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Abstract

Recently cationic porphyrin-peptide conjugates were synthesized to enhance the 

cellular uptake of porphyrins or deliver the peptide moiety to the close vicinity of 

nucleic acids. DNA binding of such compounds was not systematically studied yet. 

 We synthesized two new porphyrin-tetrapeptide conjugates which can be considered as 

a typical monomer unit corresponding to the branches of porphyrin-polymeric branched 

chain polypeptide conjugates. Tetra-peptides were linked to the tri-cationic meso-tri(4-

N-methylpyridyl)-mono-(4-carboxyphenyl)porphyrin and bi-cationic meso-5,10-bis(4-

N-methylpyridyl)-15,20-di-(4-carboxyphenyl)porphyrin. DNA binding of porphyrin 

derivatives, and their peptide conjugates was investigated with comprehensive 

spectroscopic methods. Titration of porphyrin conjugates with DNA showed changes in 

Soret bands with bathocromic shifts and hypochromicities. Decomposition of 

absorption spectra suggested the formation of two populations of bound porphyrins. 

Evidences provided by the decomposition of absorption spectra, fluorescence decay 

components, fluorescence energy transfer and induced CD signals reveal that peptide 

conjugates of di- a tricationic porphyrins bind to DNA by two distinct binding modes 

which can be identified as intercalation and external binding. Tri-cationic structure and 

elimination of negative charges in the peptide conjugates is preferable for the binding. 

Our findings provide essential information for the design of DNA-targeted porphyrin-

peptide conjugates.
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Graphical Abstract

Research Highlights
We synthesized two new porphyrin-tetrapeptide conjugates. 
DNA binding of porphyrin conjugates was studied with spectroscopic methods. 
Peptide conjugates of cationic porphyrins bind to DNA by two distinct binding modes. 
Binding modes can be identified as intercalation and external binding.
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1. Introduction

Porphyrins perform a wide variety of functions in natural and synthetic systems. They 

have been used in light-activated cancer treatment (photodynamic therapy) [1], in 

sensor design due to their fluorescent and electrochemical properties [2] and in gene 

therapy [3], they are the functional elements of light harvesting systems [4] and they 

could be used as artificial endonucleases [5].

Porphyrins are also one of the most studied DNA binding agents [6,7]. The binding of 

cationic porphyrin derivatives to nucleic acids has been the subject of extensive 

research since Fiel and colleagues discovered that these compounds can form various 

complexes with DNA [8]. It has been shown that the binding can be either intercalative 

or external, in the minor groove (in some special cases with self-stacking), depending 

on the charge distribution of the porphyrin, presence and the type of the central metal 

ion in porphyrin and on the peripheral substituents [9]. Most studies focused on 

interactions between free (non-covalently attached) cationic porphyrins and olygomeric 

or polymeric nucleic acids.

Recently some bioactive moieties [10-14] onto the periphery of the cationic porphyrin 

were introduced in order to utilize porphyrin as DNA targeting agent. Among others, 

peptide conjugates were also synthesized either to increase the cellular uptake of 

porphyrin derivative or to deliver the peptide moiety to the nucleic acids [15-19]. 

Although the first porphyrin-peptide conjugates were prepared about 20 years ago, 

there are only few papers dealing with their spectroscopic properties and interactions 

with DNA [10,20-22]. More limited studies were reported on the quantitative 

characterization of DNA binding of porphyrin-peptide conjugates. However, both 
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qualitative and quantitative characteristics of the binding can be modified by the altered 

charge distribution and conformation of peptide-conjugated porphyrins.

Branched chain polypeptides with polylysine backbone (e.g. poly[Lys(DL-Alam)], 

(where m is in average 3) developed in our laboratory [23] are efficient carrier to target 

drugs into the infected cells by fluidic endocytosis [24]. The increased endocytotic 

properties of tumor cells provide some selectivity for the cellular uptake of the 

polypeptide – drug conjugates. The basic branched chain polypeptide with poly(Lys) 

backbone and possess oligo-DL-Ala branches (in average 3 racemic alanine residues). 

Because of the branched chain polypeptides are planed to use for the delivery of 

porphyrins into the cells, we designed porphyrin conjugates of a tetrapeptide (Ac-

Lys(H-Ala-D-Ala-Ala)-NH2 ) as monomeric unit of branched polypeptide AK. The N-

terminus of the oligo-alanine branch was used for the attachment of the porphyrin 

derivatives meso-tri(4-N-methylpyridyl)-mono-(4-carboxyphenyl)porphyrin (TMPCP) 

or meso-5,10-bis(4-N-methylpyridyl)-15,20-di-(4-carboxyphenyl)porphyrin (BMPCP). 

Here we investigate the interaction between natural nucleic acid polymer and tetra-

peptide conjugates of TMPCP and BMPCP as models of porphyrin-peptide conjugates.

Recently, we described a method [25,26] which facilitates the identification and 

quantitative characterization of cationic porphyrin binding forms. A combined analysis 

of alteration in absorption and fluorescence emission spectra, fluorescence decay curves 

and induced circular dichroism (CD) of bound porphyrin makes possible the 

identification of binding forms and determination of their concentrations. Here we tend 

to apply similar approach in the analysis of DNA interaction with cationic porphyrins 

and their peptide conjugates.
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Since the photophysical characteristics of new derivatives and especially that of their 

conjugated forms are not known, these parameters have to be determined prior their 

application in DNA binding studies.

The aim of present work is (1) the presentation of the photophysical parameters of the 

selected cationic porphyrin derivatives and their peptide conjugates and (2) quantitative 

and qualitative characterization of their DNA binding. 

2. Materials and Methods

2.1. Materials

All amino acid derivatives and 4-methylbenzhydrilamine (MBHA) resin were 

purchased from Iris Biotech Gmbh (Marktredwitz, Germany). Coupling agents (N,N’-

diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole (HOBt), (benzotriazol-1-

yloxy)tris(dimethylamino)-phosphonium hexafluorophosphate (BOP), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), N-ethyl-diisopropylamine (DIEA), 

diethylamine (DEA)), and cleavage reagents (trifluoroacetic acid (TFA), p-cresol, 

hydrogen fluoride (HF), 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU), piperidine) were 

Fluka products (Buchs, Switzerland). Solvents (dichloromethane (DCM), N,N-

dimethylformamide (DMF), diethylether) for synthesis were obtained from Molar 

Chemicals (Budapest, Hungary). Acetonitrile for HPLC was delivered by Sigma-

Aldrich (Budapest, Hungary).

meso-Tri(4-N-methylpyridyl)-mono-(4-carboxyphenyl)porphyrin (TMPCP) was 

synthesized as described before [27,28], meso-5,10-bis(4-N-methylpyridyl)-15,20-di-

(4-carboxyphenyl)porphyrin (BMPCP) was purchased from Frontier Scientific 
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(Carnforth, UK).  Porphyrins were stored at 4° C in powder form or as a stock solution 

in distilled water or in methanol. Before the experiments the porphyrin stock solutions 

were diluted into methanol or into a buffer solution composed of 20 mM Tris-HCl and 

50 mM NaCl adjusted to pH =7.4

Bacteriophage DNA was prepared from T7 phage (ATCC 11303-B7) grown on 

Escherichia coli (ATCC 11303) host cells. The cultivation and purification were carried 

out according to the method of Strauss and Sinsheimer [29]. The phage suspension was 

concentrated on a CsCl gradient and dialyzed against buffer solution composed of 20 

mM Tris - HCl and 50 mM NaCl, (pH=7.4).

Nucleoprotein complex was incubated with SDS (1,4 µg SDS for 1 µg protein) at 

65oC for 30 min; followed by precipitation with 1M KCl on ice for 10 min. The 

precipitate was centrifuged twice for 10 min in an Eppendorf microcentrifuge at 13000 

rpm. The DNA was precipitated with ethanol from the supernatant. The pellet was 

washed with 70% ethanol, and resuspended in buffer solution 20 mM Tris - HCl , 50 

mM NaCl, (pH=7.4). The amount of DNA was determined spectrophotometrically. The 

quality of the DNA was checked by gel electrophoresis and by its absorption spectrum.

2.2. Synthesis of Ac-Lys(H-Ala-D-Ala-Ala)-NH2

The tetrapeptide was prepared by solid phase synthesis on MBHA resin (1.04 mmol/g 

capacity). First Fmoc-Lys(Boc)-OH amino acid derivative was attached to the resin 

using DIC/HOBt coupling agents (three equivalents to the resin capacity). After 

removal of Fmoc group with a cleavage mixture of 2% piperidine and 2% DBU in 

DMF (2+2+5+10 min) the α-amino group was acetylated with Ac2O:DIEA:DMF 

(1:1:3, v/v) mixture for 30 min. Prior to the building up of the side chain, the Boc 
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protecting group was cleaved with 33% TFA in DCM (2+20 min) followed by 

neutralization with 10% DIEA in DCM. Boc-Ala-OH, Boc-D-Ala-OH and Boc-Ala-

OH were incorporated, respectively. After removal of the final Boc protecting group 

the peptide-resin was dried in vacuo and the peptide was cleaved from the resin with 

HF in the presence of p-cresol as scavanger (HF : p-cresol = 10 ml : 0.5 g) at 0°C for 60 

min. The crude product was precipitated with dry ether and it was purified by RP-

HPLC. The purified tetrapeptide was characterized by analytical HPLC and ESI-MS.

2.3. Conjugation of porphyrine derivatives to Ac-Lys(H-Ala-D-Ala-Ala)-NH2

Method 1: Porphyrin derivative with one (TMPCP) or two (BMPCP) carboxyl groups 

were reacted with Ac-Lys(H-Ala-D-Ala-Ala)-NH2 using 50% excess of the tetrapeptide 

and  water soluble carbodiimide (EDC) to the carboxyl groups in DMF in the presence 

of two equiv DIEA/EDC. Prior to the conjugation the trifluoroacetate salt of the 

tetrapeptide was changed to HCl salt by the aid of pyridinium hydrochloride in 

methanol to avoid the trifluoroacetylation of the tetrapeptide. The conjugation was 

carried out at room temperatrure overnight. The solvent was evaporated and the 

remaining product was dissolved in a mixture of eluents A and B and by RP-HPLC. 

The conjugates NH2–Lys(TMPCP-Ala-D-Ala-Ala)–CONH2, (TMPCP-4P) and NH2–

Lys[Lys(Ala-D-Ala-Ala-BMPCP)BMPCP-Ala-D-Ala-Ala)]–CONH2 (BMPCP-4P2) 

were analyzed by analytical HPLC and ESI-MS. Method 2: In the second experiment 

EDC was replaced by BOP reagent, but no other changes were carried out.

2.4. Analysis and purification by reverse phase high performance liquide  

chromatography (RP-HPLC)
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Analytical RP-HPLC was performed on a Knauer (H. Knauer, Bad Homburg, 

Germany) system using a Phenomenex Jupiter C18 column (250 mm x 4.6 mm) with 5 

µm silica (300Å pore size) (Torrance, CA) as a stationary phase. Linear gradient 

elution (0 min 0% B; 5 min 0% B; 50 min 90% B) with eluent A (0.1% TFA in water) 

and eluent B (0.1% TFA in acetonitrile-water (80:20, v/v)) was used at a flow rate of 1 

mL/min. Peaks were detected at λ=220 nm and at λ=280 nm in the case of 

unconjugated porphyrins. The crude products were purified on a semi-preparative 

Phenomenex Jupiter C18 column (250 mm x 10 mm) with 10 µm silica (300 Å pore 

size). An isocratic elution with 10% of eluent B (using the same eluents) was applied 

from 0 to 5 min then 5-50 min a gradient elution of 10-55% of eluent B was used with 4 

mL/min flow rate. Peaks were detected at λ=220 nm.

2.5. Electrospray ionization mass spectrometry (ESI-MS) analysis 

The identification of the products was achieved by mass spectrometry. Electrospray 

ionization mass spectrometry was performed with a Bruker Daltonics Esquire 3000 

Plus (Bremen, Germany) ion trap mass spectrometer, operating in continuous sample 

injection at 4 µl/min flowrate. The peptide conjugates were dissolved in 50% 

acetonitrile water mixture. Mass spectra were recorded in positive ion mode in the m/z 

200-1500 range.

2.6. Absorption spectroscopy

Ground-state absorption spectra of porphyrin and porphyrin-peptide conjugate 

solutions were recorded with 1 nm steps and 2 nm bandwidth by use of a Cary 4E 

(Varian, Mulgrave, Australia) spectrophotometer at various DNA concentrations. In 
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DNA containing samples the composition of solutions was expressed in terms of an r 

number representing the molar ratio of DNA base pairs to porphyrin molecules. 

In the applied concentration range the free porphyrins were in monomeric state. 

Spectral changes due to the due to the adsorption of porphyrins on the cuvette wall 

were less than 5%.

2.7. Decomposition of absorption spectra

The spectral decomposition was performed for absorption spectra  [A(λ), absorbance 

versus wavelength] of the series of BMPCP–,  BMPCP-4P2–, TMPCP–,  TMPCP-4P–

DNA-complex  solutions  with  various  base-pair/porphyrin  molar  ratios  (r).  All  the 

spectra were analyzed in the λ=370-490 nm wavelength range. 

For fitting we used the Gaussian multi-peaks fit  routine from the Microcal  Origin 

software. The error of the fit was determined as:

( ) ( )[ ]

( )∑

∑

=

=

−
= 490

370

2490

3702

λ

λ

λ

λλ
χ

measured

calculatedmeasured

A

AA
(1)

We did not apply the usual wavelength-frequency conversion. The maximum errors of 

the fitting parameters because of the absence of this conversion were not higher than 

0.5 nm. 

2.8. Fluorescence spectroscopy

Corrected steady-state emission and excitation spectra were obtained using Fluorolog 

4 spectrofluorometer  (Jobin Yvon, France). Samples were excited at the corresponding 

excitation maxima at room temperature. If the absorbance of the sample exceeded 0.05, 
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the observed fluorescence intensity was corrected for inner filter effect of the solution. 

The fluorescence quantum yields of porphyrin derivatives ( S
FΦ ) in different media 

were estimated as

R
FS

R

R

S

R

S
S
F A

A
F
F

n
n Φ





=Φ

2

(2)

where R
FΦ  is the quantum yield of rhodamine B in ethylene glycol as reference 

compound [30], A is the absorbance at the wavelength of the excitation, F is the 

integrated area of the emission spectra, n is the refractive index of the solution, the S 

superscript refers to the sample and R to the reference. The integrated fluorescence of 

the sample was compared to that of the standard after adjusting concentration so that 

the absorbance of the sample and reference at the excitation wavelength were equal.

Contact energy transfer from nucleic acid bases to bound porphyrin was measured 

from fluorescence excitation and emission spectra recorded between 220 and 330 nm 

(λem =660 nm) and 580-780 nm (λex =260 nm), respectively. The porphyrin 

concentration was constant in the parallel samples, and the base pair/porphyrin ratio 

varied between 0 and 30.

2.9. Fluorescence decay measurements

Fluorescence lifetimes were measured using ISS K2 multifrequency cross-correlation 

phase and modulation fluorometer (ISS, Champaign, IL) equipped with a 300 W xenon 

lamp as an excitation source and a Pockel cell as a modulator of light intensity. 

Fluorescence signal was observed through a cutoff filter at wavelengths longer than 550 

nm. Each measurement was performed for 10 modulation frequencies ranging from 1 to 

200 MHz. The phase shift and demodulation ratio were measured in reference to the 
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scattering solution of glycogen in water. The evaluated average random errors in the 

experimental data used then in the fluorescence lifetime analysis were equal to 0.2 and 

0.004 for phase shift and modulation, respectively. The intensity decay data were 

analyzed according to a multi-exponential decay law using discrete exponential 

components. A nonlinear least square analysis program was delivered by ISS Company. 

Excitation wavelength was set to the maximum of the Soret absorption band of each 

porphyrin. The fluorescence lifetime of free porphyrin derivatives (c = 2µM) was 

determined in Tris-HCl buffer (pH 7.4) buffer and in methanol. Lifetimes were also 

determined in the presence of T7 DNA at base pair/porphyrin ratio = 6.

2.10. Circular dichroism

Circular dichroism (CD) measurements were made on a Jasco J-810 dichrograph in 

calibrated with aminocamphorsulfonic acid at room temperature in 1 cm quartz cell. 

Spectra were recorded between 380 and 500 nm. CD spectra of porphyrin derivatives 

and conjugates were recorded at various concentrations of DNA. In parallel samples the 

porphyrin concentration was constant. As baselines, the solvent reference spectra were 

used and were automatically subtracted from the CD spectra of the samples. CD band 

intensities were expressed in molar ellipticity / [Θ] deg x cm2/dmol/ using the equation:

. [ ] l*c*10/Θ=Θ (3)

3. Results

3.1. Synthesis
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Ac-Lys(H-Ala-D-Ala-Ala)-NH2 branched tetrapeptide as a model peptide of branched 

chain polypeptide poly[Lys(DL-Ala3.0)] (AK), a potential carrier for drug delivery, was 

synthesized by solid phase peptide synthesis on MBHA resin with good yield (84%). 

The free α-amino group at the N-terminal of the branch was conjugated with the 

carboxyl group(s) of porphyrin derivatives. Two coupling strategies with different 

agents were applied for conjugation. The use of BOP reagent provided fairly good 

results in case of TMPCP (53% yield), but a large number of side products were also 

detected after conjugation with BMPCP. The replacement of BOP by the water soluble 

carbodiimide EDC reagent resulted in BMPCP conjugate (47% yield), however no 

improvement of the yield was observed in case of TMPCP. In conclusion, BOP is 

efficient for the conjugation of TMPCP to the model peptide, however EDC could be 

preferred for BMPCP.

The structures of conjugates prepared are shown in Fig. 1. TMPCP, BMPCP and their 

conjugates were characterized by RP-HPLC and ESI-MS (Table 1.). The measured 

triple charged masses of TMPCP (M3+= 235.7 Da) and its conjugate (M3+= 363.1 Da) 

were corresponding to the positively charged pyridines in porphyrin derivative without 

any further protonation of the compounds. In case of BMPCP a doubly charged peak 

were detected (M2+= 367.4 Da). However, the most intensive peak in MS spectra of 

BMPCP-4P2 conjugate corresponded to a triple charged [M2++H+] mass with a value of 

500.3 Da, and also doubly charged peak was detected (M2+= 750.0 Da).

Interaction of porphyrin derivatives and conjugates with DNA was investigated by 

various optical spectroscopic methods. Since the photophysical parameters of BMPCP 
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and TMPCP and their peptide conjugates were not known from the literature, prior the 

DNA binding studies we performed their spectroscopic characterization.

3.2. Photophysical characteristics

The ground-state absorption properties of porphyrin derivatives and their peptide 

conjugates were studied in methanol and in Tris-HCl buffer (pH 7.4). As examples, the 

absorption spectra of TMPCP in two different solvents are presented in Fig. 2A. The 

spectra recorded both in Tris-HCl buffer and methanol are typical of monomeric free-

base porphyrins, consisting of the intense Soret band around 400 nm and weaker Qx, Qy 

bands with their vibronic components in λ= 500-700 nm interval. Up to 10 µM 

concentration broadening of the Soret absorption band was not experienced (data not 

shown). Absorption spectra of di- and tri-cationic compounds (BMPCP and TMPCP) 

are very similar to each other in shape having a phyllo-type Q-band structure. Soret 

bands of the porphyrin derivatives and conjugates are compared in Fig. 2B. In the case 

of TMPCP, the structure of absorption spectrum does not change noticeably due to the 

conjugation of peptide moiety. The width of BMPCP Soret band is reduced due to the 

conjugation, but the Q-band structure remains the same.

Absorption maxima of the Soret and Qx (0,0) bands with corresponding molar 

absorption coefficients obtained from the slope of the linear part of Beer-Lambert plots 

of absorbance versus concentration are listed in Table 2. The absorptivities of 

investigated porphyrin derivatives in both the Soret and Qx (0,0) bands are in the range 

of the absorptivities of other meso-substituted porphyrins [31-33], and they are slightly 

bigger than those of hematoporphyrin derivatives.
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Fig. 3 shows the fluorescence emission spectra of TMPCP-4P in methanol and in Tris-

HCl buffer pH 7.4 measured at a drug concentration of 1 µM. The samples were 

excited at the maximum of the Soret bands. Similarly to TMPCP-4P, emission spectra 

of the investigated porphyrin derivatives and BMPCP-4P2 can be characterized by a 

broad unstructured fluorescence band having the maximum around the 695-700 nm in 

aqueous solution, which is typical for cationic porphyrins [34]. In organic solvent a 

splitting of the broad emission band and the appearance of the two-band structure in the 

λ=600-800 nm range can be observed. The positions of the two maxima and the relative 

intensities of the two bands are dependent on the chemical structure of the derivatives 

(data not shown). 

The positions of fluorescence emission maxima, the lifetimes and fluorescence 

quantum yields of the four derivatives in different solutions are summarized in Table 2. 

3.3. Binding studies

3.3.1. Decomposition of absorption spectra

Absorption spectra of porphyrin derivatives were recorded at constant porphyrin and 

various DNA concentrations. Fig. 4A shows the Soret bands (and the DNA absorption 

band) of a series of BMPCP-4P2 absorption spectra recorded at constant porphyrin 

concentration and increasing base pair/porphyrin ratio (r). Increasing relative base pair 

concentration is followed by hypochromism and red shift of the spectra. These overall 

spectral changes are typical for the cationic porphyrin-DNA binding described before 

[35-37].

For further analysis of Soret bands we made the following assumptions:
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All of the measured spectra [A(λ)] can be considered as a sum of the component spectra 

belonging to possible porphyrin states. The spectrum of each state [Ax(λ)] can be fitted 

as a sum of at least two Gaussians:

( ) 0

n

1i
2

i

2
i

i

i y
w

)(2exp
2w

AA +




 λ−λ−
π

=λ ∑
=

, (4)

where λi is the center of the peak and wi is the full width of the band. The only 

parameter changing with the concentration of the porphyrin population in a specific 

state is the total area under the curves (Ax) and all of the other parameters are constant 

for a spectrum belonging to one state. As a general purpose we used the least number of 

possible components for an acceptable fit. 

Component Gaussians of free compounds and their parameters: center of the peak and 

full width of the band were determined from the spectrum of the DNA-free samples and 

are given in Table 3. We used these parameters for further fits as constants. It was 

found that the spectra of the free derivatives could be fitted by three component bands 

from which one was similar for each derivative (λc, and wc), the other two (λ1-2 and w1-2) 

varied with the porphyrin structure. Decomposition of the spectra recorded in the 

presence of DNA, resulted two additional Gaussian components (λ3-4 and w 3-4). The 

overall spectral changes and the increase of component bands suggest that out of the 

non-bound porphyrin molecules distinct population of bound porphyrin(s) can be 

formed in the presence of DNA.

The relative areas under the Gaussians components (Ai
*) were determined at various 

base pair/porphyrin ratios (r). The change in relative area of a component indicates the 

change of relative concentration of the corresponding porphyrin population. In Fig. 5 
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Ai
*-s are presented as the function lgr. In the case of all four derivatives, component 

bands of the free porphyrins (A1
* and A2

*) are diminished by the increasing base 

pair/porphyrin ratios and parallel to that the relative area of the bands induced by the 

presence of DNA (A3
* and A4

*) increases. We can suppose that these changes reflect the 

reduction of free porphyrin species and elevation of bound porphyrin concentration 

with increasing r. However significant differences can be recognized between BMPCP 

and TMPCP and also between the non-conjugated and conjugated forms of the same 

mother derivative. Gaussians components of free TMPCP spectrum tend to zero at 

about r=20, the same components of BMPCP are almost unchanged up to the same base 

pair/porphyrin and their decrease is only about 20% even at r=50. Component bands of 

free TMPCP-4P become negligible already at r=2 indicating that the conjugation 

increases the binding ability of the mother molecule (Fig. 5A). Similar tendency can be 

observed in the case of BMPCP-4P2 (Fig. 5B). According to these results the binding 

ability of investigated derivatives follows the next order: TMPCP-4P> TMPCP > 

BMPCP-4P2 > BMPCP.

3.3.2. Fluorescence emission spectra

The fluorescence emission spectra of compounds were taken in the presence of 

various concentrations of isolated DNA. Fig. 3 shows the normalized fluorescence 

emission spectrum of TMPCP-4P in the presence of DNA at r=5. We can observe that 

the interaction with DNA causes splitting of the broad fluorescence band. The relative 

amplitude of the bands depends on the base pair/porphyrin ratio (data not shown). 

Similar spectral changes were detected for TMPCP and BMPCP-4P2, however the 

saturation of the process was observed at different excess of DNA base pairs. 
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3.3.3. Fluorescence decay measurements

As a very sensitive signal of the changes of chromophore’s environment, the 

fluorescence lifetime of porphyrins and pophyrin-peptide conjugates was measured at 

room temperature. The fluorescence decay of BMPCP, TMPCP and their conjugates 

was measured and analyzed in the presence of DNA. The lifetimes of fluorescent 

porphyrin species obtained at r=6 are presented in Table 4. 

In the case of BMPCP a single lifetime was received even in the presence of DNA at 

r=6 and this value was not significantly different from the lifetime in DNA-free sample 

(see Table 2). In all the other cases the best fit was achieved by a bi-exponential 

function. The longer lifetime components are in the range of 8.5 – 9.5 ns, the shorter 

ones between 2.3 – 3.5 ns. For TMPCP and TMPCP-4P these values are clearly 

different from the lifetime of free species, 4.2 and 4.9 ns, respectively. These results 

show that two populations of bound TMPCP and TMPCP-4P can be formed in the 

presence of DNA. Furthermore at r=6 free species were not indicated by fluorescent 

lifetime. The received lifetime ranges are in good agreement with the lifetimes of 

intercalated and externally bound tetra-cationic porphyrin determined by Shen et al. 

[38]. On the basis of this conformability, we can suppose that the shorter lifetime may 

identify intercalated species and the longer ones reflect on externally bound porphyrins. 

In the case of BMPCP-4P2 the longer lifetime component (9.76 ns) does not deviate 

markedly from the lifetime of the free compound (8.99 ns). This can either mean that 

only one bound porphyrin species is present at r=6 or a bound species of longer lifetime 

cannot be distinguished from the free BMPCP-4P2.

3.3.4. Fluorescence energy transfer
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Since the first report of contact energy transfer from DNA bases to bound ligands by 

Le Pecq and Paoletti [39], this technique has been used frequently in DNA-ligand 

interaction studies. Porphyrins that contact closely with DNA bases are characterized 

by a clear increase of their fluorescence quantum yields for an excitation around 260 

nm, corresponding to an energy transfer from DNA bases to porphyrins [35]. This 

phenomenon can be considered as a criterion for intercalation.

We recorded the fluorescence emission spectra of porphyrin–DNA samples between 

λ=550-800 nm when they were excited at λ=260 nm. The fluorescence intensity of free 

porphyrins upon excitation at λ=260 nm is not zero. Detected intensity in the presence 

of DNA is the superposition of the emissions of free and bound forms. Fig. 6 shows the  

relative  fluorescence  intensity  (Irel)  of  porphyrin  derivatives  (1µM)  at  various 

concentration of isolated phage DNA. The reference was the fluorescence intensity of 

DNA-free samples.

A significant increase in the emitted intensity can be observed at constant porphyrin 

and increasing  base  pair  concentration  in  the  case  of  TMPCP and  TMPCP-4P and 

BMPCP-4P2. However, the saturation of the process can be reached at different base 

pair  /  porphyrin molar ratios.  The corresponding  r values were about 2 and 13 for 

TMPCP-4P and TMPCP, respectively. In the case of BMPCP-4P2 the saturation was not 

reached up to r=30. Upon excitation at λ=260 nm, there was no significant change in 

the emitted fluorescence intensity of BMPCP solution supplemented with DNA in the 

investigated base pair/porphyrin ratios.

3.3.5. Circular dichroism
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Porphyrins, although non-chiral, display induced circular dichroism (CD) spectra in 

Soret region when they are bound to DNA [37,40,41]. 

As it could be expected, in DNA-free samples all  the four compounds were non-

chiral, and BMPCP seemed also non-chiral even at r=30 (data not shown). 

Fig. 7 shows CD spectra of TMPCP,  TMPCP-4P, and  BMPCP-4P2  recorded in the 

presence of DNA at  r=30. All these three compounds display induced CD spectrum 

composed of a positive and a negative band. Positive bands are centered on λ=421 nm 

(TMPCP-4P and BMPCP-4P2) and λ=425 nm (TMPCP), a negative ones are centered 

around 436, 442 and 447 nm for BMPCP-4P2 TMPCP-4P and TMPCP, respectively. 

It was demonstrated before that the appearance of a negative induced CD band is a 

signature  for  intercalation  whereas  a  positive  induced band  is  indicative  of  a  non-

intercalated binding mode [42]

Induced CD signals of TMPCP and investigated peptide conjugates were increasing 

with increasing base pair/porphyrin ratio. In the case of BMPCP conjugate the highest 

amplitude was reached around r=30. In the case  TMPCP-4P and TMPCP the process 

was saturated already at r=3 and r=12, respectively. 

Out of the base pair/porphyrin ratios leading to the apparent saturation of the binding 

process, the relative amplitude of positive and negative bands varies according to the 

structure of compound. The positive band is predominant in the spectrum of BMPCP-

4P2, meanwhile the amplitude of the negative band is higher in the case of TMPCP-4P 

and TMPCP. This can reflect on the relative dominancy of different binding types.

4. Discussion
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Several cationic porphyrins are known as DNA binding agents. Recently cationic 

porphyrin-peptide conjugates were synthesized to enhance the cellular uptake of 

porphyrins [18,43] or deliver the peptide moiety to the close vicinity of nucleic 

acids[44-45]. It was also reported that some conjugates were able to interact with 

nucleic acids [46] however the DNA binding of such compounds was not 

systematically studied yet. Here we synthesized two new porphyrin-tetrapeptide 

conjugates which can be considered as a typical monomer unit corresponding to the 

branches of porphyrin-polymeric branched chain polypeptide conjugates. One of the 

new compounds was derived from tri-cationic TMPCP with the conjugation of one 

tetrapeptide, in the other molecule two tetrapeptides was linked to the bi-cationic 

BMPCP. DNA binding of porphyrin derivatives, and their peptide conjugates was 

investigated with comprehensive spectroscopic methods. Spectroscopic methods could 

be selected because it is known that the DNA anionic and cationic domains should 

affect the photophysical properties of bound porphyrins.

Most of the photophysical parameters of TMPCP and BMPCP in DNA-free solution 

were found to be typical for the cationic free-base porphyrins, and those parameters 

were not significantly altered by the conjugation of peptide moieties (Fig. 2 and 3, 

Table 2). A noticeable feature of the emission spectra of free porphyrins recorded in 

aqueous solution is that the maximum of the broad unstructured fluorescence band does 

not correspond to the 0,0 transition.

We recorded and decomposed the Soret bands in the absorption spectra of porphyrin 

derivatives and their conjugates at various base pair/porphyrin ratios in order to verify 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

the presence of bound species. When DNA was added to the porphyrin or porphyrin-

peptide conjugate solutions two new component bands were identified (Table 3, Fig. 4). 

We could find such spectral parameters for those component bands that were 

independent of the base pair/porphyrin molar ratio. The amplitudes of two component 

bands were increasing, and the amplitude of the main band of free porphyrins were 

diminished with increasing base pair/porphyrin ratio (Fig. 5) indicating a repopulation 

of porphyrin molecules between free and bound states in the presence of DNA. One of 

the increasing amplitude was centered around 429 nm for all the investigated 

compounds. The centers of the other new bends were 446 and 435 nm in the case of tri-

and di-cationic compounds, respectively. 

It was shown before that tetra-cationic meso-tetrakis(4-N-methylpyridyl)porphyrin 

(TMPyP) bind non-covalently to DNA by two main mechanisms: intercalation between 

base pairs or external binding in a groove. Absorption spectra of bound forms show 

characteristic features relative to the free porphyrin:  about 20 nm red shift and about 

40% hypochromicity of the Soret band for intercalation and a few nanometer red shift 

and about 5% hypochromicity for external binding [25,36,37].

The red shift and the approximate hypochromicity of increasing component bands of 

TMPCP, BMPCP and their conjugates in the presence of DNA were very similar to the 

values reported before for intercalated and externally bound tetra-cationic porphyrin 

[25,36,37].

Results of the decomposition of absorption spectra suggest that both porphyrin 

derivatives and their peptide conjugates can bind to DNA and reflect on at least two 

distinct binding modes. These binding modes may correspond to the intercalation and 
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external binding. However, the result of spectral decomposition itself can not be 

considered as an experimental evidence for the identification of binding forms.

It became also clear that the relative partition of porphyrin derivatives or their peptide 

conjugates between free and bound populations was the function not only the base 

pair/porphyrin ratio but also the structure of the compound (Fig. 4). 

In the presence of DNA the lifetime of free TMPCP and TMPCP-4P (4.2 ns and 4.9 

ns, respectively) was altered, and in both cases a shorter (2.38 ns and 3.46 ns, 

respectively) and a longer (8.64 ns and 9.50 ns, respectively) lifetime component were 

identified. These results of fluorescence decay experiments also showed the formation 

of two binding states between DNA and TMPCP or TMPCP-peptide conjugate. On the 

basis of lifetime values, one of the bound species can be recognized as intercalated the 

other one as externally bound form [25, 38].

In the case of BMPCP-peptide conjugate a short lifetime component indicated the 

formation of intercalated complex, however there was no clear evidence for the 

presence of a second binding form. This might be explained by the nil or very small 

partition of another bound porphyrin population at r=6, or by a very similar lifetime of 

free and one bound species.

To further investigate the binding modes of porphyrin derivatives and their 

conjugates, the circular dichroism spectra were measured. The size and sign of induced 

CD spectra of DNA bound porphyrins depend on a number of factors, such as 

proximity and relative orientation of transition moment of the chromophore. However, 

as it was also shown, the orientation of porphyrin electric dipole transition is unaffected 

by peripheral substituents, and generalizations concerning CD spectral patterns could 
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be anticipated [47]. It is generally accepted that a single negative band indicative for the 

intercalation [48,49], and a positive band belongs to externally bound porphyrin at 

DNA grooves [37]. Our presented results (Fig. 7) that is the presence of both positive 

and negative bands in the induced CD spectra of TMPCP, of its conjugate and of 

BMPCP-peptide conjugate suggest that in these cases both bound poprhyrin 

populations were formed. 

Splitting of fluorescence spectral bands [34] and the overall changes of absorption 

spectra in the presence of DNA indicates that TMPCP, TMPCP-peptide conjugate and 

BMPCP-peptide conjugate interacts with natural polynucleotide. Moreover, the 

evidences provided by the decomposition of absorption spectra, fluorescence decay 

components, fluorescence energy transfer and induced CD signals reveal that these 

compounds bind to DNA by two distinct binding modes. Based on the similarities 

between the characteristics of previously identified porphyrin binding forms and those 

of our compounds, the two binding modes can be identified as intercalation and 

external binding.

Up to r=30 the applied methods did not provide any experimental evidence for the 

interaction between BMPCP and DNA. Fluorescence methods and CD spectroscopy 

did not facilitate the investigation of higher base pair/porphyrin ratios. Decomposition 

of absorption spectra recorded at r>30 indicated the DNA binding of BMPCP. 

Besides the similarities, a significant difference can be recognized between the DNA 

binding of TMPCP, TMPCP-4P and BMPCP-4P2, namely the saturation of the binding 

process occurs at different base pair/porphyrin ratios. The results provided by various 
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methods are slightly different from each other, but the order of corresponding r values 

are very much the same: TMPCP-4P< TMPCP < BMPCP-4P2 << BMPCP. 

The experienced order of binding ability can be explained by the charge distribution of 

the molecules and by the consequently different electrostatic forces between porphyrin 

derivatives and DNA bases. Previous works [50,51] also demonstrated that the binding 

between cationic porphyrins with DNA is also controlled by their electrostatic nature. 

In Table 5 we summarized the charge composition of compounds, and the approximate 

base pair/porphyrin ratios (r) at which the partition of free compound becomes 

negligible in the presence of DNA. It is clear that the sterik effect of peptide moiety 

does not oppose the interaction between DNA and cationic porphyrins.  It was also 

shown that the tri-cationic structure and elimination of negative charges in the peptide 

conjugates preferable for DNA binding.

Our findings provide essential information for the future design of DNA-targeted 

porphyrin-peptide conjugates.
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Figure legends

Fig. 1. Structure of porphyrin conjugates: (A) NH2–Lys(TMPCP-Ala-D-Ala-Ala)–

CONH2, (TMPCP-4P) and (B) NH2–Lys[Lys(Ala-D-Ala-Ala-BMPCP)BMPCP-Ala-D-

Ala-Ala)]–CONH2 (BMPCP-4P2)

Fig. 2. (A) Normalized absorption spectra of TMPCP in Tris-HCl pH 7.4 (black) and 

methanol (red). (B) Soret bands of normalized absorption spectra of TMPCP (black), 

TMPCP-4P (magenta), BMPCP (blue) and BMPCP-4P2 (green) recorded in Tris-HCl 

buffer pH 7.4.

Fig. 3. Normalized fluorescence emission spectra of (TMPCP-4P) in Tris-HCl pH 7.4 

(black) and methanol (blue) without DNA and in Tris-HCl pH 7.4 in the presence of 

DNA (red). The concentration of porphyrin and of base pairs was 1µM; and 15 µM, 

respectively. The samples were excited at the corresponding absorption maxima.

Fig. 4. (A) Absorption spectra of BMPCP-4P2 at various concentration of DNA. Base 

pair/porphyrin molar ratio (r) varies between 0 and 10. (B) Decomposition of the Soret 

band of the absorption spectrum of BMPCP-4P2 recorded at r=10 (open symbols). 

Component absorption bands are identified by the position of corresponding maxima. 

Orange line shows the sum of the components; residual plot is presented at 0. 

Parameters of the components are shown in Table 3. 

Fig. 5. Relative area of the components of the absorption spectra of (A) TMPCP (open 

symbols) and TMPCP-4P (filled symbols) and (B) BMPCP (open symbols) and 

BMPCP-4P2 (filled symbols) as a function of base pair/porphyrin molar ratio (r) in 

DNA. Absorption bands are identified by the position of corresponding maxima 

indicated in the Figure.
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Fig. 6. Integrated relative fluorescence intensity of TMPCP (black), TMPCP-4P 

(magenta), BMPCP (blue) and BMPCP-4P2 (green) upon excitation at λ=260 nm as the 

function of the DNA base pair/porphyrin molar ratio (r). The concentration of 

porphyrin was 1 µM.

Fig. 7. CD spectra of TMPCP (black), TMPCP-4P (magenta), and BMPCP-4P2 (green) 

in the presence of free DNA at r=30. The concentration of porphyrin was 1 µM. 
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Table 1. RP-HPLC and ESI-MS characteristics of porphyrin derivatives and their 

peptide conjugates. 

Compounds RP-HPLCa

Rt (min)
Mw 

(calculated)b
Mw 

(measured)

Ac-Lys(Ala-D-Ala-Ala)-NH2 12.8 400.5 400.4

BMPCP 29.2 734.8 734.8

BMPCP-4P2 24.2 1499.8 1500.0

TMPCP 29.8 706.8 706.8

TMPCP-4P 28.3 1089.3 1089.3
aColumn: Phenomenex Jupiter C18 (250 mm x 4.6 mm, 5 µm, 300Å); Eluents: 0.1%TFA/water (A), 
0.1%TFA/acetonitrile-water (80:20, v/v) (B); Gradient: 0 min 0% B; 5 min 0% B; 50 min 90% B;
Flow rate: 1 mL/min; Detection: λ=220 nm
bAverage molecular masses
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Table 2. Spectroscopic properties of porphyrins in monomericTable 2. Spectroscopic properties of porphyrins in monomeric  

state in methanol and in Tris-HCl pH 7.4: centers of Soret andstate in methanol and in Tris-HCl pH 7.4: centers of Soret and  

QQxx(0,0) bands ((0,0) bands (λλSS and  and λλRR) [nm] with the corresponding molar) [nm] with the corresponding molar  

extinction coefficients (extinction coefficients (εε) [M) [M-1-1 cm cm-1-1], fluorescence emission], fluorescence emission  

maxima (maxima (λλmaxmax) [nm], fluorescence lifetimes () [nm], fluorescence lifetimes (ττ) [ns] and) [ns] and  

fluorescence quantum yields (fluorescence quantum yields ( S
FΦ ))

CompoundsCompounds SolventSolvent λλSS εε λλRR εε λλmaxmax ττFF S
FΦ

BMPCPBMPCP MethanolMethanol 421421 1.59 x 101.59 x 1055 645645 1.37 x 101.37 x 1033 708708 9.829.82 0.020.02

TRISTRIS  
bufferbuffer 418418 1.7 x 101.7 x 1055 646646 9.70 x 109.70 x 1022 698698 8.768.76 0.0180.018

BMPCPBMPCP-4P-4P22 MethanolMethanol 420420 2.37 x 102.37 x 1055 646646 1.51 x 101.51 x 1033 708708 10.410.4 0.020.02

TRISTRIS  
bufferbuffer 418418 1.73 x 101.73 x 1055 638638 9.65 x 109.65 x 1022 700700 8.998.99 0.0180.018

TMPCPTMPCP MethanolMethanol 426426 4.02 x 104.02 x 1055 651651 1.75 x 101.75 x 1033 660660 8.178.17 0.030.03

TRISTRIS  
bufferbuffer 422422 1.86 x 101.86 x 1055 641641 1.28 x 101.28 x 1033 694694 4.24.2 0.0170.017

TMPCPTMPCP-4P-4P MethanolMethanol 426426 4.62 x 104.62 x 1055 647647 1.49 x 101.49 x 1044 659659 8.168.16 0.030.03

TRISTRIS  
bufferbuffer 423423 9.8 x 109.8 x 1044 644644 1.86 x 101.86 x 1033 697697 4.94.9 0.0180.018
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Table 3. Fitted parameters of the components of Soret bandsTable 3. Fitted parameters of the components of Soret bands  

(370-490 nm) in Tris-HCl buffer (pH 7.4): (370-490 nm) in Tris-HCl buffer (pH 7.4): λλii (nm) is the center of (nm) is the center of  

the peak, the peak, wwii (nm) is the full width of the band. Index 1-2 refers (nm) is the full width of the band. Index 1-2 refers  

the parameters received for free porphyrins, index 3-4 refers thethe parameters received for free porphyrins, index 3-4 refers the  

parameters received in the presence of DNA. parameters received in the presence of DNA. Errors are less thanErrors are less than  

1 nm for 1 nm for λλii, and less than 0,5 nm for , and less than 0,5 nm for wwii..

CompoundsCompounds λλ11 ww11 λλ22 ww22 λλ33 ww33 λλ44 ww44

BMPCPBMPCP 407407 1717 418.5418.5 13.513.5 429429 77 435435 1414

BMPCPBMPCP-4P-4P22 407407 1515 418.5418.5 1111 429429 1111 435435 1616

TMPCPTMPCP 402402 1515 422422 17.517.5 429429 2525 446446 2525

TMPCPTMPCP-4P-4P 402402 1515 422422 17.517.5 429429 2525 446446 2525
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Table 4. Fluorescence lifetimes (τ) (ns) of 

porphyrin derivatives and peptide conjugates in 

the presence of T7 DNA at r=6

Compounds τ1 τ2

BMPCP 8.84 ± 23 -
BMPCP-4P2 2.36 ± 0,12 9.76 ± 0,12
TMPCP 2.38 ± 0,15 8.64 ± 0,40
TMPCP-4P 3.46 ± 0.18 9.50 ± 23

Table 5. Charge composition of compounds, and the approximate base pair/porphyrin 
ratio (r) at which the partition of free compound becomes negligible in the presence of 
DNA

__

++
22 11 00

22 BMPCPBMPCP

rr>>5050

BMPCP-4PBMPCP-4P22

r≈30r≈30

33 TMPCPTMPCP

r≈15r≈15

TMPCP-4PTMPCP-4P

r≈5r≈5
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