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HIGHLIGHTS GRAPHICAL ABSTRACT

* DNA and nucleoprotein (NP) binding of
porphyrin-tetrapeptide conjugates was
studied with spectroscopic methods.

* Peptide conjugates of cationic porphy-
rins bind to DNA and NP complex

* Binding modes can be identified as in-
tercalation and external binding.

* Probability of binding modes can be
modified by the altered charge distribu-
tion and steric demands of porphyrin-
conjugates
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experiments revealed that bound porphyrins do not influence the capsid stability or protein-DNA interactions,
but efficiently stabilize the double helical structure of DNA without respect to binding form. A good correlation
was found between porphyrin/base pair ration and DNA strand separation temperature.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

DNA is an important drug target, in particular in the treatment of
cancer, where many compounds that bind covalently and/or non-
covalently to DNA, or damage DNA, are used [1-5]. Cationic porphyrins
like 5,10,15,20-tetra(N-methylpyridinium-4-yl)porphyrin (TMPyP) have
historically received attention because they are water-soluble and
naturally drawn to the DNA polyanion. A great number of studies
deal with the interaction of cationic porphyrins with DNA as the for-
mation of porphyrin—-DNA complexes [6-11].

Recently some bioactive moieties [12-17] were introduced onto
the periphery of the cationic porphyrin in order to either utilize por-
phyrin as DNA targeting agent or increase the cellular uptake of por-
phyrins. Among others, branched chain polymeric polypeptides with
polylysine backbone can be considered as potential carriers of drug
molecules due to their fluidic endocytosis [18].

We designed porphyrin conjugates of a tetrapeptide (Ac-Lys(H-
Ala-D-Ala-Ala)-NH,) as monomeric unit of branched polypeptide with
polylysine backbone [19,20]. 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-carbo
xyphenyl)porphyrin (BMPCP). We have reported on the inter-
action between natural nucleic acid polymer and tetra-peptide
conjugates of TMPCP and BMPCP as models of porphyrin-peptide
conjugates. Evidences provided by the decomposition of absorption
spectra, fluorescence decay components, fluorescence energy trans-
fer and induced ECD signals revealed that peptide conjugates of di-
and 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 pep-
tide conjugates are preferred for the binding [20].

Under experimental conditions (pH, ionic strength, concentration,
temperature) applied in the studies described above DNA was sup-
posed to be present in canonic B-conformation. However, under
physiological conditions the conformation of DNA is rather complex,
and the therapeutic target for DNA-binding agents is not the naked
DNA. It is known that DNA shows remarkable flexibility in response
to the application of forces and can undergo major conformational
rearrangements. In nature proteins apply external forces to DNA
and induce deformations on both short and long length scales [21].
Nevertheless, these conformational alterations could crucially modify
the drug-DNA interactions. Considering the above observations, in-
vestigations of porphyrin-DNA interactions have to be extended to
the binding of drug to nucleoprotein complexes (NP).

In cells, at the lowest level in the hierarchy DNA is wrapped
around a protein complex to form nucleosome [22]. In bacteriophages
the organization of the DNA by the coat protein groove and core pro-
tein structure may be similar to the manner in which DNA is ordered
by wrapping about the nucleosome core [23]. In the mature head of
T-like phages, the DNA is organized as a tightly wound coaxial
spool, with the DNA coiled around the core [24-27]. Based on the
similarities between nucleosomal and phage structure, these bacte-
riophages can be recommended as model systems in NP-porphyrin
binding studies.

It was shown before that tetra-cationic TMPyP binds to DNA re-
gardless of whether the polynucleotide is part of a nucleoprotein
complex (nucleosome and phage NP) or not [9]. However, it is not

known how the presence of proteins, e.g., viral capsid proteins or
histones, influences the interaction between DNA and peptide-
conjugates of cationic porphyrins. Both qualitative and quantitative
characteristics of the binding can be modified by the altered charge
distribution, steric requirements and conformation of peptide-
conjugated porphyrins.

In the work presented here we asked the question how does the
presence of protein capsid influence the binding of porphyrin-
conjugates to viral DNA? The aim of this work was the qualitative
and quantitative characterization of the binding of BMPCP- and
TMPCP-tetrapeptide conjugates to T7 phage nucleoprotein.

We selected T7 as nucleoprotein complex for two reasons.
(1) Phage nucleoprotein has been considered as a model for compact
packing of DNA within chromosomes as described above. (2) Samples
of both T7 phage and its isolated DNA can be prepared in optical
grade purity and in sufficiently high concentration [28]. Isolated T7
DNA was used already in DNA-porphyrin-conjugates binding studies.
In this way, two different conformations of the same natural polynu-
cleotide could be investigated. We performed experiment also with
T7 phage preincubated at 65 °C (NP(65 °C)). It is known that the
phase transition around 60 °C results the loosening of the capsid
structure and the relaxation of the DNA chain from the condensed
intraphage conformation into the regular B-conformation, but the
separation of protein and nucleic acid part still does not occur. In
such a way a transition state between intraphage and naked DNA
can be received.

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(dimethy
lamino)-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 [29,30], and meso-
5,10-bis(4-N-methylpyridyl)-15,20-di-(4-carboxyphenyl)porphyrin
(BMPCP) was purchased from Frontier Scientific (Carnforth, UK). Por-
phyrins were stored at 4 °C in powder form or as a stock solution in dis-
tilled 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.

2.2. T7 bacteriophage
In binding experiments T7 phage was used as nucleoprotein com-

plex (NP). T7 (ATCC 11303-B7) was grown on Escherichia coli (ATCC
11303) host cells in our laboratory. The cultivation and purification
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were carried out according to the method of Strauss and Sinsheimer
[31]. The phage suspension was concentrated on a CsCl gradient and
dialyzed against buffer solution described above. The concentration
of T7 bacteriophage and base pair concentration of the samples was
determined from the optical density of the samples using a molar ab-
sorptivity of €60 = 7.3 - 10* (mol nucleotide bases ™! cm™!) in
phosphate buffer. In some experiments T7 phage suspension was
pretreated at 65 °C for 30 min (NP(65 °C)).

2.3. Preparation of DNA from nucleoprotein complexes

DNA was prepared from nucleoprotein complexes by incubating
with 0.5% SDS for 30 min at 65 °C; followed by precipitation with
1 M KCl on ice for 10 min. The precipitate was centrifuged twice for
10 min in an Eppendorf microcentrifuge at 13,000 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, and 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.

2.4. Synthesis of Ac-Lys(H-Ala-D-Ala-Ala)-NH,

The synthesis of Ac-Lys(H-Ala-D-Ala-Ala)-NH, model tetra-
peptide was described previously [20]. Briefly, the Ac-Lys(H-Ala-
D-Ala-Ala)-NH, was prepared by solid phase peptide synthesis
on 4-methylbenzhydrilamine resin (MBHA) using standard Boc-
strategy. The peptide was cleaved from the resin with liquid hydro-
gen fluoride (HF) in the presence of p-cresol as scavenger (0.5 g/
10 mL HF) at 0 °C for 1 h. 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.

2.5. Conjugation of porphyrine derivatives to
Ac-Lys(H-Ala-D-Ala-Ala)-NH,

Conjugation of porphyrine derivatives was performed as it was
described previously [20]. Briefly the porphyrin derivatives were at-
tached to the tetrapeptide in DMF solution by the aid of coupling
agents either BOP reagent or a water soluble carbodiimide EDC. BOP
reagent was preferred to develop TMPCP conjugate, however, better
yield was observed in the preparation of BMPCP conjugate when
EDC was applied. One tetrapeptide was conjugated to the porphyrin
derivative in case of TMPCP, while BMPCP cross-linked two tetra-
peptide chains. The conjugates were purified by RP-HPLC and charac-
terized by ESI-MS. The positively charged pyridines in porphyrin
conjugates had to be taken into account for adequate explanation of
the mass spectra.

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 the use of a Cary 4E (Varian, Mulgrave, Australia)
spectrophotometer at various NP concentrations. 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 adsorption of porphy-
rins on the cuvette wall were less than 5%.

2.7. Decomposition of absorption spectra
The spectral decomposition was performed for absorption spectra

[A(A), absorbance versus wavelength] of the series of BMPCP-4P,-,
TMPCP-, TMPCP-4P-DNA complex solutions with various base-pair/

porphyrin molar ratios (r). All the spectra were analyzed in the
N = 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 2
Z [A()\)measured _A()\)calculated]
2 A=370
¥ = 250 . (1)
Z A()\)measured
A=370

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

Contact energy transfer from nucleic acid bases to bound porphy-
rin was measured from fluorescence excitation and emission spectra
recorded between 220 and 330 nm (A, = 660 nm) and 580-
780 nm (Aex = 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 ob-
served 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 mea-
sured in reference to the 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 dis-
crete exponential components. A nonlinear least square analysis pro-
gram was delivered by ISS Company. Excitation wavelength was set to
the maximum of the Soret absorption band of each porphyrin. The fluo-
rescence lifetime of free porphyrin derivatives (c = 2 uM) was deter-
mined in Tris-HCI buffer (pH 7.4) buffer and in methanol. Lifetimes
were also determined in the presence of T7 nucleoprotein complex at
base pair/porphyrin ratio = 20.

2.10. Electronic circular dichroism

Electronic circular dichroism (ECD) measurements were made on
a Jasco ]-810 spectropolarimeter calibrated with ammonium d-10
camphorsulfonate at room temperature in 1 cm quartz cell. Spectra
were recorded between 380 and 500 nm. ECD 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 auto-
matically subtracted from the ECD spectra of the samples. ECD band
intensities were expressed in molar ellipticity / [©] deg x cm?/dmol/
using the equation:

[6] =6/10%cx1. (2)

2.11. Optical melting measurements

Thermal denaturation curves of bacteriophage solutions were
recorded by absorbance at 260 nm on a Cary 4 E spectrophotometer
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(Varian, Mulgrave, Australia) equipped with a Peltier thermoregulator.
The heating rate was 0.5 °C/min in the temperature range 25-98 °C.
Five samples were measured in parallel using an automatic cell chang-
er; the sixth sample holder was used to measure the temperature in an
identical quartz cell filled with buffer. The cell holder was insulated to
ensure that the temperature did not vary more than 0.1 °C between
cells, even above 90 °C. The initial absorbance of the samples was ad-
justed to approximately 0.3 at 260 nm in quartz cells of 1 cm path
length. The absorbance data were collected at every 0.5 °C. Data were
treated using the program Origin7. The curves were normalized to the
absorbance at room temperature, smoothed in five point intervals; de-
rivative melting curves were calculated from the differences between
adjacent points and once more smoothed for five points. The peak of de-
rivative melting curve was accepted as the corresponding melting tem-
perature (Ty,).

3. Results
3.1. Decomposition of absorption spectra

Absorption spectra of porphyrin derivatives were recorded at con-
stant porphyrin and various NP or NP(65 °C) concentrations. Fig. 1A
and B shows two series of TMPCP-4P absorption spectra recorded at
increasing base pair/porphyrin ratio (r) in the presence of NP and
NP(65 °C), respectively. At increasing relative base pair concentra-
tion, the overall changes of the spectra can be characterized by
hypochromism, red shift of the spectra and alteration of Q-band
structure. Similar changes were observed in the case of TMPCP and
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Fig. 1. Absorption spectra of TMPCP-4P at various concentrations of NP (A) or NP 65 °C
(B). Base pair/porphyrin molar ratio (r) varies between 0 and 14 (A) and Oand 11
(B). Insets show the 480-610 regions of the spectra.

BMPCP-4P,. These spectral changes are typical for the cationic
porphyrin-DNA interactions described before [9,20,32].

For further analysis of Soret bands we made assumptions as we
described before [20]. Briefly, each spectrum [A4(A)] can be fitted as
a sum of Gaussians, one of them as broad background. As a general
purpose we used the least number of possible components for an ac-
ceptable fit. All the spectra could be fitted by 5 Gaussians. We kept pa-
rameters: center of the peak and full width of the band constant and
the only parameter changing with the concentration of the porphyrin
population in a specific state was the total area under the curves.

Fit parameters of the components of the spectra of BMPCP-4P,,
TMPCP and TMPCP-4P recorded in the presence of NP and NP(65°),
are presented in Table 1. Higher number of component bands with
than without NP suggests that out of the non-bound porphyrin mole-
cules distinct population(s) of bound porphyrin(s) can be formed in
the presence of NPs.

The relative areas under the Gaussian components (A) were de-
termined at various base pair/porphyrin ratios (r). In Fig. 2 A;"-s are
presented as the function r. The change in relative area of a compo-
nent indicates the change of relative concentration of the correspond-
ing porphyrin population.

In the case of BMPCP-4P, (Fig. 2A and D), component bands of the
free porphyrin A;* (\; = 410 nm), A,* (A, = 418 nm), and A;"
(N3 = 421/422 nm) are decreased by the increasing base pair/
porphyrin ratios (r). Parallel to that the relative area of the only
new band (As* (A4 = 426/427 nm)) increases. These changes reflect
the reduction of free porphyrin and elevation of bound porphyrin
concentration with increasing r. The number of Gaussian spectral
components suggests the formation of a single population of bound
porphyrin; the position of new spectral band - about 5 nm red-shift
as compared to the free porphyrin — makes likely that the binding
form is external binding.

In the case of TMPCP and TMPCP-4P a new band centered around
434/435 nm and increasing with NP concentration can be clearly rec-
ognized. This about 10 nm spectral shift is typical for the intercalation
of porphyrin moiety.

The changes of the spectral bands located around 426-429 nm re-
quire further considerations. This band is present in the spectra of
free TMPCP and TMPCP-4P and also in bound ones both in the pres-
ence of NP and NP(65°). However the spectral area (A*) changes in
the function r are not uniform (see Fig. 2B and E). As it was shown
above, in the case of BMPCP-4P, this is the only band which becomes
more dominant due to the binding.

In TMPCP-NP(65°) binding contribution of this band clearly in-
creases; in TMPCP-4P-NP/NP(65°) interactions it decreases, but the
rate of the change varies with the specific interactions. It cannot be
excluded that this spectral range covers two unresolved bands: one
belonging to the free porphyrins and one band of a bound forms
overlapping with each other. The increase of the number of component
bands may separate two neighboring bands in the region in question,
but parallel to that the inaccuracy of the fitting also increases (data not
shown).

Table 1

Fitted parameters of the components of Soret bands (370-490 nm) in Tris-HCl buffer
(pH 7.4): A\; (nm) is the center of the peaks, and w; (nm) is the full width of the
bands received in the presence of NP and NP(65°). Errors are less than 1 nm for A;,
and less than 0.5 nm for w;.

Compounds M wy Ao Wy A3 w3 A4 Wy
BMPCP-4P, NP 410 23 418 9 422 14 426 23
NP(65°) 410 21 418 8 421 15 427 20
TMPCP NP 401 16 421 17 429 25 434 30
NP(65°) 401 14 421 19 429 26 444 24
TMPCP-4P NP 403 15 422 16 427 25 435 27

NP(65°) 403 16 422 16 427 27 435 29
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Fig. 2. Relative area of the components of the absorption spectra of BMPCP-4P, (A and D), TMPCP (Band E) and TMPCP-4P (C and F) in the presence of T7 NP (A-C) or NP(65 °C) (D-F)
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.

In summary we can conclude that decomposition of the absorp-
tion spectra proves the presence of at least one binding form for
each investigated porphyrin derivatives. Beyond that, our results do
not exclude the possibility of a second binding form in between
TMPCP or TMPCP-4P and components of NPs.

Significant differences can be recognized also between the binding
ability of the investigated compounds which varies also with the part-
ners of the interactions. Gaussian components of free TMPCP-4P spec-
trum become negligible at about r = 10. In all the other cases higher
base pair/porphyrin ratio is needed for the saturation of the binding
process, but this ration is typically lower in the case of NP(65°) bind-
ings than in NP bindings.

3.2. Fluorescence decay measurements

As a very sensitive signal of the changes of chromophore's envi-
ronment, the fluorescence lifetime of porphyrins and porphyrin-
peptide conjugates was measured at room temperature. The lifetimes
of fluorescent porphyrin species obtained at r = 20 are presented in
Table 2.

In the case of BMPCP-4P; a single exponential decay was observed in
the presence of NP and two exponential decay in the presence NP(65°).
In all the other cases the best fit was achieved by a bi-exponential

function. The longer lifetime components are in the range of 9.7-
10.5 ns, and the shorter ones between 2.3 and 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 popu-
lations of bound TMPCP and TMPCP-4P can be formed in the presence of
NP or NP(65°). The received lifetime ranges are in good agreement with
the lifetimes of intercalated and externally bound tetra-cationic por-
phyrin determined by Shen et al. [33]. From these similarities, one can
suppose that both intercalated and externally bound porphyrins are
present here.

Table 2
Fluorescence lifetimes (7) (ns) of porphyrin derivatives and peptide conjugates in Tris
buffer (pH = 7) in the presence of T7 NP and NP(65 °C).

Compounds T T
BMPCP-4P, NP - 9.14
NP (65 °C) 3.08 10.25
TMPCP NP 3.14 10.56
NP (65 °C) 3.52 10.1
TMPCP-4P NP 3.13 9.87
NP (65 °C) 3.19 9.74
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3.3. Fluorescence energy transfer

Fluorescence-energy transfer experiments provide complementary
information about the binding mode of a dye with DNA [34].

We recorded the fluorescence emission spectra of porphyrin-NP
samples between N\ = 580 and 800 nm when they were excited at
N = 260 nm. Fig. 3A and B shows the relative integrated fluorescence
intensity (I,¢;) of porphyrin derivatives (1 pM) at various concentra-
tions of T7 NP (4A) or preheated NP (4B). Since the fluorescence in-
tensity of free porphyrins in the 580-800 nm wavelength range
upon excitation at A = 260 nm is not zero (see also Fig. 4), the refer-
ences were the fluorescence intensities of corresponding NP-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 when NP or NP(65°) is added to the
samples. In the presence NP or NP(65°) BMPCP-4P2 shows non or
much smaller increase in its fluorescence signal then the other two
compounds.

The saturation of the process can be reached at different base pair/
porphyrin molar ratios depending on both the type of the porphyrin
and the higher order structure of the nucleic acid. It is a general ten-
dency that the lowest base pair excess for the saturation is required

Liel

Irel

Fig. 3. (A) Integrated relative fluorescence intensity of TMPCP (open square), TMPCP-4P
(open circle), and BMPCP-4P, (open triangle) upon excitation at X = 260 nm as the func-
tion of the NP (A) or NP(65 °C) (B) base pair/porphyrin molar ratio (r). The concentration
of porphyrin was 1 pM.

A Lg=422nm(NP)
1.0 4 .

L} L] g
1g=260nm(NP) #"s,

wyt

08 7 n' |
a“ ‘
_ 061 oo
- - A
Ag=260nm(free)
047 i
0.2 4

Pk

0.0 +—7=0 r T T Y
550 600 650 700 750 800
Wavelength (nm)

.
'

Fig. 4. Normalized fluorescence emission spectra of TMPCP-4P upon excitation at
N = 260 nm (dashed lines) or N = 422 nm (solid lines) without (thin lines) and
with NP (bold lines). Base pair/porphyrin molar ratio was about 10.

when the nucleic acid is present in isolated form [20] and the highest
one for the intact NP.

Out of the increased fluorescence intensity in the presence of DNA
or NP, the altered shape of emission spectrum upon 260 nm excita-
tion can be indicative of energy transfer.

In Fig. 4 normalized fluorescence emission spectra of TMPCP-4P
upon excitation at N\ = 422 nm (spectra 1 and 2) and N = 260 nm
(spectra 3 and 4) without (spectra 1 and 3) and with NP (spectra 2
and 4) are presented. The spectrum of free TMPCP-4P received at
260 nm excitation can be characterized by a broad emission band
centered around 675 nm that is blue shifted by about 40 nm when
it is recorded in the presence of NP at r = 10 (spectrum 4). Value of
the shift of the emission band was a function of base pair/porphyrin
ratio (data not shown). This can be interpreted as the higher contri-
bution of DNA-bound molecules to the allover fluorescence of
TMPCP-4P at increasing r values.

Similar spectral shift was detected due to the interaction of
TMPCP-4P with NP(65°), and also for TMPCP in the presence of NPs
(data not shown).

3.4. Electronic circular dichroism

In addition to absorption spectra and energy transfer measure-
ments, ECD study is a useful tool for the diagnostic of the interaction
of cationic porphyrins with DNA or NP complex [32,35-37]. All the
three compounds, BMPCP-4P,, TMPCP and TMPCP-4P display induced
ECD spectrum in the presence of NP and NP(65 °C) at r = 20, as it is
demonstrated in Fig. 5. The addition of T7 NP to BMPCP-4P, induces a
single positive band around 420 nm. In all the other cases presented
in Fig. 5A and B, ECD spectra composed of a positive and a negative
band can be detected. Positive bands are centered on N = 425 nm
(TMPCP and TMPCP-4P), and negative ones are centered around
437 and 445 for BMPCP-4P, and TMPCP, TMPCP-4P, respectively.

The relative intensity of spectral bands varies according to the
type of the porphyrin. In the case TMPCP and TMPCP-4P the positive
bands exhibit smaller intensity than the negative bands both in the
compact and loosened phage structure. This can reflect on the relative
dominancy of different binding types.

Induced ECD signals were more intense with increasing base pair/
porphyrin ratio (data not shown). The base pair/porphyrin ratios
leading to the apparent saturation of the binding process vary with
the structure of compound.
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Fig. 5. ECD spectra of BMPCP-4P,, (dashed line) TMPCP (solid line)and TMPCP-4P (dotted
line), in the presence of T7 NP (A) or NP(65 °C) (B) at r = 30. The concentration of
porphyrin was 1 puM.

3.5. Optical melting measurements

The interaction between porphyrin derivatives and DNA or NP
complex can lead to the stability changes in macromolecules. To
look for possible structural changes caused by the porphyrin binding,
the thermal stability of T7 phage and DNA was detected by optical
melting method, i.e., the thermal denaturation of the whole T7
phage and isolated DNA was monitored via the changes in their ab-
sorbance at 260 nm.

As an example, the melting derivative curves of T7 NP recorded at
various TMPCP-4P and constant base pair concentrations are presented
in panel A of Fig. 6. In panel B the normalized form of the curves
presented in panel A is shown in the temperature range 70-98 °C.

All curves in Fig. 6A show the two structural transitions typical for T7
nucleoprotein complex: a hypochromic change between 50 and 60 °C
and a hyperchromic one around 85 °C [38]. The low-temperature tran-
sition is due to the disruption of the phage capsid. During this transition,
the DNA is partly released from the capsid, it relaxes to a regular
B tertiary structure and loses its higher order arrangement. The
hyperchromic transition around 85 °C is attributed to the denaturation
of the DNA double helix: the opening of the H bonds, weakening of the
stacking interaction and the separation of the two single strands. In a
melting derivative curve of isolated DNA only the hyperchromic transi-
tion is present around 85 °C [38].

It can be seen in Fig. 6A that up to 0.5 porphyrin/base pair molar
ratios (1/r) the melting parameters of phage capsid disruption remain
unchanged; that is, the presence of this compound does not influence
the stability of phage protein capsid and/or DNA-protein interaction.

In the same concentration range of TMPCP-4P the melting temper-
ature of DNA strand separation is shifted to the higher values as the
concentration of porphyrin conjugate increases (Fig. 6A and B). Simi-
lar changes were induced in the case of isolated DNA (data not
shown). This means that both isolated and encapsulated DNA can
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Fig. 6. (A) Derivative melting curves of T7 NP in the presence of TMPCP-4P. (B) Normal-
ized derivative melting curves of T7 NP in the 70-100 °C range in the presence of
TMPCP-4P. Porphyrin/base pair ratios (1/r) are: 0 (black), 0.06 (red) 0.11 (purple) and
0.26 (green). (C) Melting temperature of T7 NP as the function of the porphyrin/base
pair ratios. Line was fitted by linear regression (correlation coefficient = 0929).

interact with the porphyrin-conjugate and the binding results in the
stabilization of DNA structure.

The presentation of the main phase transition temperature as the
function of porphyrin/base pair ratio not only shows the stabilizing
effect of the compounds but also facilitates the comparison of their
efficacy with each other and in their reactions with DNA and NPs.
Fig. 6C presents this function for TMPCP-4P; the other data: slopes
of the fitted lines and correlation coefficients are summarized in
Table 3.

Table 3

Slopes of the porphyrin/base pair ratio-helix/coli transition melting temperature func-
tions (see Fig. 6C) and (in brackets) the correlation coefficients of linear fits. Melting
temperatures of isolated T7 DNA (DNA), T7 phage (NP) and T7 incubated at 65 °C before
porphyrin interaction (NP(65 °C)) were measured in the presence of porphyrins and
porphyrin conjugates. Porphyrin/base pair ratio was varied between 0 and 0.5. DNA
or NP concentration was around 5 « 107> M.

Compounds DNA NP NP(65 °C)
BMPCP-4P, 22.72 33 8.48
(0.873) (0.745) (0.816)
TMPCP 20.46 8.15 10.99
(0.935) (0.929) (0.985)
TMPCP-4P 80.58 304 27.09
(0.985) (0.993) (0.939)
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TMPCP-4P proved to be the most effective in DNA stabilization, i.e.,
it has the highest slope of (1/r) — T functions. TMPCP and BMPCP-4P,
have almost similar stabilizing effect when they bind to free DNA. Data
shows that probably TMPCP has an easier access to encapsulated DNA
than BMPCP-4P,. Also, similar porphyrin concentration causes always
higher temperature shift in free than in intra-phage DNA or in loos-
ened phage structure of NP(65°).

4. Discussion

Cationic porphyrins are of great interest as they are able to bind
to macromolecules, specifically to nucleic acids. Recently cationic
porphyrin-peptide conjugates were synthesized to enhance the cel-
lular uptake of porphyrins [39,40] or deliver the peptide moiety to
the close vicinity of nucleic acids [41,42].

As an initial step in the study of the DNA binding ability of porphyrin-
peptide conjugate we synthesized two new porphyrin-tetrapeptide
conjugates which can be considered as a typical monomer unit corre-
sponding to the branches of porphyrin-polymeric branched chain poly-
peptide conjugates. We investigated the complex formation between
the di- and tri-cationic porphyrins and their tetrapeptide-conjugates
and isolated DNA of T7 bacteriophage.

It was shown that peptide conjugates of di- and tricationic porphy-
rins bind to free DNA by two distinct binding modes which can be
identified as intercalation and external binding [20]. However, the
therapeutic targets for DNA-binding agents are nucleoprotein com-
plexes and not the naked DNA, and the presence of proteins can criti-
cally influence DNA accessibility to the binding agents. Here we
investigated the binding of tricationic porphyrin derivative (TMPCP),
and peptide conjugates of di- and tri-cationic porphyrins (BMPCP-4P,
and TMPCP-4P) to nucleoprotein complex with comprehensive spec-
troscopic methods.

Results of absorption spectroscopy i.e., NP concentration depen-
dent red shift and hypochromicity of absorption spectra (Fig. 1)
prove the interaction between porphyrin-conjugates and NPs. Similar
spectral changes were observed before at increasing concentration of
naked T7 DNA. However, decomposition of the absorption spectra of a
porphyrin derivative recorded in the presence of DNA or NP leads to
different results.

When DNA was added to the porphyrin or porphyrin-peptide
conjugate solutions the amplitudes of two component absorption
bands were increasing, and the amplitude of the main band of free
porphyrins were diminished with increasing base pair/porphyrin
ratio. 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 com-
pounds, respectively.

Among the components of absorption spectra of porphyrin-NP
complexes we can recognize one component which is not present in
the case of free porphyrins. This new band is at 426 nm in the case
of BMPCP-4P; and at 434/435 nm for TMPCP and TMPCP-4P. Compar-
ing this result with the position of component bands received for the
porphyrin—-DNA complexes [20] and with the position of the absorp-
tion bands of intercalated and externally bound forms determined
before for other cationic porphyrin-DNA complexes [43] we can con-
clude that the 426 nm is indicative for the groove-binding and the
434/435 nm could indicate the intercalated form of porphyrin deriv-
ative. Neither of porphyrin-NP complexes presents such spectral
band which is not present in the case of porphyrin-DNA complexes
[20] and can be assigned to the interaction between porphyrin and
protein capsid around the nucleic acid. These conclusions are valid
also for porphyrin-NP(65°) complexes, however there are differences
in the relative contribution of the distinguished spectral bands to the
allover absorption.

In the identification of binding modes of porphyrins energy transfer
measurements and CD spectroscopy can serve further information.

Since the first report of contact energy transfer from DNA bases to
bound ligands by Le Pecq and Paoletti [44], this technique has been
used frequently in DNA-ligand interaction studies. Porphyrins that con-
tact closely with DNA bases are characterized by a clear increase of their
fluorescence quantum yields for an excitation around 260 nm, corre-
sponding to an energy transfer from DNA bases to porphyrins. This
phenomenon was considered by several authors as a criterion for inter-
calation [45,46]. However, it was shown by Hyan et al. that DNA bases
can transfer excited energy to bound ligands even though the binding
mode is not intercalative but porphyrin is bound in the minor groove
[47].

With the exception of BMPCP-4P,-NP complex, the increased
fluorescence intensity of porphyrins in porphyrin-NP complexes can
be detected. Thus, the observation of efficient energy transfer from a
host DNA to a bound TMPCP and TMPCP-4P suggests that these com-
pounds are in close vicinity of DNA bases.

It was demonstrated before that the appearance of a negative in-
duced ECD band is a signature for intercalation whereas a positive
induced band is indicative of a non-intercalated binding mode
[35,48,49]. In contrast, remarkable induced CD signal of cationic por-
phyrins in the presence of proteins was not reported [50].

Our presented observations support the view that all the three de-
rivatives go to complex formation with NP and NP(65 °C). Based on
the characteristics of ECD spectra we can suppose that intercalated
and externally bound porphyrin forms could be present both in
TMPCP- and TMPCP-4P-NP complexes, moreover in BMPCP-4P,—
NP(65 °C) as well. In BMPCP-4P,-NP complexes only externally
bound porphyrins are shown by ECD spectra.

Fluorescence lifetime measurements provided additional insight
into the interaction between porphyrins and NPs. When fluorescence
decay of BMPCP-4P, was followed in the presence of NP at r = 20 the
best fit was achieved by a one-exponential function. That is, the life-
time identifies a single binding form under these conditions. In all
the other cases for all the three compounds both in the presence of
NP or NP(65 °C) the best fits were received by bi-exponential func-
tions from which one is shorter and the other is longer than the life-
time of free porphyrins. These values are typical for the intercalated
and externally bound forms of cationic porphyrins [9] and are in
good agreement with the lifetimes determined for the same deriva-
tives in their DNA-complexes [20]. Based on these conformabilities
we could identify the shorter lifetimes as belonging to intercalated
species, the longer ones as belonging to externally bound forms.

Both the fluorescence decay and the ECD measurements prove
that in the complexes of NPs and three-cationic TMPCP and its
peptide-conjugate two binding forms can be distinguished, likewise
in BMPCP-4P,-NP(65 °C) complex.

Also these results point out the limits of information provided by
spectral decomposition. Analysis of absorption component spectra
clearly showed the interaction between porphyrin derivatives and
NPs, and the differences between two- and three-cationic compounds
were also indicated. However, the overlapping of spectral bands or
the small amplitude of the absorption of certain porphyrin popula-
tions did not facilitate the convincing separation of binding forms.

Stability changes of target structures can also reflect on the
drug-target interactions. Thermal denaturation of DNA and nucleo-
proteins is one of the most frequently used physical methods for
studying the stability changes of a nucleic acids and nucleoprotein
complex [51,52]. Here we observed that the DNA strand separation
temperature was gradually increased as the function of porphyrin/
base pair ratio meanwhile the first phase transition temperature re-
mains constant. This means that the thermal stability protein struc-
ture was not influenced by the presence of porphyrin derivatives.

It was shown before that both intercalation and groove binding of
porphyrin species result in the elevation of DNA melting temperature
[53-55]. Moreover the melting temperature of the DNA was observed
to increase in direct proportion to the number of occupied intercalation
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sites [56]. The increase of DNA strand separation temperature in the
presence of BMPCP-4P,, TMPCP and TMPCP-4P both in isolated and
encapsidated DNA reflects binding of these porphyrin derivatives.
The order of the slopes of base pair/porphyrin-melting temperature
functions: NP < NP(65 °C) < DNA corresponds to the relative acces-
sibility of DNA (see Table 3). The correlation coefficients suggest
the dominancy of intercalation as the binding forma in TMPCP and
TMPCP-4P complexation processes.

We can conclude that the balance between electrostatic forces and
steric requirements involved in binding process; these effects and
accessibility of DNA shape together the binding motif. The protein cap-
sid and the compact structure of encapsidated DNA in T7 nucleo-
protein modify but do not inhibit the interaction between DNA and
tetrapeptide-conjugates of tri- and dicationic porphyrins. Intercalative
binding could be most feasible when tri-cationic ligands complex with
DNA, especially when it is in close connection with protein capsid. Sim-
ilar observation was published by K. Andrews and D. R. McMillin [57].
On the other hand, larger ligand BMPCP-4P, binds externally to
encapsidated T7 DNA, and complex externally as well as by intercala-
tion when the DNA accommodate to relaxed B-conformation. This
view is supported also by the results of Wu and co-workers [58] show-
ing that steric forces destabilize the intercalated form of a bulky
porphyrins.

Interaction between porphyrin derivatives and phage proteins
was not indicated by our results.
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