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The Raman and fluorescence spectroscopic properties of water-soluble oxo-titanium(IV) meso-

tetrakis (1-methyl pyridium-4-yl) porphyrin (O=Ti(TMPyP)4+) bound with calf thymus DNA and artifi-

cial DNAs such as double stranded poly[d(A-T)2] and poly[d(G-C)2] have been investigated on the single

DNA molecule basis by AFM-correlated confocal scanning microscope (CSM)-coupled Raman and fluo-

rescence spectroscopic techniques as well as the ensemble-averaged spectroscopy. The ensemble-aver-

aged spectroscopic studies imply that the porphyrin interacts with DNA in different groove binding pat-

terns depending on the base pairs. AFM-images of the different DNAs bound with O=Ti(TMPyP)4+ were

measured, and their morphologies are found to depend on kind of base pairs interacting with O=

Ti(TMPyP)4+. Being correlated with the AFM images, the CSM-coupled Raman and fluorescence spectral

properties of the three different single O=Ti(TMPyP)4+-DNA complexes were observed to be highly re-

solved and sensitive to base pair-dependent axial ligation of Ti-O bond as compared to the corresponding

ensemble-averaged spectral properties, which affect the groove binding and its strength of the O=

Ti(TMPyP)4+ with DNA. The axial ligation was found to be accompanied by vibration structural change

of the porphyrin ring, leading to keep the shape of double stranded poly[d(A-T)2] rigid while poly-

[d(G-C)2] and calf thymus DNA flexible after binding with the oxo-titanyl porphyrin. The base pair de-

pendence of the fluorescence decay times of the DNA-bound porphyrins was also observed, implying that

an excited-state charge transfer takes place in the G-C rich major groove in calf thymus DNA. These re-

sults suggest that binding of O=Ti(TMPyP)4+ is more preferential with the G-C rich major groove than

with the A-T rich minor groove in calf thymus DNA so that the morphology of DNA is changed.
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Excited state charge transfer; Base pair dependence.

INTRODUCTION

Since the discovery of Fiel et al.2 that water soluble

porphyrins can be intercalated into B-form DNA, numer-

ous studies on porphyrin complexes with DNA, RNA, and

their model compounds have been performed, with the aim

to exploit the great potential of medical, biological, and

photophysical applications of porphyrins, on the basis of a

good knowledge of their physicochemical properties. Par-

ticularly, water-soluble cationic (metallo)porphyrins are

proved to be of interest in many areas, for example, as

probes of the local nucleic acid structure and dynamics, as

artificial nucleases, and as possible DNA photosensitizers

to be used in photodynamic therapy. Therefore, the impor-

tance of an accumulation of fundamental knowledge on in-

teraction of water-soluble cationic (metallo)porphyrins

with DNA has been increasingly recognized and various

analytical tools have been required.3

In this regard, Raman and fluorescence spectroscopic

techniques have been useful for studying the binding pat-

terns of water-soluble cationic (metallo)porphyrins with

DNA. However, the conventional spectroscopic techniques

require large volume of sample solution and their strong la-

ser power can damage the sample. In order to solve these

problems, we have developed the AFM (Atomic Force Mi-

croscope)-correlated CSM (Confocal Scanning Micro-

scope)-coupled Raman technique.

In this lecture, the binding patterns of water soluble

cationic oxotitanium(IV) meso-tetrakis(1-methylpyridium-

4-yl) porphyrin (O=TiIV(TMPyP)4+) with double stranded

poly[d(A-T)2], poly[d(G-C)2] polynucleotides and calf
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thymus DNA are presented as investigated on the basis of

single DNA molecule using AFM-correlated CSM-coupled

Raman/fluorescence system4,5 as well as conventional en-

semble-averaged spectroscopic techniques.

ENSEMBLE-AVERAGED RAMAN/FLUORES-

CENCE SPECTRAL PROPERTIES

Interactions of O=TiIV(TMPyP)4+ with poly[d(A-

T)2], poly[d(G-C)2] and calf thymus DNA were preliminar-

ily monitored with visible absorption spectroscopy. For

O=TiIV(TMPyP)4+, reaction with poly[d(A-T)2] leads to a

substantial red shift of the Soret maximum and a large

hypochromicity. And changes in the Soret region of O=

TiIV(TMPyP)4+ upon interaction with poly[d(G-C)2] are not

as large as those observed with poly[d(A-T)2]. There is no

shift of the Soret maximum and virtually a small hyper-

chromicity. The absorption results in the Soret region for

O=TiIV (TMPyP)4+ with calf thymus DNA are intermediate

between those obtained for the two polynucleotide. For

O=TiIV(TMPyP)4+ with calf thymus DNA, there appear to

be interactions at both GC and AT sites. In addition to visi-

ble absorption spectra, positive induced circular dichroism

(CD) bands of all O=TiIV(TMPyP)4+ complexed with poly-

nucleotides were obtained. From results of absorption and

CD spectra, we concluded that O=TiIV(TMPyP)4+ interacts

with polynucleotides by mode of groove binding.

Fig. 2 shows the ensemble-averaged spectra of

O=TiIV (TMPyP)4+ comcomplexed with various DNAs
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Fig. 1. Molecular structure of O=Ti
IV

(TMPyP)
4+

.

Fig. 2. Ensemble-averaged Raman spectra of O=Ti(TMPyP)4+ in the presence of different DNAs in aqueous solution (�ex =

442 nm) (a) free O=Ti(TMPyP)4+ (b) porphyrin-Poly[d(G-C)2] (c) porphyrin-Poly[d(A-T)2] (d) porphyrin-Calf thy-

mus.



measured by conventional resonance Raman techniques.

The Raman bands are relatively broad, but readily assigned

with reference to the normal mode analysis of similar

metallo-(TMPyP)4+ and other oxo-titanyl porphyrin. Most

of the ensemble-averaged Raman bands measured in the

presence of DNAs were observed to exhibit band shifts and

intensity variations due to the groove binding of the

O=Ti(TMPyP)4+ with DNA as expected from the absorp-

tion spectral studies. Particularly, the Ti-O stretching band

of the free porphyrin complex at 1067 cm-1 is significantly

down-shifted to overlap with the stretching band of (C�-

Cm) at 1015 cm-1 upon interaction with the DNAs, indicat-

ing that the groove binding of the porphyrin with DNAs is

accomplished by axial ligation of Ti-O with nitrogen at 7

position (N7) of purine base of DNA. The intensity of the

down-shifted Ti-O band is stronger in poly[d(A-T)2] than

in poly[d(G-C)2] while it is intermediate in calf thymus

DNA. This may be due to difference in the ligation ability

of the different base pairs. Actually A-T base pair and G-C

pair have two and three hydrogen-bonding, respectively,

and the ligation ability of two hydrogen-bonding A-T base

pair is expected to be stronger than that of three hydro-

gen-bonding G-C base pair as inferred from the fact that the

axial ligation of protic solvent with Ti-O becomes stronger

as the hydrogen bonding ability of the solvent increases.

Thus, the axial ligation of the porphyrin should be stronger

in poly[d(A-T)2] than in poly[d(G-C)2] as expected from

the absorption spectra. Such base-pair dependent Ti-O li-

gation would lead the porphyrin ring to interact with DNA

base pairs differently. As expected, the intensities of the �2,

�4, and �(C�-Cm) bands are obviously decreased in the

presence of the DNAs in spite of slight band shifts, indicat-

ing that polarizability of the porphyrin ring is reduced by

binding of the oxo-titanyl porphyrin with hydrophobic en-

vironment of DNAs. Interestingly, reduction of the band

intensities was observed to be smaller in poly[d(A-T)2]

than in poly[d(G-C)2] and calf thymus DNA, indicating

that the porphyrin ring in poly[d(A-T)2] still faces hydro-

philic aqueous environment as compared to that in poly-

[d(G-C)2] or calf thymus DNA. This observation suggests

that the porphyrin ring is inserted further into the G-C rich

major groove in calf thymus DNA even though the axial li-

gation with the G-C region is weaker than with A-T region.

On the contrary, the porphyrin ring can be inserted into the

wider major groove (G-C rich region). Consequently, the

porphyrin ring vibration would be also affected differently

depending on the base pairs of DNA. If this is the case, the

DNA binding effects on vibration frequencies of the por-

phyrin ring bonds must be clearly observed, but it was diffi-

cult to identify the band shifts and band width change cor-

rectly because of the line broadening in the ensemble-aver-

aged Raman spectra of the mixed state of free porphyrins

and DNA-bound porphyrins. Also the vibration structural

changes of the porphyrin ring bound with different DNAs

are expected to affect the vibronic structures of the fluores-

cence spectra differently. However, the spectral features

are almost the same due to the ensemble-averaged detec-

tion. Therefore, in order to study the vibration structural

changes of the porphyrin ring more correctly, we tried to

measure the Raman and fluorescence spectra of the single

porphyrin-bound DNAs by using the AFM-correlated CSM-

coupled Raman/fluorescence techniques.

Fig. 3 shows the AFM-images of different DNAs

bound with O=Ti(TMPyP)4+ immobilized on cover glass,

which exhibit double strand morphologies of about 1 �m

length. The morphologies of DNAs seem to be changed

upon binding with the O=Ti(TMPyP)4+ as Takatoh et al.

observed for DNA bound with 5,10,15,20-tetrakis[4-tri-

methyl-amminophenyl]porphyrin-tetra toluenes-4-sulfo-

nate. The shape of double strands of poly[d(A-T)2] seems

to be rigid while that of poly[d(G-C)2] or calf thymus DNA

looks more or less flexible after binding of the oxo-titanyl

porphyrin. This may be due to the base-pair dependent bind-

ing modes and strength as discussed above. In order to con-

firm this, the Raman and fluorescence spectra of the oxo-

titanyl porphyrin-bound DNA complexes were measured

on a single DNA molecule basis by using the CSM-coupled

Raman and fluorescence spectral system.

Fig. 4 shows the CSM-coupled Raman spectra of the

single O=Ti(TMPyP)4+-bound single DNAs selected from

the AFM images and free oxo-titanyl porphyrin powders

adsorbed on the quartz glass. In general, the CSM-coupled

Raman spectra exhibit more highly resolved bands than the

ensemble-averaged Raman spectra, and the vibration bands

could be correctly assigned and listed in Table.

The porphyrin macrocyclic bands of free O=Ti-

(TMPyP)4+ are more or less up-shifted as compared with

those of the ensemble-averaged Raman bands. This up-

shift may be due to lack of water which interacts with the

porphyrin ring bonds. On the other hand, the stretching

band of Ti-O bond, which is not disturbed by water as de-

scribed above, is significantly down-shifted to 1022 cm-1

from 1067 cm-1 measured in diluted aqueous solution, indi-

cating that the highly concentrated oxo-titanyl porphyrins
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can be bound with each other by the axial ligation of Ti-O

so that Ti-O bond strength is weakened. This intramolecu-

lar interaction in solid powder seems to cause the �(C�-Cm)

down-shifted to 1007 cm-1 from 1015 cm-1 observed in the

aqueous solution.

Upon binding with DNAs, the Ti-O stretching band

of the free oxo-titanyl porphyrins at 1022 cm-1 and one of

the porphyrin ring bands, �(C�-Cm) at 1007 cm-1 are merged

into a single band at 1024 cm-1 due to removal of the intra-

molecular interaction of the oxo-titanyl porphyrin upon
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Fig. 3. AFM images of DNAs bound with O=Ti
IV

(TMPyP)
4+

.

Fig. 4. CSM-Raman spectra of O=Ti(TMPyP)
4+

-nucleic acid complexes on quartz glass.



binding with the DNA base pairs, which of the poly[d(A-

T)2] or calf thymus DNA complex is broader than that of

the poly[d(G-C)2] complex, indicating the presence of the

stronger axial ligation of Ti-O with A-T base pairs as ob-

served from the ensemble-averaged Raman spectra. Such

base-pair dependent Ti-O ligation would lead the porphy-

rin ring to interact with DNA base pairs differently. As ex-

pected, the intensities of the �2, �4, and �(C�-Cm) bands are

obviously decreased in the presence of the DNAs in spite of

slight band shifts, confirming that the porphyrin ring faces

less hydrophobic environment in poly[d(A-T)2] than in

poly[d(G-C)2] and calf thymus DNA as predicted from the

ensemble-averaged Raman spectra. Interestingly the fold-

ing mode band of N-C�-Cm-C�-N was observed at 225 cm-1

from the free oxo-titanyl porphyrin, and it was observed to

be greatly up-shifted to 245 cm-1 with increased intensity in

the poly[d(A-T)2] complex as compared to that observed in

the poly[d(G-C)2] complex and calf thymus DNA. Also the

double stretching modes of Ti-N bond were observed at

384 and 405 cm-1 from the free oxo-titanyl porphyrin, and

they are merged into one single band (403 cm-1) in the DNA

complexes, indicating the loss of vibration energy leading

porphyrin ring to be more loosely bound with the G-C rich

region than with the A-T rich region in DNA.

In order to confirm this and the DNA-binding effects

on photophysical properties of O=Ti(TMPyP)4+, the fluo-

rescence spectra of different single DNA-bound complexes

were measured by the CSM-coupled fluorescence spectral

system as shown in Fig. 5, and they were compared with

those of free O=Ti(TMPyP)4+ adsorbed on the quartz glass

as the DNA-bound O=Ti(TMPyP)4+ complexes. Insets in

the figure represent the fluorescence images of the single

DNA-bound O=Ti(TMPyP)4+ complexes, exhibiting the

morphologies of DNA strands as observed from the AFM

images. The fluorescence of free oxo-titanyl porphyrin

powder exhibits the 0-0, 0-1 and 0-2 vibronic emission

bands respectively at 550 nm, 640 nm and 680 nm. The 0-0

and 0-1 emissions are quenched as compared to that of 0-2

emission by self absorption due to high concentration in the

powder state. However, these emissions are significantly

enhanced in the DNA-complexes due to dilution of the

oxo-titanyl porphyrin by binding with base pairs. The emis-

sion enhancement is the greatest in poly[d(A-T)2] complex

whereas it is similar in both poly[d(G-C)2] and calf thymus

DNA complexes. This confirms that O=Ti(TMPyP)4+ is

bound preferably with the G-C rich region in calf thymus

DNA. Nevertheless, the vibronic bands are not highly re-

solved in poly[d(A-T)2] complex as compared to those in

both poly[d(G-C)2] and calf thymus DNA complexes, indi-

cating that the porphyrin ring is deeply inserted into the

AFM-CSM-Raman/Fluorescence Spectra of Porphyrin-DNA J. Chin. Chem. Soc., Vol. 56, No. 3, 2009 447

Fig. 5. Comparison of confocal fluorescence spectra of O=Ti
IV

(TMPyP)
4+

DNA complexes.



G-C rich major groove in calf thymus DNA as discussed

previously. Thus, DNA probably deforms after binding

with porphyrin to access more hydrogen bonding environ-

ment.

We also measured the fluorescence lifetimes of the

free oxo-titanyl porphyrin and its DNA complexes by mon-

itoring two vibronic emission at 613 nm and 664 nm. The

free oxo-titanyl porphyrin exhibits a single decay compo-

nent with lifetime of 1.0 ns for both vibronic emissions, in-

dicating that both emissions originates from the first elec-

tronically excited singlet state (S1). However, in the poly-

[d(A-T)2] complex, a long lifetime component (~9.0 ns)

was observed in parallel with enhancement of the vibronic

emission. This must be due to formation of the tightly

bound complex with the A-T base pairs, which reduces vi-

bration energy loss resulting in the inhibition of nonradia-

tive transition. This long lifetime component is also ob-

served in the poly[d(G-C)2] complex, but its relative por-

tion is decreased, indicating again that the oxo-titanyl por-

phyrin is loosely bound with the G-C base pairs. Instead,

another new shorter lifetime component (~2.0 ns) was ob-

served, implying that an excited charge transfer state of the

oxo-titanyl porphyrin may be formed more easily in the

flexible G-C environment than in A-T environment.
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