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Abstract Cationic porphyrin-based compounds capable of

interacting with DNA are currently under extensive inves-

tigation as prospective anticancer and anti-infective drugs.

One of the approaches to enhancing the DNA-binding

affinity of these ligands is chemical modification of func-

tional groups of the porphyrin macrocycle. We analyzed

the interaction with DNA of novel derivatives containing

carboxymethyl and ethoxycarbonylmethyl substituents at

quaternary nitrogen atoms of pyridinium groups at the

periphery of the porphyrin macrocycle. The parameters of

binding of 5,10,15,20-tetrakis(N-carboxymethyl-4-pyridinium)

porphyrin (P1) and 5,10,15,20-tetrakis(N-ethoxycarbonyl-

methyl-4-pyridinium)porphyrin (P2) to double-stranded

DNA sequences of different nucleotide content were deter-

mined using optical spectroscopy. The association constant

of P1 interaction with calf thymus DNA (K = 3.4 9

106 M-1) was greater than that of P2 (K = 2.8 9 105 M-1).

Preferential binding of P1 to GC- rather than AT-rich oli-

gonucleotides was detected. In contrast, P2 showed no

preference for particular nucleotide content. Modes of

binding of P1 and P2 to GC and AT duplexes were verified

using the induced circular dichroism spectra. Molecular

modeling confirmed an intercalative mode of interaction of

P1 and P2 with CpG islands. The carboxyl groups of the

peripheral substituent in P1 determine the specific interac-

tions with GC-rich DNA regions, whereas ethoxycarbon-

ylmethyl substituents disfavor binding to DNA. This study

contributes to the understanding of the impact of peripheral

substituents on the DNA-binding affinity of cationic por-

phyrins, which is important for the design of DNA-targeting

drugs.

Keywords DNA � Porphyrins � Affinity � Absorption �
Fluorescence � Molecular docking

Introduction

Porphyrins and their derivatives are widely used in pho-

todynamic therapy of tumors (Luo et al. 1996; Shieh et al.

2010; Tada-Oikawa et al. 2009) and beyond, also exerting

antibacterial and antiviral effects (Ding et al. 1992; Stee-

nkeste et al. 2010). Due to their unique photochemical

properties, individual porphyrin-based compounds can

be used as artificial endonucleases (Haeubl et al. 2009).
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Cationic porphyrins are one of the well-studied classes of

DNA ligands (Sari et al. 1990; Chirvony et al. 1997; Ford

and Neidle 1995; Pasternack 2003; Tjahjono et al. 2001).

These compounds are able to form various complexes with

DNA. Peripheral substituents as well as metal ions in the

porphyrin macrocycle significantly influence the mode of

binding, that is, intercalation or binding to the DNA

minor groove. Tetrakis-(N-methyl-4-pyridinium)porphyrin

(TMPyP4), the cationic pyridinium derivative of porphyrin

with methyl substituents at the positively charged nitrogen

atom of the pyridinium ring, shows high affinity to double-

helical DNA. Importantly, the primary DNA structure

plays the decisive role in determining the mode of binding:

TMPyP4 intercalates between GC base pairs and also

interacts with AT base pairs in the DNA minor groove (Hui

et al. 1990; Ford and Neidle 1995; Kim et al. 2004). Fur-

thermore, a positive charge at the periphery of the por-

phyrin macrocycle plays a key role in porphyrin–DNA

interactions. For example, tetracationic para-substituted

pyridinium derivatives exhibit the highest affinity to DNA

compared with meta- and ortho-substituted methyl pyridi-

nium porphyrins (Sari et al. 1990; Dutikova et al. 2010).

The presence of a central metal ion in the macrocycle

greatly affects the type of binding and the affinity to DNA

(Tjahjono et al. 2001).

In search of optimized porphyrin-based DNA ligands,

new derivatives with various moieties at the periphery of

the cationic porphyrin have been synthesized (Frau et al.

1997; Biron and Voyer 2005; Garcia et al. 2009; Mezo

et al. 2011; Berezin et al. 2007). Introduction of carboxy-

methyl and ethoxycarbonylmethyl substituents resulted in

increased water solubility due to the relatively large vol-

ume of the substituents and the decreased energy of the

crystalline state of these compounds (Berezin et al. 2007).

However, thermodynamic parameters of binding of these

ligands to DNA remained unknown. In the present study

we examined the effect of carboxymethyl and ethoxycar-

bonylmethyl substituents at the periphery of tetracationic

pyridinium porphyrin (Fig. 1) on their affinity to DNA of

different nucleotide content. We also elucidated the role of

the carboxyl groups in these substituents in drug–DNA

interaction and analyzed the types of the complexes formed

by the new compounds and DNA.

Materials and methods

Reagents

5,10,15,20-Tetrakis(N-carboxymethyl-4-pyridinium)porphy

rin tetrachloride (P1) and 5,10,15,20-tetrakis(N-ethox-

ycarbonylmethyl-4-pyridinium)porphyrin tetrachloride (P2)

(Fig. 1) were synthesized in Ivanovo State University of

Chemistry and Technology (Berezin et al. 2007) by alkyl-

ation of meso-5,10,15,20-tetrapyridylporphyrin with chlo-

roacetic acid (P1) or ethyl chloroacetate (P2) in refluxing

dimethylformamide.

Calf thymus DNA (ctDNA) was purchased from Sigma-

Aldrich, USA. Oligonucleotides d(AT)20 and d(GC)20 were

synthesized and high-performance liquid chromatography

(HPLC)-purified by Lytech, Moscow. Concentrations of the

oligonucleotides in aqueous solutions were determined

based on ultraviolet (UV) absorbance at 260 nm, 90 �C.

The following molar extinction coefficients were used:

e[d(AT)20] = 10,250 M(N)-1 cm-1 and e[d(GC)20] =

8,000 M(N)-1 cm-1. The concentration of ctDNA (moles

of nucleotides, N) was determined in sodium phosphate

buffered solution at 20 �C using the molar extinction coef-

ficient e[ctDNA] = 6,600 M(N)-1 cm-1. Stock solutions of

P1 and P2 (100 lM each) were prepared by dissolving

the dry compounds in water. Oligonucleotides d(AT)20 and

d(GC)20 were heated to 90 �C and then slowly cooled down

to room temperature to form double-stranded DNAs (AT and

GC duplexes, respectively). The porphyrin–DNA complexes

were formed at 20 �C in solutions containing 1 lM of P1 or

P2, 20 lM (N) of ctDNA or oligonucleotides, 100 mM

NaCl, and 10 mM sodium phosphate, pH 7.8.

Instruments

The absorption spectra of the porphyrin–DNA complexes

were recorded in the 350–500 nm wavelength region using

a Jasco V-550 spectrophotometer. Fluorescence emission
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Fig. 1 Derivatives of 5,10,15,20-tetrakis(4-N-pyridinium)porphy-

rin with peripheral carboxymethyl and ethoxycarbonylmethyl

substituents
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spectra were registered with a Cary Eclipse spectrofluo-

rimeter (Varian) over the wavelength region of

600–800 nm. The excitation wavelength was k = 435 nm.

Fluorescence decay curves were obtained using EasyLife

VTM (OBB) upon excitation with a pulsed light-emitting

diode (LED) with peak emission at 435 nm. A filter

transmitting at wavelengths above 590 nm was used.

Fluorescence lifetimes (s) were calculated with FelixGX

software using mono- or biexponential decay laws. The

results of three measurements of lifetime were averaged.

Circular dichroism (CD) spectra in the 220–480 nm region

were recorded using a Jasco-715 spectropolarimeter.

Quantum yield of fluorescence

The relative quantum yield of fluorescence was calculated

using absorption and fluorescence emission spectra. Areas

under the curves of fluorescence spectra were normalized

to units of absorbed photons (Borisova et al. 1991; Magde

et al. 2002). The absolute quantum yield was estimated

relative to a solution of carboxyfluorescein (Magde et al.

2002) (see ‘‘Results and discussion’’).

Adsorption isotherms

The adsorption isotherms of P1 and P2 were generated from

ligand absorption at k = 422 nm upon titration with DNA

of various nucleotide content. The following concentrations

were used: P1 (1 lM) was titrated with ctDNA [2–100 lM

(N)] or the GC duplex [0.8–50 lM (N)]; P1 (14 lM) was

titrated with the AT duplex [10–400 lM (N)]; P2 (1 lM)

was titrated with ctDNA [2.4–110 lM (N)] and with the GC

duplex (0.8–8.1 lM); P2 [16 lM (N)]—with the AT duplex

[10–400 lM (N)]. Changes in concentrations due to dilu-

tion were taken into account. The concentration of the

bound ligand at k = 422 nm was calculated by the equation

Cb ¼
e� ef

eb � ef

� C0; ð1Þ

where C0 is the concentration of a ligand in the sample, and

e, ef and eb are the molar extinctions of the ligand in the

sample, free ligand, and bound ligand, respectively. The

association constant K was determined by approximation

of experimental isotherms constructed in Scatchard

coordinates with the equation describing the model of

independent binding of the extended ligand to a linear

lattice (McGhee and von Hippel 1974):

r

Cf

¼ Kð1� n � rÞ 1� n � r
1� ðn� 1Þ � r

� �ðn�1Þ
; ð2Þ

where K is the association constant, r is the average

number of bound ligand molecules per one base pair

r = Cb/CDNA, and n is the number of base pairs bound to

one molecule of the ligand (exclusion length).

Molecular modeling of porphyrin–DNA complex

The atomic position coordinates of the DNA duplex were

taken from nuclear magnetic resonance (NMR) data of the

intercalative complex with ellipticine (PDB ID: 1Z3F).

Partial atomic charges on DNA atoms were determined by

the Gasteiger–Hückel method (Gasteiger and Marsili

1978) using SYBYL 8 (SYBYL 8.0, Tripos International,

1699 South Hanley Rd., St. Louis, Missouri, 63144, USA)

molecular graphics software package. Unfavorable van

der Waals interactions in the duplex structure were

removed by short minimizations using SYBYL 8.0 and

the Powell (1977) method with the following parameters:

TRIPOS force field, nonbond distance cutoff of 8 Å, the

distance-dependent dielectric function, simplex initial

optimization, convergence threshold of 0.05 kcal/mol Å,

and cutoff for iterations of 500 cycles. The distance

constraints were applied to the H-bond donor and acceptor

atoms to preserve the H-bond network in the minimization

procedures. Partial atomic charges on ligand atoms were

calculated by the PM3 (Stewart 2007) quantum-mechan-

ical semi-empirical method by the application of the

MOPAC 7.0 package included in Vega ZZ (Pedretti et al.

2004).

To define the most probable binding site for the ligand

in the duplex, the procedure of flexible ligand docking to

the full surface of a rigid duplex was performed using

AUTODOCK 4.2 (Morris et al. 2009). Preparation of the

target and ligands for docking was performed using the

program AutoDockTools (ADT version 1.5.4), in which

the partial atomic charges on the ligand’s and target’s

atoms were preserved. The grid maps of docking studies

were computed using AutoGrid4. The grid center was

placed at the target center, and 90 9 90 9 90 points with

grid spacing of 0.375 were calculated. The genetic algo-

rithm local search (GA-LS) method was applied to find the

most probable binding site. The following parameters for

GA-LS were used: number of GA runs 10, maximal

number of energy evaluations 250,000, maximal number of

generations 27,000, and mutation and crossover rates of

0.02 and 0.8, respectively. Pseudo-Solis & Wets parame-

ters were used for local search; the number of iterations

was set to 300. The starting position and conformation of

ligands were random. The step of rotation of torsion angle

was equal to 50�. After docking, all generated structures

were clustered up with root mean square (RMS) tolerance

of 2 Å from the lowest-energy structure. The DNA–ligand

complex was visualized using Chimera v1.5.3 (Pettersen

et al. 2004).
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Results and discussion

Interaction of P1 and P2 with DNA detected by UV

absorption spectroscopy

Formation of complexes of P1 and P2 with ctDNA, GC and

AT duplexes was detected by changes in the absorption

spectra of porphyrins in the Soret band, 380 \ k\ 480

nm. P1 and P2 demonstrated similar optical properties

under our experimental conditions. The absorption spectra

of free P1 and P2 molecules (Fig. 2, open circles) showed a

maximum at k = 422 nm with molar extinction coefficient

e = (2.2 ± 0.1) 9 105 M-1 cm-1. Binding of P1 and P2

to DNAs caused a long-wavelength (bathochromic) shift in

the absorption spectra, while the intensities of the absorp-

tion bands decreased (a hypochromic effect) (Fig. 2). The

observed spectral changes are characteristic of porphyrin–

DNA interactions (Hui et al. 1990; Ford and Neidle 1995;

Kim et al. 2004; Sari et al. 1990).

Interaction of P1 and P2 with ctDNA (Fig. 2a, d) caused

a bathochromic shift (11 and 7 nm, respectively). The

hypochromic effect upon binding to ctDNA was similar for

both compounds. Typically, the extinction values of

cationic porphyrins at their absorption maximum are

reduced by a factor of 1.7 upon binding to ctDNA. A

certain imprecision of the isosbestic point at k & 436 nm

(Fig. 2a) suggests the presence of a minor, spectrally dif-

ferent form(s) along with the main form of P1 bound to

ctDNA. This may be due to the interaction of P1 with

ctDNA regions of different nucleotide content.

To obtain spectral characteristics of complexes formed

by P1 and P2 with AT- and GC-rich DNA, we used AT

and GC duplexes. A considerable bathochromic shift

(*22 nm) in the absorption spectra occurred upon P1 and

P2 complexation with the GC duplex (Fig. 2b, e). Figure 2

shows a twofold decrease of extinction at the absorption

maximum upon P1 binding to this duplex.

Formation of P1 and P2 complexes with the AT duplex

(Fig. 2c, f) was accompanied by an 8 nm bathochromic

shift. This effect was similar for both compounds; for P2

there was also a slight hypochromic effect. Of note,

spectral changes upon interaction of P1 or P2 with GC and

AT duplexes were characterized by isosbestic points at

438 and 427 nm, respectively, suggesting a single partic-

ular type of complexes formed by P1 and P2 with AT or

GC duplexes.
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Fig. 2 Changes in absorption spectra (Soret band) of P1 and P2 upon

addition of DNA. Titration of P1 with: a ctDNA, b GC duplex, c AT

duplex. Titration of P2 with: d ctDNA, e GC duplex, f AT duplex.

Open circles spectra of free compounds, filled circles spectra of

DNA–ligand complexes
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Parameters of P1 and P2 binding to DNA

The adsorption isotherms in Scatchard coordinates are

given in Fig. 3a–c. The shapes of the binding curves

(Fig. 3) indicate an anticooperative mode of ligand binding

to DNA. Approximation of the experimental points with

Eq. (2) (see ‘‘Materials and methods’’) provided the asso-

ciation constant values (K) and exclusion lengths

(n) (Table 1).

The P1 and P2 molecules bound to ctDNA occupied

approximately 3 and 2 bp, respectively (Table 1). It is

noteworthy that P2 carries bulkier substituents in its side-

groups but occupies fewer base pairs on ctDNA than P1,

perhaps because the substituents in the side-groups of P2

do not interact with DNA.

Most importantly, P1 showed the greatest affinity to

ctDNA and the GC duplex. The association constants of P1

are much larger than those of P2 for the complexes with the

respective DNAs. One may hypothesize that the formation

of additional bonds between the side-substituents of P1 and

DNA can increase the affinity of P1 to ctDNA and the GC

duplex. Furthermore, P1 demonstrated stronger preference

for binding to GC pairs than to AT pairs (Table 1). The

association constant of the P1 complex with the GC duplex

is seven times greater than that of the complex P1:AT

duplex. In contrast, P2 demonstrated lower preference for

the GC duplex: the K value for the GC duplex was only

twofold greater than for the AT duplex. Preference for GC

base pairs is typical for intercalative ligands (Borissova

et al. 1972). Interestingly, the affinity of P1 and P2 to

ctDNA was somewhat greater than to the GC duplex

(Table 1), probably due to preferential intercalation of the

ligands into an alternative favorable site, namely, a 50-TpG

stacking contact (Jain and Rajeswari 2002). Thus, we

showed that the carboxyl groups of P1 confer increased

affinity for GC-rich DNA regions. The carboxyl group may

be a hydrogen bond donor, thereby contributing to the

increased P1 binding to DNA.

The K value of P1 is compatible with the association

constant of the porphyrin derivative TMPyP4 with ctDNA

(4–6 9 106 M-1, a value approximated for corresponding

ionic conditions) (Sari et al. 1990; Strickland et al. 1988).

At the same time, TMPyP4 did not demonstrate any pref-

erence for GC pairs. We conclude that the carboxymethyl

group determines the specificity of the interaction between

porphyrins and GC-rich DNA regions.

Modes of P1 and P2 binding to DNA duplexes

The modes of binding of P1 and P2 to GC and AT duplexes

and ctDNA were determined by the induced CD bands in

the Soret region (Fig. 4). The sign of the induced CD signal

in the Soret region, a marker of a porphyrin binding mode

for synthetic polynucleotides, can be extended to natural

DNAs at low drug occupancies (Pasternack 2003). The

critical angle for the CD signal change in the Soret region

lies between porphyrin orientation perpendicular to the

helix axis (as for an intercalative complex) and a porphyrin
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Fig. 3 Isotherms of P1 (open circles) and P2 (filled circles) binding with DNA of different base content. a ctDNA, b GC duplex, c AT duplex

Table 1 Parameters of binding

of P1 and P2 to DNA of various

base content

Cmpd ctDNA GC duplex AT duplex

K, 105 M-1 n, bp K, 105 M-1 n, bp K, 105 M-1 n, bp

P1 34.1 ± 2.0 2.7 ± 0.2 21.1 ± 0.6 3.0 ± 0.1 3.0 ± 0.4 2.0 ± 0.2

P2 2.8 ± 0.2 2.2 ± 0.1 2.1 ± 0.1 1.9 ± 0.1 1.0 ± 0.2 1.9 ± 0.3
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nestled in a minor groove of a double helix (Pasternack

2003). Figure 4 shows that the induced CD signals of P1

and P2 in the Soret region are close. Binding to the AT

duplex results in a positive induced CD signal (Fig. 4,

squares), while the binding to the GC duplex brings about a

negative signal (Fig. 4, triangles). The shapes of induced

CD spectra of P1 and P2 bound to ctDNA represent a

mixture of positive and negative bands (Fig. 4, circles).

These data indicate the intercalative mode of binding of P1

and P2 to the GC duplex and the groove binding of these

porphyrins to the AT duplex. Binding to ctDNA includes

both intercalative and groove-binding modes.

Fluorescence of complexes of P1 and P2 with DNA

duplexes

The fluorescence emission spectra of free and bound P1

and P2 are shown in Fig. 5. The fluorescence intensities of

free P1 and P2 were close to those of the ctDNA-bound

compounds. However, the shapes of the spectra changed

dramatically: the fluorescence intensity was redistributed

between 655 and 715 nm bands. The more pronounced

peaks in the fluorescence spectra indicate limited vibra-

tional degrees of freedom of the fluorophore upon binding

to DNA.

The fluorescence intensity of each compound reduced

more than threefold upon binding to the GC duplex (Fig. 5,

triangles). This effect is typical for many intercalative

ligands whose fluorescence is quenched due to complex

formation with charge transfer (Jain and Rajeswari 2002;

Borissova et al. 1972; Jasuja et al. 1997). The fluorescence

spectra of P1 and P2 bound to the GC duplex showed band

shifts from 655 to 665 nm and from 715 to 730 nm,

respectively (Fig. 5, filled circles and triangles). Thus, P1

and P2 binding to the GC duplex forms weakly fluorescent

complexes quenched by GC base pairs. The fluorescence

intensity of P1 and P2 increased five- to sixfold due to

interaction with the AT duplex. The intensities of the

fluorescence bands at 655 and 715 nm increased (Fig. 5,

squares). As for the porphyrin–GC binding, the distinct

maxima in the fluorescence spectra of AT-bound ligands

argue for the restricted vibrational degrees of freedom of

the fluorophores (Chirvony et al. 1997).

Fluorescence lifetimes and quantum yields of P1 and P2

complexes with DNA duplexes

Absolute fluorescence quantum yields (q0) of P1 and P2 in

buffer solution were calculated relative to the known

fluorescence quantum yield of carboxyfluorescein (Magde

et al. 2002) (qfl = 0.93): q0 = 0.0093 for P1 and

q0 = 0.0086 for P2. Fluorescence quantum yields (q) of P1

and P2 complexes with DNA were calculated and are

presented as q/q0 in Table 2. The q/q0 values of P1 and P2

changed slightly upon binding to ctDNA, increased two-

fold in complexes with the AT duplex, and decreased by

factors of 3.5 and 2, respectively, in complexes with the

GC duplex. These data indicate that the formation of the

complexes with GC base pairs led to significant quenching

of fluorescence of both P1 and P2. Similar results have

been reported for TMPyP4 (Chirvony et al. 1997).

To clarify the mechanism of the fluorescence change

upon P1 and P2 binding to DNA of different base content,

we studied the fluorescence decay kinetics (Fig. 6). The

experimental conditions provided mean occupancy

r B 0.1; the unbound ligand concentration did not exceed

2 % for P1 or 10 % for P2. For detailed characterization of

the fluorescence decay, deconvolution of the experimental

curves and their approximation with one- or two-expo-

nential decay equations were performed. Table 2 shows the

calculated fluorescence decay times of the first and second

components (s1 and s2) and their proportions (a1 and a2)

that are dependent on the concentration of each component.

The si/s0 values calculated relatively to free ligand (s0) are

given for comparison with the fluorescence quantum yield

q/q0 in Table 2.

The fluorescence decay curves of unbound P1 and P2

fitted well with a mono-exponential equation. This fitting

corresponds to a single fluorescent form of P1 and P2 in

aqueous solution. The fluorescence lifetimes of free P1

and P2 molecules were the same within experimental

error: s0 = 4.8 ± 0.1 and s0 = 4.6 ± 0.1 ns, respectively.
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fluorescence quantum yields of
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s1, ns a1 s1/so s2, ns a2 s2/so q/qo

P1

Free 4.8 ± 0.1 1 1.00 1

dsAT 10 ± 0.2 1 2.08 2.2

dsGC 0.7 ± 0.1 0.65 0.15 5.3 ± 0.2 0.35 1.10 0.28

ctDNA 0.7 ± 0.1 0.47 0.15 10 ± 0.3 0.53 2.08 0.85

P2

Free 4.6 ± 0.1 1 1.00 1

dsAT 8.6 ± 0.1 1 1.87 2.0

dsGC 0.6 ± 0.1 0.61 0.13 4.2 ± 0.2 0.39 0.91 0.48

ctDNA 0.5 ± 0.1 0.52 0.11 8.1 ± 0.2 0.49 1.76 0.92
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Fig. 6 Fluorescence decay curves of P1 (a) and P2 (b) for: free

compounds (open circles), complexes with ctDNA (filled circles),

complexes with GC duplex (filled triangles), and complexes with AT

duplex (filled squares). Solid curve is an instrument response factor.

Fluorescence intensity at the maximum of decay curves was taken as

a unit
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Slightly different lifetimes of P1 and P2 are consistent with

absolute quantum yields of fluorescence (see above). The

fluorescence decay curves of P1 and P2 bound to the AT

duplex can be described by a mono-exponential equation.

Fluorescence lifetimes (s) increased approximately twofold

compared with s0 of free molecules: s = 10 ± 0.2 ns for

P1:AT duplex and s = 8.6 ± 0.1 ns for P2:AT duplex

(Table 2). A twofold increase in the fluorescence lifetime

corresponds to the same increase in the quantum yield of

fluorescence of P1 and P2 bound to the AT duplex

(Table 2). Such an increase in q and s may be due to

restriction of vibrational degrees of freedom of bound

fluorophores and their shielding from water molecules.

The fluorescence decay curves of P1 and P2 bound to

the GC duplex were fitted with a two-exponential equation.

The fluorescence decay times (s1) of the short-lived com-

ponent of P1 and P2 complexes with the GC duplex were

0.7 ± 0.1 and 0.6 ± 0.1 ns, respectively, with a large

proportion of the short-lived component (60–65 %). Life-

times of the long-lived component (s2) of P1 and P2 bound

to the GC duplex (5.3 and 4.2 ns, respectively) were close

to s0 of free ligands in solution. The presence of the short-

lived component is consistent with a charge-transfer com-

plex between GC pairs and the intercalated porphyrin

(Chirvony et al. 1997; Borissova et al. 1972).

The presence of two types of complexes is evident from

the fluorescence decay curves. The lifetimes of the short-

lived components, 0.7 ± 0.1 and 0.6 ± 0.1 ns, for P1 and

P2, respectively, were consistent with the interaction of the

ligands with GC pairs and the formation of the charge-

transfer complexes. The lifetimes of the long-lived com-

ponents, 10.0 ± 0.3 and 8.1 ± 0.2 ns, for P1 and P2,

respectively, coincided with the lifetimes of the complexes

with the AT duplex (Table 2).

Thus, the fluorescence characteristics of P1 and P2

complexes with DNAs differed depending on the nucleo-

tide content. Our data provide evidence for intercalative

complexation with the GC duplex and for groove binding

with the AT duplex. Heterogeneity of P1 and P2 complexes

with a mixed DNA sequence arises from different modes of

binding to GC contacts and to AT-rich regions.

Molecular modeling of interaction of P1 and P2

with dsDNA

To illustrate the intercalative type of complexes of P1 and

P2 with d(GC)20, we performed molecular modeling of

these interactions (Fig. 7). The coordinates of a DNA

complex with ellipticine were chosen for docking (PDB

ID: 1Z3F). In that complex, the ellipticine molecule

intercalates into a CpG stacking contact. The ellipticine

molecules were removed from the DNA structure, and the

DNA coordinates were used as a rigid target for docking.

The scoring function values for the energy of DNA–ligand

interaction were calculated for different ligand conformers

formed during the docking procedure and located in vari-

ous positions on the DNA surface. The solvent effect was

taken into account. The value of the estimated energy for

the intercalative complex appeared to be more advanta-

geous than those for any other positioning of the ligand,

and the conformers of nonintercalative binding were

excluded from further consideration. Figure 7 presents the

best pose of P1 (left) and P2 (right) docked into a

CGA:TCG DNA region. The model shows the best com-

plex with porphyrins intercalated into the space previously

occupied by ellipticine. The resulting complex is stabilized

by p-electron interactions between the porphyrin macro-

cycle and GC pairs, as well as by electrostatic interactions

between positively charged nitrogen atoms of the porphy-

rin’s pyridinium ring and DNA phosphates. Furthermore,

the formation of three hydrogen bonds by carboxyl groups

of P1 is suggested in the model. Two hydrogen bonds

between P1 carboxyl groups and the phosphate oxygen of

cytosines (in different strands) were observed. We also

suggest the formation of an additional H-bond due to the

proximity of the P1 carboxyl group to O5 of the adenine

sugar. Thus, three carboxyl groups of P1 are able to interact

with DNA, whereas the fourth carboxyl group is located at

a considerable distance from DNA. On the other hand, no

hydrogen bonds in the P2 intercalative complex were

observed. The estimated interaction energy for the best

porphyrin:DNA complex was -10.6 kcal/M (Ki = 16 nM)

for P1 and -9.13 kcal/M (Ki = 203 nM) for P2. The cal-

culated inhibition constants Ki are consistent with the

experimental values derived from the spectroscopy data.

The model portrays the intercalation of P1 and P2 into a

CpG island from the major groove (Fig. 7); one free car-

boxyl group of P1 projects into the major groove. Given

that the carboxyl groups of P1 are located far from DNA

bases, one can assume that the observed preference for GC-

rich regions may be attributed to the cost-effective

p-electron interactions of the porphyrin macrocycle with

GC pairs. This assumption is in agreement with the data

reported for other derivatives of cationic porphyrins (Hui

et al. 1990).

Conclusions

The effects of carboxyl substituents on the interactions of

cationic porphyrins with double-helical DNA of different

nucleotide content were studied using absorption and

fluorescence spectroscopy, and measurements of fluores-

cence quantum yield and lifetime. The association constant

of P1 complexes with ctDNA (3.4 9 106 M-1) was found

to be considerably greater than that of P2:ctDNA
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complexes (2.8 9 105 M-1). Furthermore, preferential

binding to guanine-rich DNA regions was demonstrated for

P1, and the intercalative mode of P1 and P2 binding to GC

stacking contacts was verified. Both compounds bound to

the minor grooves of AT stretches. A possibility of com-

plex formation with electron transfer was shown for P1 and

P2 intercalation between GC base pairs.

Using the docking procedure, we built a model

of interaction of P1 and P2 with the double helix

CGA:TCG. The model supported the intercalative mode

of binding. Apparently, the bulky substituents at the

positively charged nitrogen atom in the pyridinium ring of

the porphyrin may hinder groove binding of P1 and P2 to

the CGA:TCG region. We identified chemical moieties at

the periphery of the porphyrin macrocycle involved in

interaction with DNA. Importantly, the carboxyl groups

of the substituent in P1 determine a specific interaction

with GC-rich regions of DNA. On the contrary, ethoxy-

carbonylmethyl substituents at the periphery of the tetra-

cationic pyridinium porphyrin make binding to DNA less

favorable.

A significant preference of P1 for GC-rich DNA regions

and the formation of additional hydrogen bonds between

carboxyl groups and DNA make possible a directional

effect of the compound on different genome regions. It

should be emphasized that one out of four carboxyl groups

in P1 does not participate in interaction with DNA.

This moiety can be used for chemical modifications to

generate novel high-affinity DNA-targeting derivatives

of porphyrins.

Fig. 7 Docking of P1 (left) and P2 (right) into a CGA:TCG DNA

region. Top view parallel to the helical axis; bottom view from the

major groove. DNA is presented schematically; the surface corre-

sponding to van der Waals radii of DNA atoms is shown in

translucent gray. The carbon atoms in porphyrins are depicted in

black, the hydrogen atoms in white, nitrogen in blue, and oxygen in

red
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