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ABSTRACT: We studied the complex formation of tetrakis(4-N-methylpyridyl)porphyrin (TMPyP) with
double stranded DNAs and T7 phage nucleoprotein complex. We analyzed the effect of base pair
composition of DNA, the presence of capsid protein, and the composition of the microenvironment on
the distribution of TMPyP between binding forms as determined by the decomposition of porphyrin
absorption spectra. No difference was found in the amount of bound TMPyP between DNAs of various
base compositions; however, the ratio of TMPyP binding forms depends on the AT/GC ratio. The presence
of protein capsid opposes the binding of TMPyP to DNA. This behavior offers a possibility to investigate
the protein capsid integrity due to the analysis of porphyrin binding. Increasing ionic strength of monovalent
ions decreases the amount of bound porphyrin through the inhibition of intercalation, but does not influence
the quantity of groove-binding forms when TMPyP interacts with isolated DNA. In the case of the
nucleoprotein complex the groove-binding is also inhibited already at 140 mM ionic strength. The presence
of 1 mM divalent cations (Mg2+, Ca2+, Cu2+ and Ni2+) in a buffer solution of 70 mM ionic strength does
not influence significantly the free to bound ration of TMPyP when it interacts with isolated DNA. The
contribution of binding forms is remarkably different in Mg2+/Ca2+ and Cu2+/Ni2+ containing solutions.
Transition metals significantly decrease the binding sites for intercalation in both DNA and nucleoprotein
complex, but facilitate the groove-binding of TMPyP to isolated DNA.

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 (1). Using UV/visible absorp-
tion (2, 3) and fluorescence spectroscopy (3-5), circular and
linear dichroism measurements (3, 6), competition binding
experiments (7), DNA footprinting (8), and molecular
modeling (8-10) 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 presence
and the type of the central metal ion in porphyrin and on
the peripheral substituents (11).

Given these biochemical properties, three main application
fields of the cationic porphyrins have been developed in the
past decade. These are the DNA-targeted photodynamic
inactivation of microorganisms (12, 13), the probing of the
secondary and tertiary structure of nucleic acids (14, 15),
and the recognition of biomacromolecules using nanoparticles
functionalized with cationic side chains (16, 17). For these
tasks, characterization of the environmental factors which
influence the magnitude and the mode of the DNA-binding
is particularly important. Among those factors, the effect of

the ionic strength (18, 19) and the base pair composition
(AT/GC ratio) of DNA (20, 21) have been documented.

The binding constants of TMPyP1 to homogeneous DNAs
have been determined under various experimental conditions
(19). The binding constant with natural polynucleotide calf
thymus DNA has been also estimated by several authors;
however, the technique used earlier gave only a global
apparent binding constant irrespective of the mode of binding
to DNA (22, 23). Moreover, the binding of cationic por-
phyrins to nucleoprotein complexes has not been analyzed
before. However, for the design of certain applications of
cationic porphyrins, such as the photoinactivation of viruses
or molecular recognition of various DNA sequences, not only
the amount of bound porphyrin but also the expected
concentration of specific binding modes can be critically
important.

Recently, we described a method (24), based on the
decomposition of the Soret band of porphyrin absorption
spectra, which facilitates the identification and quantitative
characterization of tetrakis(4-N-methylpyridyl)porphine (TM-
PyP) binding forms even in their mixtures, as they are when
TMPyP binds to natural DNA.

The aim of the present work is the quantitative analysis
of intercalative and groove binding forms of tetrakis(4-N-
methylpyridyl)porphine under various experimental condi-
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tions. Using our method presented before, we determine the
relative quantity of intercalative and groove-binding forms
as a function of the ionic strength and composition of the
buffer solution, of temperature, and of the AT/GC ratio of
natural polynucleotide. Moreover, we attempt to track the
effect of the higher-order structural changes of the poly-
nucleotide when transforming from its encapsidated to its
native form.

MATERIALS AND METHODS

meso-Tetrakis(4-N-methylpyridyl)porphyrinwas purchased
from Porphyrin Products. It was stored at 4°C in powder
form or as a stock solution in distilled water. Before
experiments it was diluted to buffer solution composed of
20 mM Tris-HCl and 50 mM NaCl adjusted to pH) 7.4.
Deoxyribonucleic acid isolated fromMicrococcus luteus
(lysodeikticus) (Sigma-Aldrich, Germany) and from chicken
erythrocyte (Reanal, Hungary) was stored at 4°C in powder
form or as a stock solution in distilled water. Before
experiments they were dialyzed against buffer solution
described above. The typical length of DNA fragments was
10-20 kbase pair, as it was checked by gel electrophoresis.

Composition of Tris-HCl buffer solutions of various ionic
strengths (µ) are summarized in Table 1. Divalent cations
Ca2+, Cu2+, Ni2+ were added to Tris-HCl buffer of 70 mM
ionic strength.

T7 bacteriophage(ATCC 11303-B7) was grown on
Escherichia coli(ATCC 11303) host cells. Cultivation and
purification were carried out according to the method of
Strauss and Sinsheimer (25). The phage suspension was
concentrated on a CsCl gradient and dialyzed against Tris-
HCl buffer (pH ) 7.4) of 70 mM ionic strength (26). The
concentration of T7 bacteriophage was determined from its
optical density using a molar absorptivity ofε260 ) 7.3 ×
103 (mol nucleotide bases‚L-1‚cm-1) in phosphate buffer.

Preparation of DNA.DNA was prepared from phages by
incubating with 0.5% SDS (Sigma) for 30 min at 65°C;
then the protein-SDS complex was precipitated with 1 M
KCl (Sigma) on ice for 10 min (27). The precipitate was
centrifuged twice for 10 min in an Eppendorf microcentrifuge
at 13 000 rpm, and the DNA was precipitated with ethanol
from the supernatant. The pellet was washed with 70%
ethanol and suspended in buffer solution, 20 mM Tris-HCl
and 50 mM NaCl, pH) 7.4, and the amount of DNA was
determined spectrophotometrically. The quality of DNA was
checked by electrophoresis and by its absorption spectrum.

Absorption Spectroscopy.Ground-state absorption spectra
of TMPyP solutions were recorded with 1 nm steps and 2
nm bandwidth by use of a Cary 4E (Varian, Mulgrave,
Australia) spectrophotometer at various DNA or NP con-
centrations. The composition of solutions was expressed in
terms of anr number representing the molar ratio of DNA

base pairs to TMPyP molecules. Spectral changes due to the
adsorption or aggregation of porphyrin were not taken into
consideration because the adsorption of TMPyP on the
cuvette wall was less than 5% during 30 min and the free
porphyrin was in the monomeric state in all samples.

Decomposition of Absorption Spectra.Absorption spectra
of TMPyP bound to DNA or NP were analyzed with the
method described before (24). Briefly, the spectral decom-
position was performed for absorption spectra [A(λ), absor-
bance versus wavelength] of the series of TMPyP-DNA and
TMPyP-NP solutions with various base pair/porphyrin
molar ratios (r). All of the spectra were analyzed in the 390-
480 nm wavelength range.

For fitting we used the Gaussian multipeak fit routine from
the Microcal Origin software. The error of the fit was
determined as

For further analysis of absorption spectra we made the
following assumptions:

(1) All of the measured spectra [A(λ)] can be considered
as a sum of three component spectra belonging to three
possible porphyrin states, namely, to free [AF(λ)], to exter-
nally bound [AE(λ)], and to intercalated [AI(λ)] porphyrins:

(2) The spectrum of each state [AX(λ)] can be fitted as a
sum of two Gaussians, a band [Ax(λ)] and its shoulder [A′x(λ)]
(see Figure 1):

Ax andA′x are the total areas under the curves;λx andλ′x
are the centers of the peaks;wx andw′x are the full widths
for the band and for the shoulder, respectively.

Table 1: Composition and Ionic Strength (µ) of Tris-HCl Buffer
Solutions

µ
(mM)

Tris-HCl
(mM)

NaCl
(mM)

67 20 50
135 40 100
195 40 160
395 40 360

FIGURE 1: Schematic interpretation of spectral decomposition of
TMPyP absorption spectrum between 390 and 480 nm: absorption
spectrum of one state [AX(λ)] (bold line) and its component spectra,
main band [Ax(λ)] (thin line) and its shoulder [A′x(λ)] (dotted line).
Spectral parameters: The width (w andw′) and center of the peak
(λ andλ′) are indicated.
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(3) The ratio ofA′x to Ax is constant at different populations
of one state and can be expressed as

Table 2 showsRx values determined in our previous work
(24). The spectral parameters of TMPyP species and corre-
sponding molar absorptivities at the maximum of the
spectrum (ε) are also presented in Table 2.

RESULTS AND DISCUSSION

Influence of DNA Structure.In our previous work (24)
we proved the presence of two main binding types of
TMPyP, i.e., external binding and intercalation both in free
and in encapsidated DNA. However, the spectral properties
of bound species, especially those of externally bound forms,
were found to be different in the case of two DNA
conformations (see Table 2). TMPyP-DNA and TMPyP-
NP complexes can be analyzed using “DNA model” and “NP
model”, respectively. Here we aim to provide further
evidence for the role of DNA structure in the TMPyP-
nucleic acid interaction.

A solution of TMPyP was prepared and completed with
T7 NP to get a base pair/porphyrin ratior ) 5. Absorption
spectra of this solution were recorded at various temperatures
between 20 and 70°C. Using NP model, the relative

concentration of TMPyP species and the fitting errors (ø2)
were determined. As it is presented in Figure 2A, at room
temperature most of the TMPyP molecules are in free state
if r ) 5. Between 40 and 60°C a significant redistribution
of TMPyP can be observed. The relative contribution of both
bound species gradually increases, and the complete binding
is reached when the temperature is as high as 60°C.

Parallel to the temperature dependent redistribution of
TMPyP, a significant increase in the fitting error can be
recognized indicating the increasing inaccuracy of fitting
procedure (Figure 2B). The opposite tendency can be
observed in the changes ofø2 if the whole spectral analysis
is made with DNA model (data not shown).

A similar experiment and spectral analysis was made with
TMPyP and isolated T7 DNA. The results presented in
Figure 2C and 2D show that the temperature has a little effect
on the TMPyP complexation to isolated DNA.

The temperature dependent complexation of TMPyP to
encapsidated DNA can be explained by the corresponding
structural changes of T7 nucleoprotein. A phase transition
of the phage particles takes place between 50 and 60°C, as
it has been shown first by electron microscopy (28) and
confirmed later in solution by the observed decrease in light
scattering intensity (29). During this transition, the DNA is
released from the capsid; it adopts a regular B tertiary
structure and loses its higher order arrangement (30). Under
this phase transition temperature TMPyP interacts with truly
encapsidated DNA of distorted B conformation; above that
temperature a binding between TMPyP and free DNA takes
place. This is indicated not only by the redistribution of
TMPyP around the phase transition temperature but also by
the fitting errors obtained with the application of two different
binding models.

Influence of DNA Base Composition.To analyze the role
of DNA base composition in the TMPyP binding, three
natural DNAs of different GC/AT ratios, namely, DNA from
M. luteus, from T7 phage, and from chicken erythrocyte,
have been investigated. Their GC contents are 72%, 50%
and 42%, respectively.

Table 2: Parameters of the Absorption Spectra of TMPyP Speciesa

λx

(nm)
wx

(nm)
λx′

(nm)
w′x

(nm) Rx

ε

(M-1 cm-1)

free 423 17 415 41 1.32 3.17× 105

DNA model
external binding 430 20 420 67 1.20 2.98× 105

intercalation 446 19 420 67 0.80 1.66× 105

NP model
external binding 430 20 411 73 1.29 2.29× 105

intercalation 446 19 411 109 1.59 1.34× 105

a Centers (λx, λx′) and widths (wx, w′x) of main absorption bands and
shoulder; ratio of areas under shoulder and main band (Rx), and molar
absorptivities at the maximum of the spectrum (ε).

FIGURE 2: Effect of temperature on the TMPyP binding to T7 nucleoprotein complex (A) and isolated T7 DNA (C): relative concentration
of free (9), intercalated (O), and externally bound (4) TMPyP as a function of the temperature. The base pair/porphyrin ratio was 5;
spectra were recorded in TRIS buffer of 67 mM ionic strength. Panels B and D present the error of the fitting process (ø2) in the case of
T7 nucleoprotein complex and isolated T7 DNA received with the application of NP model and DNA model, respectively.

Rx ) A′x/Ax (4)
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As the spectral analysis shows, there is no difference
between DNAs of various base compositions as far as the
total amount of bound TMPyP is concerned (Figure 3A).
However, the distribution of TMPyP between binding forms
depends on the base composition. According to our analysis
the higher GC content discriminates in favor of intercalation
against groove binding (Figure 3B). As the data in Figure
3C shows, the relative concentration of groove binding
species increases with GC content.

The problem of sequence specificity of the binding of
cationic porphyrins to DNA has been investigated by several
authors (4, 10, 20, 31). Our results fit to the general view
that the binding of AT regions is nonintercalative, whereas
that to GC has been defined as intercalative.

Effect of the Ionic Strength of MonoValent Ions. An
important question regarding the binding of porphyrins to
nucleic acids is that of the influence of ionic strength.

Absorption spectra of TMPyP-DNA and TMPyP-NP
complexes were recorded in TRIS buffers of various ionic
strengths from 70 to 400 mM. Relative concentrations of
TMPyP binding forms were determined by the analysis of
the spectra.

Figure 4A-C presents the relative concentration of free,
intercalated, and externally bound TMPyP in the presence
of isolated T7 DNA. As it is expected, the increase of the
ionic strength opposes the binding of TMPyP to DNA. In
70 mM ionic strength buffer a complete TMPyP binding can
be observed ifr > 10. Whenµ ) 140 mM, the same binding
level can be reached only atr > 20. Further increase in ionic
strength drastically decreases the amount of bound TMPyP:

in the solution ofµ ) 200 mM about 35% of the total
TMPyP is free even atr ) 70.

The increase of free to bound proportion with increasing
ionic strength originates from the depletion of intercalated
TMPyP species. In 70 mM ionic strength buffer 70% of total
porphyrin is in intercalated state around the saturation of the
binding process, and only 30% of that is externally bound.
In 200 mM ionic strength buffer the intercalation is reduced
to 40%; meanwhile, the change in the externally bound
concentration is not significant.

Our results correspond to several earlier observations in
this field. Previous works demonstrated that the binding of
TMPyP to nucleic acids becomes weaker as the bulk ionic
strength increases (18, 19). Moreover, a shift from intercala-
tion to the externally bound form was also noted at higher
salt concentrations (11, 18).

This can be interpreted as the result of structural changes
both in DNA and in TMPyP molecules. It has been shown
(32) that the DNA structure is stabilized by the increasing
ionic strength. This is indicated by the increasing phase
transition temperature corresponding to the DNA unwinding
parallel to concentration of monovalent salts between 100
and 200 mM ionic strength. On the other hand, decreasing
unwinding angles of TMPyP molecules in high ionic strength
environment have been also proved by Geacintov et al. (6).

The binding is also inhibited by the increasing ionic
strength when TMPyP interacts with NP; however, the
change in the distribution of binding forms is different as it
is shown in Figure 5A-C. Out of the reduction of interca-
lated TMPyP concentration already at 140 mM ionic strength,
a significant decrease in the number of external binding sites
can be also observed up toµ ) 200 mM. These results
indicate that not only DNA and TMPyP structure but also

FIGURE 3: Binding of TMPyP to DNA isolated from chicken
erythrocyte ([), T7 phage (0), andMicrococcus luteus(×): relative
concentration of free (A), intercalated (B), and externally bound
(C) TMPyP as a function of the base pair/porphyrin ratio (r). Spectra
were recorded in TRIS buffer of 67 mM ionic strength.

FIGURE 4: Binding of TMPyP to isolated T7 DNA: relative
concentration of free (A), intercalated (B), and externally bound
(C) TMPyP as the function of the base pair/porphyrin ratio (r) in
TRIS buffer of 67 (9), 135 (+), 195 ([), and 395 (b) mM ionic
strength.
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the protein capsid stability and/or DNA-protein interaction
are altered in this ionic strength range. This is also supported
by the results of Toth et al. (26). It has been shown by optical
melting studies that the cooperativity in the protein capsid
is increasing with the salt concentration between 70 and 200
mM ionic strength, although the phage disruption temperature
is not altered.

Effect of DiValent Cations.It is known that DNA-ligand
and NP-ligand interactions can be influenced by the
presence of metal cations. The strength of these effects
increases with the charge of the cation and is substantially
larger for transition metal elements.

In our study we investigated the effect of four divalent
cations: Mg2+, Ca2+, Cu2+, and Ni2+ on TMPyP-DNA and
TMPyP-NP binding. Absorption spectra were recorded in
70 mM TRIS buffer completed with 1 mM salt of a divalent
cation. Metal complexes of TMPyP were not formed as it
was verified by the structure ofQxx andQxy bands (data not
shown). From the spectral analysis concentrations of bound
TMPyP species were determined and expressed as the
function of base pair/porphyrin molar ratio. Results of
spectral analysis are presented in Figures 6 and 7.

As it can be seen from the comparison of data presented
in Figure 4A-C and Figure 6A-C, the presence of 1 mM
Mg2+ or Ca2+ does not influence significantly the binding

of TMPyP to DNA. Neither free to bound ratios nor relative
concentrations of bound species are altered. We can come
to a similar conclusion concerning the effect of these ions
on the TMPyP-NP binding (see Figure 5A-C and Figure
7A-C).

Free to bound porphyrin ratios are slightly shifted to the
higher values if 1 mM Cu2+ and Ni2+ are present in a
TMPyP-DNA solution. Saturation of binding can be reached
aroundr ) 25 instead ofr ) 10. However, the contributions
of two binding forms are very different in Mg2+/Ca2+ or
Cu2+/Ni2+ containing solution. Both transition metals sig-
nificantly decrease the binding sites for intercalation and
facilitate the groove-binding of TMPyP to isolated DNA.

Comparison of Figure 6 and Figure 7 shows that there is
a marked difference between the effects of transient metal
ions on TMPyP-DNA or TMPyP-NP interactions. In the
case of NP the binding of cationic porphyrin is significantly
opposed by 1 mM Cu2+ or Ni2+. This originates mainly from
the inhibition of intercalation (Figure 7B), but the amount
of externally bound species is also slightly reduced, especially
by Ni2+ (Figure 7C).

All cations tested in this work have the same charge;
however, their effects on the TMPyP-DNA or TMPyP-
NP binding are not similar. This can be partly interpreted as
the result of their different interaction with DNA and NP
complex. (33). Transition metals interact with nucleobases
in DNA, while magnesium and calcium tend to bind almost
exclusively to the anionic oxygens of the phosphate groups.

FIGURE 5: Binding of TMPyP to T7 nucleoprotein complex:
relative concentration of free (A), intercalated (B), and externally
bound (C) TMPyP as the function of the base pair/porphyrin ratio
(r) in TRIS buffer of 67 (9), 135 (+), 195 ([), and 395 (b) mM
ionic strength.

FIGURE 6: Effect of divalent cations on the TMPyP binding to
isolated T7 DNA: relative concentration of free (A), intercalated
(B), and externally bound (C) TMPyP as a function of the base
pair/porphyrin ratio (r). TRIS buffer of 67 mM ionic strength was
supplemented with 1 mM Mg2+ (9), Ca2+ ([), Cu2+ (×), or Ni2+

(O) ion.
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When hydrated Mg2+ binds directly to the N7 position of
purine bases, the interaction can be viewed as an interaction
between nucleobase and a hydrated cation (34). It is rather
easy to release the Mg2+ back to the solvent, but ions of
transition metals in the same position establish a considerably
stronger interaction with N7 while weakening its binding
with the hydrating water molecules. Thus, compared to the
Ca2+/Mg2+ binding, the hydrated Cu2+/Ni2+-nucleobase
complex is shifted considerably to what could be described
as hydration of a metalated base. Once bound to N7, it is
more difficult to separate Cu2+/Ni2+ away from this position,
compared to Ca2+/Mg2+.

Spectroscopic evidence has shown (35) that in the case
of Cu2+ and Ni2+ if the metal/DNA phosphate molar ratio
exceeds 0.4, chelate formation takes place between the N7
of guanines in sequences, other than GpG, and the closest
phosphates of the same strand. As a result, GC base pairs
open, which destabilizes the helix and provides additional
binding sites at the N3 position of cytosine. At high Cu2+

concentrations, most GC base pairs appear to be disrupted
and only those engaged in sandwich complexes in GpG
sequences remain stabilized. The DNA at this point behaves
as if it consisted of only AT base pairs. No Cu2+ binding to
adenine or thymine is thought to take place in native DNA
and only upon thermal disruption of AT base pairs Cu2+ ions
can bind to the N1 of adenine.

Under our experimental conditions the [Cu2+]/[phosphate]
or [Ni2+]/[phosphate] ratio was higher than 1. This condition
facilitates the chelate formation and induction of GC base
pair disruption described above. It is known that only the

CpG site can have full TMPyP intercalation, since the
thymine methyl group sterically hinders such geometry at
TpA sites. Therefore, reduction of intact GC base pairs
reduces the sites of TMPyP intercalation in the DNA chain.
This can explain the decrease in the relative concentration
of intercalated TMPyP and parallel increase of externally
bound species when the buffer solution is supplemented with
1 mM Cu2+ and Ni2+ ion.

The inhibition of intercalation resulting from Cu2+ and
Ni2+ ion is even more significant in the case of nucleoprotein
complex. In this case this phenomenon is not followed by
an increase of groove-binding concentration which can be
explained by the presence of protein capsid. It has been
recently found that the structure of T7 capsid is not
destabilized by Cu2+ or Ni2+ ions; on the contrary, these ions
efficiently stabilize the phage proteins (36).

CONCLUSION

It was already proven by several studies that the concen-
tration of monovalent salts and the presence of divalent
cations even at relatively low concentration influence the
interaction between cationic porphyrins and nucleic acids.
Most of those results were achieved by the investigation of
homologue DNA sequences in binding studies. Even if a
natural DNA was selected, the methods used previously
measured the bound to free porphyrin ratios, not the
distribution between different binding forms. The interaction
of cationic porphyrins with natural nucleoprotein complex
was never quantitatively investigated before.

In the present study we determined the quantity of two
main binding forms of TMPyP under various experimental
conditions, and also compared the effect of salts on TMPyP-
DNA and TMPyP-NP interactions. This was facilitated by
the analysis of TMPyP absorption spectra and the spectral
characteristics determined by comprehensive spectroscopic
methods in our previous study.

The results presented here fit to the earlier investigations
as far as the overall binding process is concerned. However,
it became clear that very different variations in the concen-
trations of the two binding forms can lead to a certain change
in the bound TMPyP concentration, or that a constant bound
TMPyP concentration can be the result of a significant
redistribution of TMPyP molecules between the main binding
states. This knowledge is of interest to applications of the
cationic porphyrins whenever the binding site of the molecule
can influence the mechanism of action or the efficiency of
a process (37-39).

It has been also shown that the structure of protein
complex has an important role in the TMPyP-NP interac-
tion, even if there is no direct binding between TMPyP and
the proteins (24). The spectral parameters of bound TMPyP
are very sensitive for the loosening of capsid structure and
the consequent conformational changes in target DNA. Based
on this observation TMPyP binding can be used as a good
indicator of structural integrity of the nucleoprotein complex.
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FIGURE 7: Effect of divalent cations on the TMPyP binding to T7
nucleoprotein complex: relative concentration of free (A), inter-
calated (B), and externally bound (C) TMPyP as a function of the
base pair/porphyrin ratio (r). TRIS buffer of 67 mM ionic strength
was supplemented with 1 mM Mg2+ (9), Ca2+ ([), Cu2+ (×), or
Ni2+ (O) ion.
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