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ABSTRACT. The complexation of tetrakis(¥-methylpyridyl)porphyrin (TMPyP) with free and encapsidated

DNA of T7 bacteriophage was investigated. To identify binding modes and relative concentrations of
bound TMPyP forms, the porphyrin absorption spectra at various base pair/porphyrin ratios were analyzed.
Spectral decomposition, fluorescent lifetime, and circular dichroism measurements proved the presence
of two main binding types of TMPyP, e.g., external binding and intercalation both in free and in
encapsidated DNA. Optical melting studies revealed that TMPyP increases the strand separation temperature
of both free and native phage DNA and does not change the phase transition temperature of phage capsid
proteins. From these findings we concluded that TMPyP binding does not influence the protein structure
and/or the proteirr DNA interaction. A combined analysis of absorption spectra and fluorescence decay
curves made possible the determination of concentrations of free, externally bound, and intercalated
porphyrin. As a perspective, our results facilitate a qualitative analysis of the TMPyP binding process at
various experimental conditions.

One of the reasons for recent interest in porphyrincleic cence intensity of TMPyP in the presence of either poly-
acid interaction is for the purpose of developing a DNA- [d(G-C)] or poly[d(A-T)] have been describetil3). Binding
specific photosensitizer for photodynamic virus inactivation constants of TMPyP to homogeneous DNAs have also been
(1, 2). Recently, it has been found that tri- and tetracationic determined by various method®)(
porphyrins can be applied as effective photoactivated agents However, the interactions of TMPyP with homogeneous
for pathogen reduction in red blood cell concentra®s ( DNAs such as poly[d(G-C)] and poly[d(A-T)] are in principle
Cationic porphyrins are potential candidates for this applica- less complex than those with heterogeneous DNAs such as
tion, because photodamage can be induced to DNA by calf thymus (CT) DNA or a viral genome. Although the
sensitizers binding to it or by sensitizers localized in its binding constant of TMPyP with natural polynucleotide CT

vicinity (4, 5). DNA has been estimated by several authors, the technique
Since the first report of Fiel and co-worker§),(the  used earlier gives only a global apparent binding constant

interaction of synthetic nucleic acids with tetracatiomiese irrespective of the mode of binding to DNA4—16). There

tetrakis(4N-methylpyridyl)porphyrin (TMPyP)and several  are even fewer data about cationic porphyPINA inter-

of its metal derivatives has been studied in detai9). action in a multimolecular environment. Some results indicate

Cationic porphyrins which can attain a planar configuration that TMPyP is localized in the nucleus of the cdlV{¢19)

are considered to bind noncovalently to DNA by two distinct or it can be associated to the virus particles in a virus
mechanisms: intercalation between base pairs or externakuspension20). However, it is not known how the presence
binding in a groove. Several studies have shown that TMPYP of proteins, e.g., viral capsid proteins or histones, influences
exhibits sequence selectivity: the binding to AT regions is the porphyrin-DNA interaction. The analysis of interaction
nonintercalative whereas truly intercalated species requirepetween cationic porphyrins and virus particles prior to
GC base pairs10—12). Spectroscopic properties, such as jrradiation by light seems to be fundamental for the
hypochromicity, absorption, and CD maxima, and fluores- ynderstanding of their photochemical reactions.

The first goal of present work was to develop a method
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NP solutions with various base pair/porphyrin molar ratios
(r). All of the spectra were analyzed in the 39480 nm
wavelength range.

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

480

Z‘é [A(;L)measured_ 'A‘(;t)calculatei2
2 =390

Ficure 1: Structure omesetetrakis(4N-methylpyridyl)porphyrin X (D)
(TMPyYP). 480

. . . . . . . Z‘Q A(/l)measured

in a distorted B-conformation in a quasi-crystalline packing 25390

spooled around the core compleRl). Isolated DNA _ _
undergoes conformational changes concerning the higherWe did not apply the usual wavelength-frequency conversion.

order structure and takes a regular B-conformatR#).(T7 The maximum errors of the fitting parameters because of
DNA is composed of 40 kilobase pairs and its AT:GC ratio the absence of this conversion were not higher than 0.5 nm.
is 1. Fluorescence ExperimentSorrected steady-state emission
and excitation spectra were obtained using an FS900CD
EXPERIMENTAL PROCEDURES spectrofluorometer (Edinburgh Analytical Instruments,

Edinburgh, U.K.) with a Xe lamp excitation and a Ham-
mamatsu photomultiplier (R955) detection. For the fluores-
cence lifetime {r) measurements the same instrument was
used with a hydrogen-filled flash lamp excitation with 1.5
ns pulse width, and emission decays were determined by
the single photon counting method. Samples were excited
' at the isosbestic wavelength of TMPyP complexes.

T7 BacteriophageT7 (ATCC 11303-B7) was grown on Energy TransferContact energy transfer from nucleic acid
Escherichia coli(ATCC 11303) host cells. The cultivation  pases to bound porphyrin was measured from fluorescence
and purification were carried out according to the method gycitation and emission spectra recorded between 220 and
of Strauss and Sinsheime2d). The phage suspension was 330 ym flem = 660 NM) and 586780 NM (ex = 260 nm),
concentrated on a CsCl gradient and dialyzed against bUfferrespectively. The TMPYP concentration was constant in the

solution as described above4j. The concentration of T7  5-5)1e] samples, and the base pair/porphyrin ratio varied
bacteriophage was determined from its optical density panveen 0 and 30.

meso-Tetrakigl-N-methylpyridyl)porphyririsee Figure 1)
was purchased from Porphyrin Products (Logan, UT). 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-HCI and 50 mM NacCl
adjusted to pH= 7.4.

using a molar absorptivity ofexo = 7.3 x 10° Circular Dichroism. Circular dichroism measurements

(MOkhucieotige based- ~*+cM™) in phosphate buffer. were made on a Jasco J-810 spectropolarimeter calibrated
Preparation of DNADNA was prepared from phages by  with aminocamphorsulfonic acid at room temperature in 1

incubating with 0.5% SDS (Sigma) for 30 min at 66; cm cells. Spectra were recorded between 380 and 500 nm.

then the proteinr SDS complex was precipitated with 1 M solvent was a buffer consisting of 50 mM Tris and 20 mM
KCI (Sigma) on ice for 10 minZ5). The precipitate was  NaCl. CD spectra of TMPyP were recorded at various
centrifuged twice for 10 min in an Eppendorf microcentrifuge concentrations of the DNA or NP complex. In parallel
at 13000 rpm, and then the DNA was precipitated with samples the TMPyP concentration was constant. The spectra
ethanol from the supernatant. The pellet was washed with\ere smoothed by the Savitzk@olay algorithm 26).
70% ethanol and then suspended in buffer solution, 20 MM QOptical Melting MeasurementsThermal denaturation
Tris-HCI and 50 mM NaCl, pH= 7.4, and the amount of  curves of the DNA or bacteriophage solutions were recorded
DNA was determined spectrophotometrically. The quality py absorbance at 260 nm on a Cary 4E spectrophotometer
of DNA was checked by electrophoresis and by its absorption (Varian, Mulgrave, Australia) equipped with a Peltier ther-
spectrum. moregulator. The heating rate was 0°&/min in the
Absorption Spectroscoparound-state absorption spectra temperature range 297 °C. Five samples were measured
of TMPyP solutions were recorded with 1 nm steps and 2 in parallel using an automatic cell changer; the sixth sample
nm bandwidth by use of a Cary 4E (Varian, Mulgrave, holder was used to measure the temperature in an identical
Australia) spectrophotometer at various DNA or NP con- quartz cell filled with buffer. The cell holder was insulated
centrations. The composition of solutions was expressed into ensure that the temperature did not vary more than 0.1
terms of anr number representing the molar ratio of DNA  °C between cells, even above 90. The initial absorbance
base pairs to TMPyP molecules. Spectral changes due to thef the samples were adjusted to approximately 0.2 at 260
adsorption or aggregation of porphyrin were not taken into nm in quartz cells of 1 cm path length. The absorbance data
consideration because the adsorption of TMPyP on thewere collected at every 0&. Data were treated using the
cuvette wall was less than 5% during 30 min and the free program KaleidaGraph on a Macintosh computer. The curves
porphyrin was in the monomeric state in all samples. were normalized to the absorbance at room temperature,
Fitting Procedure.The spectral decomposition was per- smoothed in five-point intervals; derivative melting curves
formed for absorption spectraA(t), absorbance versus were calculated from the differences between adjacent points
wavelength] of the series of TMPyYDNA and TMPyP- as implemented in the program and once more smoothed
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' Ficure 3: Schematic interpretation of spectral decomposition of
_ B TMPyP absorption spectrum between 390 and 480 nm: absorption
g 041 spectrum of one staté\f(4)] (bold line) and its component spectra,
£ main band p(4)] (thin line) and its shoulde «(4)] (dotted line).
2 024 Spectral parameters: the widtlv andw') and center of the peak
=z (4 and ') are indicated.
0.0 T Table 1: Parameters of the Absorption Spectra of TMPyP Species:
400 420 440 460 480 Centers 1, A'x) and Widths , w'x) of Main Absorption Bands
wavelength [nm] and Shoulder; Ratio of Areas under Shoulder and Main Bagy (
FIGURE 2: Absorption spectra of TMPyP at various concentration and Molar Absorptivity at the Maximum of the Spectrua) (
of DNA (A) or NP complex (B). Base pair/porphyrin molar ratio e W Ay W, c
(r) varies between 0 and 40. (nm) (hm) (hm) (hm) ox  (M~tcm
5
for five points. The peak of the derivative melting curve was g,efA 423 17 415 4l 132 310
accepted as the corresponding melting temperatlisg. ( external binding 430 20 420 67 1.20 2.9810°5
Another parameter to characterize the transition is its half-  intercalation 446 19 420 67 0.80 1.6610°

width defined on the usual way: the distance between the NP

Lo . external binding 430 20 411 73 129 22905
terlnperatures, where the derivative reaches half of its extreme 2 1von 426 19 411 109 159 1.8410°5
value.

RESULTS andl'y are the centers of the peaks, amdandw are the
full widths for the band and for the shoulder, respectively.

Decomposition of Absorption Spectféigure 2 shows a (3) The ratio ofA\, to A, is constant at different populations
series of TMPyP absorption spectra recorded at constantys one state and can be expressed as

porphyrin and various DNA or NP concentrations. As we
can see, increasing relative base pair concentration is o, = AJA, (4)
followed by hypochromism and red shift of the spectra. These X
overall spectral changes are typical for the TMPYINA
binding described beforeZ (15, 27, 28).

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

: one state.
(1) All of the measured spectraf1)] can be co_nS|dered Spectral parameters of free TMPyP were determined from
as a sum of three component spectra belonging to three,

possible porphyrin states, namely, to frée(f)], to exter- the spectrum of the DNA-free sample and are given in Table

. o 1. We used these parameters for further fits as constants
nally bound Pe(1)], and to intercalated(1)] porphyrins: except the total area).

From the initial runs of the further fitting procedure, it
AL) = AA) + Agld) + A(2) @) was recognized that the spectra of the two bound states could
be fitted by two main bands and only one common shoulder
(2) As is interpreted in Figure 3, the spectrum of each (A", 1., w). In this way we could reduce the number of
state Px(4)] can be fitted as a sum of two Gaussians, a band parameters, and the remaining unknown parametersAygre
[A«A)] and its shoulder [A(A)], that probably correspond A, A, A, Ao, Ai, A'c, We, Wi, @andWe.
to the resonant and nonresonant excitations of the same band: Moreover, by analyzing the results of initial fits we also
observed that while the ratios éf and A; were changing

(4) The only parameter changing with porphyrin popula-
tion in a specific state i8y, and all of the other parameters
(o, Ax, A’ Wy, W) are constant for a spectrum belonging to

AA) = with base pair/porphyrin molar ratio, andw'. parameters
—2( — 1.)2 A —2(1 — 4 )2 of t.he common s'ho'ulder practlcally Q|d not change for the
A ex ( 2 + X ax ¢ 2 entire series. This is possible only if the centers and the
W,V 7t/2 w,” W 2 w2 widths of the shoulders of the two bound state spectra are

3) equal to each otheldf = 1'c = 1';, W, = W = W) and

where A, and A’y are the total areas under the curvésg, A=At A, 5)
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Table 2: Fluorescence Lifetimes)(and Relative Concentrations
(%) of Porphyrin Species in TMPyFDNA and TMPyP-NP
Solutions at Various Base Pair/Porphyrin Molar Ratigs (

r 1(ns) %  12(ns) % 73(NS) %

free 0 54+03 100
DNA 36 54402 35 10405 325 2603 325
8 10.3+04 34 2704 66
12 10.2£05 29 28:03 695
NP 18 54+05 38 7.3+£03 33 2304 29
27 54+03 12 7408 44 27+02 44

Ficure 4: o, as a function of, (for interpretation, see eq 4) at
various base pair/porphyrin ratios){ 1.65 (+), 3.63 ), 6.05
(v), 8.81 @), and 20.55 ).

Using eq 4A'. can be expressed as a linear combination of
Ac and A;:

A'c = Aeae+ Aia'i (6)

Thus from eq 6 can be determined as a linear function of
Ole!

_Ae A 1
ai_Ai Aiae (7)

From the results of spectral decompositions received for a
given base pair/porphyrin ratio the corresponding linear
function can be constructed. 10
We performed the spectral decomposition procedures for
several base pair/porphyrin ratios in the range 0 < 40.
From a set of results, received for the same base pair/
porphyrin ratioo; and o, values were calculated. In Figure time [ns]
4 we presento; as a function ofo. and the graphical  Fgure 5: Fluorescence decay curves of TMPYP in the presence
representation of fitted straight lines received at varibus of isolated DNA (A) and NP (B). Base pair/porphyrin ratios are
values of TMPyP-DNA solutions. One can recognize that 12 and 27, respectively.
these linear functions have a common point.
One of our initial assumptions is that; and o, are good agreement with the lifetimes of intercalated and
independent of. This assumption is fulfilled by those; externally bound TMPyP determined by Shen et aB)(
and o, coordinates belonging to the crossing point of the On the basis of this conformability, we identify the shorter
linear functions. These values were accepted as theohest lifetime as belonging to the intercalated species and the
and o; parameters, and they were used as constants in thdonger one as belonging to externally bound TMPyP.
final fitting procedure. Very similar considerations were ~ When NP was added to TNPyP, a triexponential decay
made in the analysis of NP-complexed TMPyP absorption curve was identified even at= 27 (see Figure 5B). The
spectra. The results of the final fitting runs as for the spectral lifetime components are 2.7, 5.4, and 7.4 ns. The 5.4 ns
parameters of TMPyP species are shown in Table 1. component indicates that there are free porphyrin molecules
Fluorescence Decay Measuremems a very sensitive  even at such high base pair/porphyrin ratio; 2.7 ns is equal
signal of the changes of the environment of the chromophore, to the value identified as the lifetime of intercalated porphyrin
the fluorescence lifetime of TMPyP was measured at room in isolated DNA. The third component significantly deviates
temperature. First the fluorescent lifetime of free TMPyP from the lifetime of TMPyP externally bound to DNA.
was determined. The isotropic decay of TMPyP in the However, we suppose and later in this work we try to prove
absence of DNA is monoexponential (data not shown). The that this belongs to a species externally bound to the
lifetime determined from the decay curve is 5.4 ns. This value intraphage DNA.
corresponds to the lifetime of nonbound TMPyP determined From the relative contributions of fluorescent species to
by Shen et al.Z9). the fluorescence intensity of a sample, the relative concentra-
The fluorescence decay of TMPyP was measured andtions of free, externally bound, and intercalated TMPyP were
analyzed at various DNA or NP concentrations. The lifetimes determined. These data are shown in Table 2.

4

4
% 0
4

of fluorescent TMPyP species obtained at varionsmbers Determination of specific absorbance of TMPyP formas
are presented in Table 2. Figure 5A shows the fluorescencedone by combining of spectral decomposition and fluorescent
decay recorded in the presence of isolated DNA &t 12. lifetime measurement performed at a similar base pair/

In this case and whenevermwas higher than 8, the best fit  porphyrin molar ratio. The concentration of a given TMPyP
was achived by a biexponential function. The lifetime form was known as a result of a fluorescent decay experi-
components are around 10.4 and 2.8 ns. These values are iment. The corresponding absorbance of the same TMPyP
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Ficure 6: Reconstructed specific absorbance spectra of TMPyP Ficure 7: Distribution of TMPyP between freedj, externally

species in the presence of isolated DNA (A) and NP (B): free (solid bound (), and intercalated«) states as a function of base pair/
line), externally bound (dotted line), and intercalated (dashed line) porphyrin molar ratior) in DNA (A) and NP complex (B). Lines

TMPyP. have been fitted by Microcal Origin sigmoid fit.
form was determined by decomposition of the absorption y A
spectrum. Calculated specific absorbances at the absorption 25E3- f "

maxima of TMPyP species are listed in Table 1. According
to these data the hypochromicity due to the external binding
is about 6%, and that for intercalation is about 40%.
Knowing the spectral parameters of a TMPyP form and
its specific absorbance, the molar absorptivity spectrum can
be calculated. These reconstructed molar absorptivity spectra

20E3+

15E31

10E31

T600-770) [eps]

5E3

of TMPyP forms are presented in Figure 6. The maxima of R S S S e .
the spectra are at 430 and 446 nm for external binding and r
intercalation, respectively. As we can see, both types of y
binding lead to a red shift of the absorption spectrum as 1.0 B
compared to the free TMPyP. The red shift for the external 08
binding is about 7 nm, and for the intercalation it is 23 nm. _—
Distribution of TMPyP between Binding Stated/e =~
recorded the absorption spectra of TMPyP in the presence 04
of isolated DNA or phage NP in a wide range rofAfter 02 4
decomposition of absorption spectra, the knowledge of molar
absorptivities of TMPyP forms facilitated the determination 00+ 620 650 700 740 | 700
of contributions of free, externally bound, and intercalated wavelength [nm]

TMPyP at any base pair/porphyrin ratio. These contributions FIGURE 8: (A) Integrated fluorescence intensity of bound TMPyP

are presented in Figure 7 as the functiorr.oficcording to upon excitation at 260 nm as the function of the DNA base pair/
- . . porphyrin molar ratior). The concentration of TMPyP was@M.
our results, the full binding to isolated DNA requiresrar (B) Normalized fluorescence spectra of TMPyP corresponding to

7.2+ 0.5. In the case of intraphage DNAmust be higher  fyii binding to isolated DNA (solid line)r(= 8) and NP complex
than 30. At higher relative DNA concentrations a slight (dashed line)(= 40).1cx = 260 nm. The porphyrin concentration

decrease in externally bound and a parallel increase inwas 2uM.
intercalated TMPyP concentration can be observed. However,
these changes, indicating a redistribution of bound porphyrin
are within the experimental error.

Fluorescence Energy TransfeBince the first report of
contact energy transfer from DNA bases to bound ligands
by Le Pecq and PaolettB(), this technique has been used
frequently in DNA-ligand interaction studies. Porphyrins
that contact closely with DNA bases are characterized by a
clear increase of their fluorescence quantum yields for an
excitation around 260 nm, corresponding to an energy L=1—lgn (8)
transfer from DNA bases to porphyrin$g). This phenom-
enon can be considered as a criterion for intercalation. where | refers to the measured fluorescence intensity at

We recorded the fluorescence emission spectra of TMPyP

' DNA samples when they were excited at 260 nm. Figure
8A shows the integrated fluorescence intensity of TMPyP
(2 uM) at various concentrations of isolated phage DNA.
Since the fluorescence intensity of free TMPyP upon
excitation at 260 nm is not zero, the emissions of free and
bound forms are superimposed. The fluorescence intensity
of the bound porphyrinlf) can be estimated as
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Ficure 9: (A) CD spectra of TMPyP in the presence of free DNA
(solid lines) and NP complex (dashed line)values are between  FiGURE 10: Derivative melting curves of isolated T7 DNA (A)
0.8 and 6.6 in DNA-containing samples and= 15.3 in NP- and T7 phage (B) at various porphyrin/base pair ratiog).(The
containing sample. (B) Molar ellipticity of TMPyP in the presence base pair concentration of the samples was aboptL2L/r values
of DNA (v, O) or NP (a, B) measured at 422, H) and 448 ¥, varied between 0 and 0.04 (A) ane-0.1 (B), respectively.

A) nm as the function of.

In the CD spectrum induced by the presence of the NP
various DNA concentrationgg is the fluorescence intensity  complex, the typical positive and negative spectral bands can
of DNA-free solution, and is the relative concentration of  be recognized at 422 and 445 nm, respectively. The
free TMPyP. amplitudes of bands are increasing by increasing NP

A significant increase in the emitted intensity can be concentration, and the process is saturatedsat5. Figure
observed at constant porphyrin concentration when the base9A presents the induced CD spectrum of TMPyYP when it is
pair/porphyrin molar ratio is increased up to about 7. Similar supplemented with the NP complex ands 15. One can
changes take place when TMPyP solution is supplementedrecognize that not only the position of spectral bands but
with the NP complex. However, in this case the saturation also the highest possible amplitudes are similar in the
of the process can be reached whieis about 30. presence of DNA or NP.

Normalized emission spectra.f = 260 nm) of TMPyP Optical Melting Measurement3he interaction between
bound to DNA or NP are presented in Figure 8B. This type porphyrin derivatives and DNA or the NP complex can be
of presentation has been selected because, besides the emittedso recognized due to the stability changes in macromol-
intensity, the shape of the emission spectra is also informa-ecules. To look for possible structural changes caused by
tive. These spectra show good correspondence to each othethe TMPyP binding, the thermal stability of the T7 phage
In both cases, the emission maxima are at 665 and 722 nmand DNA was detected by optical melting; e.g., the thermal
These values fit to the maxima of the typical emission denaturation of the whole T7 phage and isolated DNA was
spectrum of intercalated TMPyYP species described by Kelly monitored via the changes in their absorbance at 260 nm.
et al. (L3). However, the relative amplitudes of two peeks  The melting derivative curves of DNA and the NP
are different in the case of DNA and NP binding. complex recorded at various TMPyP and constant base pair

Circular Dichroism In addition to absorption and energy concentrations are presented in panels A and B of Figure
transfer measurements, CD study is a useful tool for the 10, respectively. The hyperchromic transition around®4
diagnostic of the interaction of TMPyP with DNA and the (Ty) is attributed to the denaturation of the DNA double
NP complex. Porphyrins, although nonchiral, display induced helix: the opening of the H bonds, weakening of the stacking
circular dichroism (CD) spectra in the Soret region when interaction, and the separation of the two single strands. All
they are bound to DNAZ7, 28, 31, 32). Figure 9A shows curves in Figure 10B show two structural transitions typical
CD spectra of TMPyP recorded in the presence of DNA. for the T7 nucleoprotein complex: a hypochromic change
The porphyrin concentration was constant and the base pairbetween 50 and 6TC (T,,') and a hyperchromic one around
porphyrin ratios varied between 0 and 6.6. All spectra are 84 °C. The low-temperature transition is due to the disruption
composed of a positive band centered on 422 nm and aof the phage particle, as has been shown first by electron
negative one around 445 nm. The appearance of a negativenicroscopy 83) and confirmed later in solution by the
induced CD band is a signature for intercalation whereas aobserved decrease in light scattering intens3).(During
positive induced band is indicative of a nonintercalated this transition, the DNA is released from the capsid; it adopts
binding mode 9). Ellipticities measured at 422 and 445 nm a regular B tertiary structure34) and loses its higher order
are presented in Figure 9B as the functiom.ofhey increase  arrangement35). The high-temperature transitiofi) is
up tor ~ 7; then the addition of DNA does not result in related to the DNA denaturation as described for isolated
further change in the amplitudes. DNA.



Binding of Cationic Porphyrin to Viral DNA Biochemistry, Vol. 43, No. 28, 2008157

Table 3: Melting Parameters: Melting Temperature and Half-Width such spectral parameters for component spectra that were

of DNA and NP at Various Porphyrin/Base PairrjlRatios independent of the base pair/porphyrin molar ratio. The
: : results of spectral decomposition satisfy the criteria proposed
1/ Tm' (Max half-width  Tp, (max half-width ) .

NA O (max) v S(j: 08)3 155103 previously (3, 27, 28): about 20 nm red shift and about
0.008 8480L07 46103 40% hypochromicity of the Soret band for intercalation and
0.02 85.65-08 53+04 a few nanometer red shift and about 5% hypochromicity for
0.04 87.2£06  7.78£0.5 external binding. These findings validate our initial assump-
8-82 gg-gi 8-2 ﬂgi 8-‘51 tion that the measured spectra can be considered as a sum

NP O 53.05L 05 11.0L01 84.0L03  A7L05 of threg component spectra belonging to thre_e possible
001 525+05 11.0+0.2 851405 51+05 porphyrin states, i.e., free, externally bound, and intercalated
0.03 53.3:0.5 11.5+0.2 8534+04 5.0+05 porphyrins.

0.06 53.25-0.5 11.5+0.1 86.0£0.4 5.15+ 0.5
0.12 525+-05 10.8+04 86.7£04 4.3+ 0.5

a2 The base pair concentration was 201.

Fluorescence decay experiments also show the presence
of two binding states of porphyrin in both TMPyPDNA
and TMPyP-NP complexes. On the basis of lifetime values,
one of the bound species can be recognized as intercalated

Melting Parameters of DNA and the NP Compl&he TMPYP in both cases. Energy transfer experiments performed
phase transition temperatures and half-widths measured atvith DNA or NP also prove that TMPyP intercalates between
various 1/r values are collected in Table 3. It can be seen the base pairs of the double helix independently of its
that the melting temperature of DNA is shifted to the higher secondary or higher ordered structure.
values as the concentration of TMPyP increases, in the case However, the lifetimes of the other binding state differ
of both free DNA and the NP complex. This means that both from each other when DNA or NP is added to the TMPyP
types of DNA can interact with TMPyP and the binding of  splution. In the case of DNA complexation, this value fits
TMPyP results in the stabilization of DNA structure. g the lifetime of externally bound TMPYP but deviates from
However, similar TMPyP concentration causes higher tem- jt in the case of complexation with NP. This deviation can
perature shift in free than in intraphage DNA. Besides the griginate from the different molecular environments of
stability, the cooperativity of the DNA phase transition is externally bound porphyrins in the two different systems,
also influenced by the presence of TMPyP, as indicated by or it can be an indication for the porphyrirotein binding
the increase of the half-width of derivative curves. in the TMPYP-NP complex.

Within experimental error, the melting parameters of phage 1, clarify the binding modes of TMPyP, the circular
capsid disruption are constant in the investigated TMPYP jichroism spectra were measured. In general, a single
concentration range; that is, the presence of TMPYP does,egative band characterizes an intercalated porph8n (
not influence the stability of the phage protein capsid. This 39), and a single positive band belongs to an externally bound

result suggests that TMPyP does not @nteract. with capsid porphyrin at DNA groovesag). Our presented observations
proteins and does not disturb proteldDNA interaction, even support the view that TMPyP goes to complex formation

if it has a strong stabilization effect on the intraphage DNA. \yith free and encapsidated T7 DNA. From the similarities
of CD spectral parameters we can conclude that intercalated
DISCUSSION and externally bound porphyrin forms are present in both

Our original reason for embarking on an investigation of TMPyP—DNA and TMPyP-NP complexes.
the interaction of cationic porphyrin with nucleic acids was  Structural changes induced by the porphyrin binding in
for the purpose of developing a DNA-specific photosensitizer DNA or NP were also investigated by the optical melting
for photodynamic virus inactivation. Here, the complexation method. Intercalation of molecules into the double helix is
of TMPyP with free and encapsidated DNA of T7 bacte- known to increase the DNA melting temperatu8s,(40).
riophage was investigated. T7 phage was selected for twoOn one hand, it has been found that the presence of TMPyP
reasons. (1) Samples of both T7 phage and its isolated DNAinfluences the thermal stability of DNA in both its isolated
can be prepared in optical grade purity and in sufficiently and encapsidated form, but in the case of NP, higher
high concentration3g). That way, two different conforma-  concentration of TMPyP is needed to reach a similar increase
tions of the same natural polynucleotide can be investigated.in the strand separation melting temperature. On the other
(2) T7 phage can be used as a surrogate of nonenvelopedand, the stability of the phage capsid is not altered even at
pathogen viruses in the future virus photoinactivation studies high base pair/porphyrin ratios, where CD and fluorescence
performed with cationic porphyrinS9). studies already indicate a high relative concentration of both

Under the environmental conditions, temperature, ionic TMPyP binding forms or even full binding of TMPyP. This
strength, and ionic composition of the buffer solution, used finding indicates that TMPyP binding to DNA does not
in our experiments, isolated polynucleotide has a regular involve the protein binding sites of the polynucleotide.
B-conformation. Intraphage DNA is in close interaction with According to our previous results, the melting temperature
the protein capsid and the core protein of the phage particleof capsid disruption is shifted to the lower values when the
(21). Its tertiary structure can be characterized as a distortedprotein-DNA interaction is disturbed either by binding of
B-conformation. a molecule or by photochemical damagég, 42).

We analyzed the absorption spectra of TMPyP at various On the basis of these results we suggest that the two
base pair/porphyrin ratios in order to identify binding modes binding modes of TMPyP in the NP do not include a
and relative concentrations of bound porphyrin forms. When porphyrin—protein binding but that TMPyP binds to the
spectra were decomposed to three components, we could findDNA part of the NP by two distinct binding modes.
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The experiments reported here corroborate the evidence 8.

that TMPyP interacts with natural polynucleotide. Our results
suggest that TMPyP binds to DNA even if the polynucleotide
is a part of a nucleoprotein complex. Similar binding forms,

i.e., intercalation and outside, nonintercalative binding, can
be suggested in both isolated and encapsidated DNA. The
presence of the protein capsid in the phage particle does not =

exclude the interaction between cationic porphyrin and
intraphage DNA; however, the full binding of TMPyP can

be reached at significantly higher base pair/porphyrin molar
ratio. Some spectral properties also indicate that the external

binding is influenced by the higher ordered structure of DNA,

and the analysis of such differences requires further studies.
The binding model which emerges from these studies ;5

confirms earlier views of porphyrinDNA interaction. We
did not see any indication of excitonic species typical when
cationic porphyrin is bound either to AT or to GC ho-
mopolymers at high binding rati@®8).

A combined analysis of absorption spectra and fluores-
cence decay curves of TMPyP samples enabled us to
determine of concentrations of free, externally bound, and
intercalated porphyrin. As a perspective, our results facilitate

a qualitative analysis of the TMPyP binding process at

various experimental conditions such as DNA base composi-

tion, DNA conformation, and solvent composition.
Under our experimental conditions, the externally bound

species have a higher relative concentration at low base pair/

porphyrin molar ratios. The intercalated form becomes
dominant when this ratio exceeds 3 or 20 in DNA or NP,
respectively. These results correspond to earlier findidps (
according to which TMPyP binds to DNA preferentially by
intercalation at high DNA/porphyrin ratios. The fraction of

porphyrin bound by intercalation decreases as DNA con-
centration decreases or ionic strength increases with a

concurrent shift to outside binding at AT sites.
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