
1999, 10: 94–102

15. Pratviel G, Pitie M, Bernadou J, Meunier B. Furfural als indi-
kator einer DNA-spaltung durch hydroxylierung des C59-koh-
lenstoffatoms von desoxyribose. Angew Chem Int Ed Engl,
1991, 6: 718–720

16. Bejune S A, Shelton A H, Mcmillin D R. New dicationic por-
phyrin ligands suited for intercalation into b-form DNA.
Inorg Chem, 2003, 42: 8465–8475

Fig. 6 Linear molecular structure of Por Dimer

Fig. 7 Cleavage of supercoiled pBR322 DNA by the two porphyrins. Conditions: 10 mL reaction mixtures contained 1.0 mg of
plasmid DNA, time of illumination was 12 min. A: Concentration of the two porphyrins was 2.0 mmol/L. Lane 1: DNA alone; lane 2:
DNA alone + hn; lane 3: DNA +PorDimer; lane 4: DNA +PorDimer +hn; lane 5: DNA +H2TMPyP; lane 6: DNA+H2TMPyP+ hn; B:
Concentration of the two porphyrins was 0.5 mmol/L. Lane 1: DNA alone; lane 2: DNA alone +hn; lane 3: DNA +PorDimer+hn; lane
4: DNA +H2TMPyP +hn.

Studies on interaction of water-soluble bridged porphyrin with DNA 411



17. Sari M A, Battioni J P, Duprê D, Mansuy D, Le Pecq J B.
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