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Abstract

Characterization of the interaction between DNA and small organic compounds is of considerable importance for gaining insights into the
mechanism underlying molecular recognition, which could be highly relevant to drug design. In the present study, the interaction of a water-
soluble cationic porphyrin, 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-21H,23 H-porphyrin, with a self-complementary duplex DNA,
d(GCTTAAGC),, has been investigated by means of absorption, circular dichroism, and NMR spectroscopies. The optical studies indicated
that TMPyP binds to the TTAA region of d(GCTTAAGC), with a binding constant of 2.5x10° M™" and a stoichiometric ratio of 1:1. The
observation of intermolecular nuclear Overhauser effect connectivities demonstrated that TMPyP binds in the major groove of
d(GCTTAAGC),. A model for the binding of TMPyP in the major groove of the AT-rich region of d(GCTTAAGC), is proposed.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

5,10,15,20-Tetrakis(N-methylpyridinium-4-yl)-21 H,
23H-porphyrin (TMPyP; Fig. 1) is a water-soluble cationic
porphyrin and has been the subject of extensive study,
especially in relation to its unique physicochemical proper-
ties leading to interaction with nucleic acids, as well as its
therapeutic application [1]. TMPyP comprises a porphyrin
core and N-methylpyridinium side chains. The planarity and
hydrophobicity of the porphyrin ring are well suited for
intercalation into the base pairs of nucleic acids. Further-
more, the porphyrin ring is responsible for the production of
singlet oxygen [2], which can be used to damage DNA
in tumor cells when it is used as a photosensitizing agent
in photodynamic therapy [3-5]. On the other hand, the
relatively high water solubility of TMPyP is largely
attributable to the charged peripheral side chains which
prevent self-aggregation. Additionally, the positively
charged side chains of TMPyP are suited for electrostatic
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interaction with nucleic acids, which are negatively charged
polyelectrolytes.

TMPyP has been shown to bind to various forms of
nucleic acids such as duplex DNA [6—11] and RNA [12], a
DNA-RNA hybrid [12], triplex DNA [13,14], and quad-
ruplex DNA [15-19]. The mode of binding of TMPyP to
duplex DNA has been shown to depend greatly on the DNA
sequence and the solution conditions. TMPyP has been
shown to intercalate into GC-rich regions, and the molecular
recognition upon the intercalation of TMPyP into GC-rich
sequences has been characterized in detail through solution
NMR studies on the complexes [9,20,21]. On the other
hand, DNA footprinting [6], linear dichroism [10], and
fluorescence [7] studies on the interaction of TMPyP with
AT-rich sequences of duplex DNA have shown that TMPyP
favors surface binding, with binding constants comparable
to those for intercalation, at low TMPyP to DNA base ratios
and, as the ratio increases, TMPyP has been shown to form
a moderate or extensive stacking array along the DNA
strand [9,20-24]. Thus, in contrast to the detailed knowl-
edge, at the atomic level, on the interaction of TMPyP with
GC-rich sequences, the nature of the molecular recognition
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Fig. 1. Molecular structure of 5,10,15,20-tetrakis(N-methyl-pyridinium-4-
yl)-21H,23H-porphyrin (TMPyP).

between TMPyP and AT-rich sequences has remained in
depth to be explore.

Various aromatic compounds have been shown to bind
preferentially in the minor groove of the AT-rich region of
duplex DNA [25, 26]. In general, minor groove binders adopt
curved shapes that fit the turn of duplex DNA in the minor
groove. When the AT sequences are replaced by GC ones, the
minor groove binders tend to exhibit intercalative binding.
Since the amine groups of guanine bases in GC sequences
stick out into the minor groove, the steric repulsion between
an aromatic compound and the amine groups of guanine
bases in the minor groove has been thought to play a major
role in determining the mode of binding of DNA-interactive
compounds.

TMPyP shares structural features with conventional minor
groove binders [10,11], and hence minor groove binding
might be expected for the interaction of TMPyP with the AT-
rich region of duplex DNA. But, as has been shown for the
influence of the DNA sequence on the binding mode
propensity of DNA-interactive compounds [27-31], eluci-
dation of the interaction of TMPyP with the AT-rich region is
necessary for a detailed understanding of the molecular
recognition upon the binding of TMPyP to DNA, which
could provide useful information for designing photosensitiz-
ing agents possessing even greater DNA binding specificity.
In the present study, the interaction of TMPyP with a self-
complementary oligonucleotide, d(GCTTAAGC),, was char-
acterized by means of optical absorption (Vis), circular
dichroism (CD), and NMR spectroscopies to gain insights
into the molecular recognition on the binding of TMPyP to
the AT sequences of duplex DNA. The Scatchard plots of the
Soret absorbance of TMPyP obtained upon titration with
d(GCTTAAGC), were found to be straight lines, and
revealed the binding constant of 2.5x10° M™', and a
stoichiometric ratio of 1:1 between TMPyP and
d(GCTTAAGC),. An induced positive CD band in the Soret
region, observed for a solution mixture of TMPyP and
d(GCTTAAGC),, strongly suggested groove binding of

TMPyP to d(GCTTAAGC),. Additionally, the observation
of intermolecular nuclear Overhauser effect (NOE) connec-
tivities demonstrated that TMPyP in the complex is located in
the major groove of d(GCTTAAGC),. Finally, a molecular
model that accounts for the binding of TMPyP in the major
groove of the AT-rich region of duplex DNA is proposed.

2. Experimental
2.1. Sample preparation

d(GCTTAAGC), purified with a C-18 Sep-Pak cartridge
was purchased from Espec Oligo Service (Tsukuba, Japan).
The oligonucleotide was collected by ethanol precipitation,
and then desalted with Microcon YM-3 (Millipore, Bedford,
MA). The concentration of the oligonucleotide was deter-
mined spectrophotometrically using the absorption value at
260 nm (£260=8.76x10" cm M~ '). TMPyP tosylate was
purchased from Dojin Kagaku (Kumamoto, Japan), and was
converted to the chloride salt as follows. TMPyP tosylate was
dissolved in distilled water and then a KI solution was added
to the TMPyP solution to precipitate the iodide salt of
TMPyP. The precipitated iodide salt of TMPyP was dissolved
in 0.1 N HCI and then applied to an ion-exchange column
(Dowex 1x2 Cl™ form resin, mesh size 200400 nm, Dow
Chemicals, Midland, MI) to replace the counter anion with
the chloride ion. The TMPyP concentration was determined
using the extinction coefficient of £4,4=2.26 X 10°cm M.
Sodium phosphate buffer (100 mM, pH 7.0, containing 50
mM NaCl) was used as the solvent throughout the optical
measurements. For NMR measurements, the oligonucleotide
duplex concentration was 2 mM, as a duplex form, in 50 mM
NaCl and 100 mM sodium phosphate buffer, pH 7.0; The
’H,0 content in the samples was either ~10% or ~100%.

2.2. Absorption and CD spectroscopies

Absorption spectra were recorded on a Beckman DU640
spectrometer over the spectral range of 200-600 nm. CD
spectra were recorded on a JASCO J-720W spectrometer
over the spectral range of 240—500 nm. The concentrations of
TMPyP for the absorption and CD measurements were 3.0
and 6.0 pM, respectively. The melting temperatures (77,) of
4.5 M d(GCTTAAGC), in the absence and presence of a
stoichiometric amount of TMPyP were determined from the
temperature dependence of the hyperchromic effect on the
absorbance at 260 nm. The temperature for each measure-
ment was increased over the temperature range of 15-90 °C,

with a heating rate of 0.5 °C min~".

2.3. NMR measurement
"H NMR spectra were recorded on a Bruker AVANCE-

500 or 600 spectrometer operating at a 'H frequency of 500 or
600 MHz, respectively. 1D 'H NMR spectra were obtained
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with a 25 ppm spectral width, 32 k data points, a 2 s relaxation
delay, and 64 transients. Water suppression was achieved
with the watergate method [32,33]. The signal-to-noise ratio
of the spectrum was improved by apodization, which
introduced 1-Hz line broadening. NOESY spectra were
acquired by quadrature detection in the phase-sensitive mode
with a States-TPPI [34] with a 12,500-Hz spectral width,
2048 %512 data points, a 2-s relaxation delay, and a mixing
time of 60, 120, or 300 ms. A phase-shifted sine-squared
window function was applied to both dimensions before 2D
Fourier transformation. Chemical shifts are referred to
external 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).

3. Results
3.1. Absorption and CD spectra

We first studied the interaction between TMPyP and
d(GCTTAAGC), on the basis of the absorption and CD
spectral changes of the porphyrin m-system of TMPyP. The
absorption and CD spectra of TMPyP in the presence of
various concentrations of d(GCTTAAGC), are shown in A
and B of Fig. 2, respectively. As shown in Fig. 2A, the Soret
band of TMPyP red-shifted from 422 to 431 nm on the
addition of d(GCTTAAGC), and exhibited about 14%
hypochromicity. These results clearly indicated that the
porphyrin w-system of TMPyP interacts with d(GCT-
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Fig. 2. Vis absorption (A) and CD (B) spectra, 390470 nm, of TMPyP in
the presence of various concentrations of d(GCTTAAGC), at 25 °C.
[TMPyP]=3.0 and 6.0 uM for the absorption and CD measurements,
respectively. R([TMPyP]/[d(GCTTAAGC),]) was varied from 0 to 5.0.
Isosbestic point was observed at 425.5 nm in panel (A).
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Fig. 3. Scatchard plots of the Soret absorbance at 440 nm. Slope of the
fitted line was —2.5x10°, the y- and x-intercepts were 2.5x10° and 0.99,
respectively, with a square multiple correlation coefficient 72=0.948. The
plots revealed a binding constant of 2.5x10° M~ and a stoichiometric ratio
of about 1:1 between TMPyP and the oligonucleotide.

TAAGC),. In addition, the observation of a clear isosbestic
point at425.5 nm over the range of 1.5-5.0 for R (=[TMPyP]/
[d(GCTTAAGC),]) demonstrated that a specific interaction
occurs between TMPyP and d(GCTTAAGC),. Furthermore,
the addition of d(GCTTAAGC), to TMPyP induced a positive
CD band in the Soret region, as shown in Fig. 2B.

A Scatchard plot of the absorption at 440 nm is shown in
Fig. 3. The binding ratio » is defined as Cy/[d(GCTT-
AAGC),], where Cy, is obtained from 440 nm absorbance
change (A4) exerted by addition of d(GCTTAAGC),, and
molar extinction coefficients at 440 nm determined for
solutions with R=0 and 10.0 (ez—¢ and &ez—100, respec-
tively), through the equation, C,=AA/(eg—o—&r—10.0)- This
plot could be satisfactorily represented as a straight line,
yielding a value of 2.5x10° M~! for the binding constant
for TMPyP and d(GCTTAAGC),, with a stoichiometric
ratio of 1:1.

3.2. Melting temperature of d(GCTTAAGC),

The interaction of d(GCTTAAGC), with TMPyP was also
reflected by an increased melting temperature (7,) of duplex
DNA. On analysis of the temperature dependence of the
absorption at 260 nm, the 7', value of 26 °C was obtained for
4.5 uM d(GCTTAAGC), and this value increased by ~14 °C
in the presence of a stoichiometric amount of TMPyP relative
to d(GCTTAAGC),. This result demonstrated that
d(GCTTAAGC), was significantly stabilized on the binding
of TMPyP.

3.3. NMR spectroscopy

A 600-MHz 'H NMR spectrum of d(GCTTAAGC), at 25
°C is illustrated in Fig. 4A. Since the concentration of
d(GCTTAAGC), used for the NMR measurement was
greater by a factor of 40, its 7, value should be much higher
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Fig. 4. The 600 MHz '"H NMR spectra of d(GCTTAAGC), (A), solution
mixtures with R([TMPyP]/[d(GCTTAAGC),])=0.5 (B) and 1.0 (C), and
TMPyP (D) in 100 mM sodium phosphate buffer, pH 7.0, with 50 mM
NaCl at 25 °C. Most DNA signals were shifted upfield and broadened with
increasing R values.

than that determined spectrophotometrically. Signal assign-
ments were made, using standard 2D NMR methods (not
shown), and are listed in Table 1. The imino proton signals
due to T3, T4, and G7 were resolved in the downfield-shifted
region. The G1 imino proton signal was not visible in the
spectrum and could be underneath the G7 imino proton
signal. The chemical shifts of the signals of d(GCTTAAGC),
were affected by the addition of TMPyP (traces B and C in
Fig. 4). Upon the addition of TMPyP, most signals of
d(GCTTAAGC), exhibited progressive shifts. This de-
monstrated not only that the electronic structure of
d(GCTTAAGC), is affected by the interaction with TMPyP,
but also that the time scale of the complex formation between
them is faster compared with the NMR time scale. The
TMPyP-induced shift changes of the DNA signals are
summarized in Table 1. The DNA signals exhibited sizable
upfield shifts upon the addition of TMPyP. Considering the
small size of d(GCTTAAGC),, it was not surprising that most
of the DNA signals were affected by the binding of TMPyP.

The shifts and line widths of the signals of TMPyP were
also affected by the interaction with d(GCTTAAGC),. The
p-pyrrole, and o- and m-proton signals of TMPyP exhibited
upfield shifts upon the addition of d(GCTTAAGC),,
whereas the shift of the pyrrole NH proton signal of TMPyP
was essentially unaffected by the addition of d(GCTT-
AAGC),. Further addition of TMPyP to d(GCTTAAGC),
resulted in considerable broadening and/or DNA signals
(spectra not shown), indicating either a dramatic increase in

Table 1

"H NMR shifts (ppm) of d(GCTTAAGC), and shift change A8* (ppm) induced upon the addition of a half stoichiometric amount of TMPyP in 100 mM sodium phosphate buffer, pH 7.0, and 50 mM NaCl at 25 °C

amino imino TMPyP

H2/H5/Me

H2" H3’ H4 H6/H8
free free

H2

HU

Dd

free

free Dd free Dd

Dd

Dd

Dd free Dd free Dd free Dd free Dd
n.d.
n.d.

free

—0.08

9.21
8.82
9.00
—3.60

m-H
o-H
b

—0.13
n.d.

8.09
8.24

—0.19
—0.19
—0.14

—0.11

7.94
7.53
7.45
7.37
8.28
8.04
7.54
7.24

n.d.
n.d.
n.d.
n.d.

4.84
4.84
4.87
4.87
5.04
5.01
4.90

—0.17
—0.33
—0.13
—0.12
—0.12

n.d.

2.76
2.56
2.56
2.35
2.86
2.77
2.59
2.20

—0.19
—0.17
—0.12
—0.09
—0.14

n.d.

2.64
2.21
2.14
2.01
2.75
2.58
2.37
2.16

—0.29
—0.20
—0.13
—0.14
—0.18
—0.21
—0.18
—0.25

5.95
6.10
6.04
5.63
5.80
5.93
5.76
6.06

Gl

0.00
—0.30

—0.20
—0.14
—0.13
—0.10
—0.17

5.33

4.27
4.18
4.10
4.39
4.40
4.31
4.00

C2

—0.19
—0.15

14.06
13.60

1.64
1.73
6.92
7.45

—0.11

T3

0.00

NH

—0.11

T4

—0.14
—0.17
—0.19
—0.20

—0.15
n.d.

AS

n.d.

A6

n.d. 12.89  —0.32

n.d.

6.63
6.43

—0.14
n.d.

—0.17
n.d.

—0.16
n.d.

G7

—0.29

5.05

n.d.

C8

n.a. Not assigned.

n.d. Not determined due to the lack of the signal assignments for both systems.

[TMPyP)
[d(GCTTAAGC), |

0, where R =

0.54811:

a ASZSR:
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the apparent molecular weight of d(GCTTAAGC), and/or
structural inhomogeneity of the complex in the presence of a
large excess of TMPyP. Therefore, in the presence of excess
TMPyP, the binding of TMPyP to d(GCTTAAGC); is likely
to be non-specific.

The observation of intermolecular NOEs between TMPyP
and d(GCTTAAGC), could provide direct information
regarding the structure of the TMPyP-DNA complex.
Portions of the NOESY spectra for the solution mixture of
d(GCTTAAGC), and TMPyP with R=0.5, recorded with a
series of mixing times, are illustrated in Fig. 5. With a short
mixing time (60 ms), the o- and m-protons of TMPyP
exhibited rather specific intermolecular NOE connectivities
to the T3 HI, A6 HI' and A5 HI, A6 HI’ protons of
d(GCTTAAGC),, respectively. In addition, both the p-
pyrrole and o-protons of TMPyP exhibited weak intermo-
lecular NOE connectivity to the T3 2’ proton of
d(GCTTAAGC),. With increasing mixing times, the H1’
protons of T3, T4, A5, and A6 of d(GCTTAAGC), exhibited
NOE connectivities with the o- and m-protons of TMPyP.
Furthermore, most of the DNA protons exhibiting NOE
connectivities with TMPyP protons are located in the major
groove of duplex DNA, so TMPyP is likely to be
accommodated in the major groove.

The conformation of d(GCTTAAGC), complexed with
TMPyP may be inferred from the intramolecular NOE
connectivities. The intraresidue NOE connectivities between

Mixing time
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Fig. 5. Portions of NOESY spectra of a solution mixture with an R value of 0.5
at 25 °C, recorded using a series of mixing times: 60, 120 and 300 ms. Build-up
of the cross peaks between TMPyP aromatic ring protons and T3 (H1'/H2'/H6),
G7 HI (strong), and C2 (H2" /H6) G7 H8 (weak) was observed.

the base and deoxyribose protons of duplex DNA have
provided a convenient signature for its conformation in
solution. The observation of NOE connectivities between the
H6 and H2'/H2" protons for A and T residues, and between
the H8 and H2'/H2” protons for C and G residues clearly
indicated that d(GCTTAAGC), in the complex with TMPyP
adopts a typical B-type duplex, and hence the binding of
TMPyP does not significantly affect the conformation of
d(GCTTAAGC),. Furthermore, *'P NMR signals for
d(GCTTAAGC), in the presence of various concentrations
of TMPyP were observed in the chemical shift region
expected for a typical B-type duplex (results not shown).
These results strongly suggested that the conformation of
d(GCTTAAGC), is independent of TMPyP binding.

4. Discussion
4.1. Binding of TMPyP to d(GCTTAAGC),

The red shift and hypochromicity of the Soret absorption
band, as well as the induced positive CD band of TMPyP in
the presence of d(GCTTAAGC), (Fig. 2A and B), demon-
strated that the porphyrin w-system of TMPyP interacts with
d(GCTTAAGC),. It has been reported that intercalation of
TMPyP into for CG pairs of duplex DNA induced a red shift
of Soret absorption from 422 nm to 440 nm, together with
high hypochromicity (~50%) of the band; there was an
induced negative CD band in the Soret region as well [20].
However, in the case of surface binding of TMPyP to the AT
base pairs of duplex DNA, the Soret absorption exhibited a
red shift from 422 to 430 nm, and relatively low
hypochromicity (~20%), along with an induced positive
CD band in the Soret region [20]. Therefore, the observed
changes in both the absorption and CD spectra of TMPyP,
induced by the addition of d(GCTTAAGC),, were consis-
tent with the surface binding of TMPyP to the AT base pairs
of d(GCTTAAGC),, and the absence of direct interaction
between the porphyrin m-system of TMPyP and the base
pairs of d(GCTTAAGC),. d(GCTTAAGC), possesses four
AT pairs at the center of its strand. According to the
conformation of a typical B-form of duplex DNA, four
consecutive base pairs span about 10 nm, which is almost
the same as the diameter of TMPyP. Therefore, TMPyP is
expected to bind to the center TTAA of d(GCTTAAGC),.

The affinity of TMPyP to d(GCTTAAGC), could be
determined by Scatchard plot analysis of the Soret absorb-
ance (Fig. 3). The plot demonstrated 1:1 complex formation
between TMPyP and d(GCTTAAGC),, and a binding
constant of 2.5x10° M~'. The obtained binding constant
was within the range of values, i.e., 10*-10'° ML reported
for various DNA-interactive compounds [27-31]. Various
interactions are expected to contribute to stabilization of the
TMPyP-DNA complex. An electrostatic interaction between
the N-methylpyridinium of TMPyP and the phosphodiester
backbone of d(GCTTAAGC), could potentially regulate both
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the molecular recognition between the two and the stability of
the complex. Yet in the presence of a relatively high salt
concentration in the system, the contribution of the electro-
static interaction to the relatively high affinity of TMPyP to
d(GCTTAAGC), might be rather small.

4.2. Structure of the TMPyP—DNA complex

The structure of the TMPyP-DNA complex in solution
could be inferred on analysis of the intermolecular NOE
connectivities between them. With short mixing times,
specific intermolecular NOE connectivities of the o- and
m-protons of TMPyP to the T3 H1’, A6 Hl' and A5 HI/, A6
H1” protons of d(GCTTAAGC),, respectively, were
observed, and these connectivities strongly suggested that
the N-methylpyridinium side chains of TMPyP are accom-
modated in the major groove of d(GCTTAAGC), in the
complex. A molecular model for the structure of TMPyP—
DNA complex could thus be inferred (see below).

Most '"H NMR signals for d(GCTTAAGC), exhibited
progressive chemical shift changes upon binding TMPyP.
This demonstrated the fast exchange between bound
and free DNA, which is consistent with the groove bind-
ing of TMPyP to d(GCTTAAGC),. Most signals for
d(GCTTAAGC), were affected by the binding of TMPyP,
and relatively large TMPyP-induced shifts were observed
even for the signals due to the terminal GC residues of
d(GCTTAAGC),. Molecular modeling showed that the N-
methylpyridinium side chains of TMPyP are located in the
proximity of the terminal GC residues in the TMPyP-
d(GCTTAAGC), complex (see below). Therefore, the rela-
tively large chemical shift perturbations of the signals of the
terminal GC residues in the complex would be due to the
influence of the nearby N-methylpyridinium side chains of
TMPyP.

Although the orientation of TMPyP with respect to the
major groove of d(GCTTAAGC), in the complex could not
be determined quantitatively on analysis of these results, a
molecular modeling docking study was performed to explain
the structural features of the complex as well as the molecular
recognition upon the complex formation. Assuming that
TMPyP binds across both strands of the duplex DNA to
account for the greatly elevated 7., value for the complex,
relative to that for d(GCTTAAGC),, and that the conforma-
tion of d(GCTTAAGC), in the complex remains a typical B-
type duplex, as reflected by the intraresidue NOESY
connectivities and *'P NMR shifts, a qualitative model was
obtained for TMPyP-d(GCTTAAGC), complex, as illus-
trated in Fig. 6. The model was not generated with an energy
minimization algorithm, but was constructed on the basis of
simple docking between the two molecules to satisfy the
observed intermolecular NOE connectivities. In the model,
TMPyP fitted well in the major groove of the self-
complementary duplex DNA, and the symmetric nature of
the molecular structure of the complex was preserved as
much as possible. We suppose that the preservation of the

Front view Side view

Fig. 6. Schematic representation of a model for the TMPyP-d(GCTTAAGC),
complex. The phosphodiester backbone of the duplex DNA is shown in dark
gray, and the methyl groups of T3 and T4 are represented in darker gray and
denoted by Me. TMPyP binds in the major groove of the central TTAA
sequence of the oligonucleotide. Since the methyl groups of T3 and T4 of the
oligonucleotide stick out into the major groove, the major groove of the
TTAA region becomes narrower and hence provides a suitable pocket for
TMPyP binding. The symmetry of the molecular structure was preserved as
much as possible to construct the model.

molecular symmetry of the complex contributes to its high
thermodynamic stability. Four different modes of docking of
C4 symmetric TMPyP to the duplex DNA are identical in
thermodynamic stability and dynamic interconversion
between them is expected in solution. In addition to the
structure of the TMPyP-DNA complex schematically illus-
trated in Fig. 6, alternative orientations of TMPyP within the
major groove of the DNA might be possible. But not only
intermolecular contacts, but also molecular symmetry of the
complex in other docking models should be considerably
reduced compared with those in the model of Fig. 6.

The size of the groove in duplex DNA depends upon the
sequence, and so the major groove of the AT-rich region
becomes less deep, as shown in Fig. 6. Since the methyl
groups of T3 and T4 of d(GCTTAAGC), protrude into the
major groove of this oligonucleotide, as indicated in Fig. 6,
the major groove of the TTAA region becomes narrower and
hence is expected to provide a more suitable pocket for
TMPyP binding than the minor groove. This steric interaction
is probably significant for the molecular recognition between
TMPyP and duplex DNA. Furthermore, the structural
features of the complex, as highlighted in the qualitative
model in Fig. 6, demonstrated that hydrophobic and van der
Waals interactions, together with an electrostatic interaction,
contribute significantly to stabilization of the complex. The
positively charged peripheral side chains and w-systems of
TMPyP facilitate attraction to the DNA molecule through
non-specific electrostatic and hydrophobic interactions,
respectively. Since the orientation of TMPyP with respect
to DNA in the complex was determined thermodynamically
to give the minimum energy of the system, the van der Waals
interaction between TMPyP and d(GCTTAAGC), possibly
plays a significant role in the specific binding of TMPyP to
DNA. Thus, the major groove-binding propensity of TMPyP
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as to duplex DNA is regulated by structural features of the
groove provided by the sequence.
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