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ABSTRACT: A water-soluble cationic porphyrin, 5,10,15,20-tetraMisethylpyridinium-4-yl)-2H,23H-
porphyrin (TmPyP4), has been studied extensively because of its unique physicochemical properties that
lead to interactions with nucleic acids, as well as its therapeutic application. Formation of a complex
between TmPyP4 and parallel G-quadruplex DNA formed from a single repeat sequence of the human
telomere, d(TTAGGG), has been characterized in an effort to elucidate the mode of molecular recognition
between TmPyP4 and the DNA. The study demonstrated that TmPyP4 intercalates into the A3pG4 step
of [d(TTAGGG)], with an association constant of 6:210° M~1 and a stoichiometric ratio of 1:1. The
binding of TmPyP4 to the A3pG4 step of [d(TTAGGG)Yas found to be stabilized by the-m stacking
interaction of the porphyrin ring of TmPyP4 with the G4 quartet as well as the A3 bases of the G-quadruplex
DNA. These findings provide novel insights for the design of porphyrin derivatives that bind to DNA
with high affinity and specificity.

G-Quadruplex DNA is a four-stranded helix structure 5,10,15,20-Tetraki{-methylpyridinium-4-yl)-2H,23H-por-
composed of stacked quartets known as G-quartets, each ophyrin (TmPyP4, structure shown in Figure 1) is a water-
which involves the planar association of four guanine basessoluble cationic porphyrin and has been studied extensively
in a cyclic Hoogsteen hydrogen bonding arrangement. At because of its unique physicochemical properties that lead
the terminus of a eukaryotic chromosome, a guanine-rich to interactions with nucleic acids, as well as its therapeutic
repeating sequence is found, which is thought to form a application {1-15). TmPyP4 has been shown to bind to
G-quadruplex I—5). This sequence has received consider- various nucleic acids such as duplex DNi6{-22) and RNA

able interest in DNA-directed drug desigh—(10). (23), DNA—RNA hybrids @3), triplex DNA (24, 25), and
The size and planarity of the porphyrin ring are well-suited quadruplex DNA 26—30). The way TmPyP4 binds to duplex
for interaction with a G-quartet through—x stacking. DNA has been shown to depend greatly on the DNA
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H,C, ,CH, obtained by ethanol precipitation and then desalted with a
Microcon YM-3 device (Millipore, Bedford, MA). The
concentration of the oligonucleotide was determined spec-
trophotometrically using the absorption value at 260 By (

= 6.89 x 10 cm! M~1). TmPyP4 tosylate was purchased
from Dojin Kagaku, Co. Ltd. (Kumamoto, Japan), and
I Nmeta converted to the chloride salt as follows. TmPyP4 tosylate

/ N was dissolved in distilled water, and then a potassium iodide

H,C CH, solution was added to the resulting solution to precipitate

FiGure 1: Molecular structure of 5,10,15,20-tetrakisgethyl- the iodide salt of TmPyP4. The precipitated iodide salt of
pyridinium-4-y1)-21H,23H-porphyrin (TmPyP4). TmPyP4 was dissolved in 0.1 M HCI and then applied to an

) N ion-exchange column (Dowex 1X2 Cform resin; mesh
sequence and solution conditions. For example, TmPyP4 hassize, 206-400; Dow Chemicals, Midland, MI) to replace
been shown to intercalate between G-C base pals3l, the iodide ion with the chloride ion. The TmPyP4 concentra-
32) and also to bind to the major groovédj, minor groove tion was determined using an extinction coefficientd) of
(17, 34), and surface of the DNA surface3q). The 2.26 x 10° cm™t ML, Potassium phosphate buffer (50 mM,
association constankf) for binding of TmPyP4 to AT-rich pH 7.0) containing 300 mM KCI was used as the solvent
sequences, through a major groove, has been reported to bgoughout the optical measurements. For NMR measure-
comparable to that of the intercalation of TmPyP4 between ments, the oligonucleotide concentration was 2 mM, as a
G-C base pairs33). A structural model of TmPyP4 binding quadruplex form, in 300 mM KCI and 50 mM potassium

preferentially to the major groove has been proposed on theppgsphate buffer (pH 7.0). THELO content in the samples
basis of NMR structure characterizatid®8). Furthermore,  \yas either~10 or ~100%.

in the cases of RNA duplex and the DN/ARNA hybrid, . . .
the binding of TmPyP4 has been shown to depend on base Absorption and CD Spectroscopiesbsorption spectra

pairings and ribose puckering of target strarz) (TmPyP4 were recorded on a Beckman DU640 spectrometer over the
has also been shown to bind to triplex DNA, although the spectral range of 200700 nm. CD spectra were recorded

details of the complex formation are not fully understood. on a JASCO J-720W spectrometer over the spectral range

. . .+ of 240-500 nm. The concentrations of TmPyP4 for the
Recently, it has been shown tha_t T_mPyP4 interacts with absorption and CD measurements were 3.0 andui0
G-quadruplex DNA and that the binding of TmPyP4 to the ivelv. Tha | f 3uM [d(TTAGGG)L, in th
DNA inhibits telomerase activity30). It has been proposed respectively. m Values o 3” : Lo . )Ja in the
on the basis of a molecular modeliﬁ study. that the stack’in absence and presence of a stoichiometric amount of TmPyP4
intercalation of TmMPYP4 between a?i'acerz/t’G- Lartet Ianegswere determined from the temperature dependence of the

y o ) q P hyperchromic effect on the absorbance at 260 nm. The

of G-quadruplex DNA stabilizes the compleRQj. Thus, :

: L . temperature for each measurement was increased over the
TmPyP4 is capable of binding to various sequences and

. . range of 25-85 °C, with a heating rate of 0.5C/min.
structures of DNA in a variety of manners, thg values
being 16—10’ M~1 (23, 33, 36), which are within the affinity NMR MeasurementH NMR spectra were recordgd ona
range, i.e., 16-10°° M1, reported for various DNA- Bruker AVANCE-500 or 600 spectrometer operating at a

interactive compounds37—39). 1H frequency of 500 or 600 MHz, _respec_tively. One-
We present herein the results of NMR, absorption, and dimensionafH NMR spectra were obtained with a 20 ppm
circular dichroism (CD) studies on the interaction of TmPyP4 SPectral width, 32k data pointa 2 srelaxation delay, and
with all-parallel type G-quadruplex DNA formed from 64 transients at 25C. Water suppression was achleved by
d(TTAGGG) @0), a single repeat sequence of the human the Watergate method{, 42). The s_@nal:ngnsg ratio of the
telomere, exhibiting a melting temperatufi,) of >50 °C. spectra was improved by apodization, which introduced 0.3
The study demonstrated that TmPyP4 intercalates into theHZ liné broadening. Two-dimensional nuclear Overhauser

A3pG4 step of the G-quadruplex DNA, [d(TTAGGG)ith effect (NOESY) spectra of a mixture for whicRrmpypa
a K, value of 6.2x 10° ML The binding of TmPyP4 to  {[TMPYP4J/[d(TTAGGG)}]} = 0.2{where [TmPyP4] and

[d(TTAGGG)], was found to be greatly stabilized by the [[d(TTAGGG)]4] represent the concentrations of TmPyP4
stacking interaction between thesystem of the porphyrin ~ @nd d[TTAGGG)], respectively were acquired by quadra-
moiety of TmPyP4 and the G-quartet plane formed by G4 ture detection in the_ phase-sensitive mode Wl_th a States
guanine bases as well as the electrostatic attraction betweer] PP! method 43), with a 10 000 Hz spectral width, 4k
pyridinium ions of TmMPyP4 and phosphate ions of the DNA 1k data pointsa 2 srelaxation delay, and a mixing time of
backbone. A model study suggested that#her stacking 120, 200, or 300 ms at Z%. A phase-shifted sine-squared
interaction between the porphyrin moiety of TmPyP4 and Window function was applied to both dimensions before two-
A3 adenine bases also contributes to complex formation. Thedimensional Fourier transformation. Chemical shifts are
knowledge of this association is valuable in the design of referenced to external 2,2-dimethyl-2-silapentane-5-sulfonate.
the molecular architecture of a novel DNA enzyme formed

from G-quadruplex DNA and a porphyrin derivative. RESULTS

MATERIALS AND METHODS Absorp?ion and CD Spectrail.'he absqrpt_ion spectra of
TmPyP4 in the presence of various stoichiometric ratios of

Sample Preparationd(TTAGGG) purified with a C-18 [d(TTAGGG)], are shown in Figure 2A. Upon the addition

Sep-Pak cartridge was purchased from Tsukuba Oligo of [d(TTAGGG)]s, the Soret band due to the porphyrin
Service Co. (Tsukuba, Japan). The oligonucleotide was s-system exhibited a red shift from 422 to 440 nm associated
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FiGURe 2: Absorption spectra of TmPyP4 in the presence of various
concentrations for whiclRrmpypa= 0—5.0 (A) and CD spectrum
for which Rrmpyps = 0.3 (B) at 25°C. [TmPyP4]= 3.0 and 6.0
uM for the absorption and CD measurements, respectively. An
isosbestic point was observed at 434 nm in panel A.
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Ficure 4: H NMR spectra (600 MHz) of [d(TTAGGG)]for
which Rrmpypa{ [TMPYP4]/[[d(TTAGGG)}]} =0 (A), 0.2 (B), 0.5
(C),1.0(D), 2.0 (E), 3.0 (F), and 5.0 (G) in 2 mM [d(TTAGGG)]
50 mM potassium phosphate buffer (pH 7.0), and 300 mM KCI at
25 °C. Most DNA signals exhibited upfield shifts and were line-
broadened with an increase in tRenpypsvalue. The assignments
of some signals are given in the spectra.

Table 1: Chemical ShiftsA, ppm) and Chemical Shift Changes
(A6, ppm) of SelectedH NMR Signals of TmPyP4 (free),
[d(TTAGGG)]s (free), and a Mixture for whiclRrmpypa= 1.0
(complex) in 50 mM Potassium Phosphate Buffer (pH 7.0) and 300
mM KCl at 25°C

Ficure 3: Scatchard plots of the Soret absorbance at 440 nm. The
r value is the molar ratio between TmPyP4-bound [d(TTAGGG)]
and total [d(TTAGGG)], and the concentration of the bound
[d(TTAGGG)], was determined from the analysis of the change
of the 440 nm absorption. TH& value is the concentration of free
TmPyP4. The association constant and the number of binding sites
were determined to be 6.2 10° M~1 and 0.79, respectively.

with 66% hypochromism, and isosbestic points were ob-
served at 434, 498, 524, 575, 594, 629, and 645 nm. A
negative CD band was induced in the Soret band by adding
[d(TTAGGG)], (Figure 2B). Furthermore, the observed

isosbestic points show the presence of an equilibrium

6free 5comp|ex Ao?

TmPyP4 meta 9.21 9.12 —0.09
TmPyP4 ortho 8.82 8.68 -0.14
TmPyP43 9.00 8.45 —0.55
TmPyP4 NH —3.60 —-3.90 —0.30
A3H8 8.32 —b

A3H2 8.00 —b

G4H8 7.72 7.71 —-0.01
G5H8 7.43 7.34 —0.09
T1H6 7.34 —b

G6H8 7.28 7.22 —0.06
T2H6 7.24 7.17 —0.07
G4 imino 11.24 —b

G5 imino 10.84 10.63 —-0.21
G6 imino 10.46 10.33 —-0.13

3 A calculated a®compiex — Orree ® Could not be determined.

between two distinctly different environments for the por-
phyrin moiety of TmPyP4 in the solution mixture.

Scatchard plots of the 440 nm absorption are shown in
Figure 3. The plots could be satisfactorily represented as a
straight line and gave an association constig) ¢f 6.2 x
10° Mt and a number of binding sites)(of 0.79. The
stabilization energy of 38.7 kJ/mol was calculated from the
obtainedK, value, 6.2x 10f M~1 at 25°C, using the relation
AG = —RTIn K, whereR andT are the gas constant and
absolute temperature, respectively.

NMR SpectraDownfield- and upfield-shifted portions of
a 600 MHz'H NMR spectrum of [d(TTAGGG)]at 25°C
are illustrated in trace A in Figure 4. Signal assignments were

In particular, the A3H2, A3H8, and G4 imino proton
signals exhibited significant line broadening with an increas-
ing TmPyP4 concentration, suggesting that TmPyP4 binds
to [d(TTAGGG)], near the A3 and G4 residues and
demonstrating that the time scale of formation of the complex
of TmPyP4 and [d(TTAGGG)]is faster compared with the
IH NMR time scale. The observed upfield shifts of the
signals for [d(TTAGGG)] in the presence of TmPyP4 could
be attributed to the ring current effect of the porphyrin moiety
of TmPyP4. Further addition of TmPyP4 to [d(TTAGGG)]
resulted in considerable broadening of DNA signals. This
result is partly due to an increase in the apparent molecular

made using standard sequential assignment methods (notveight of [d(TTAGGG)} upon complex formation with

shown). The imino proton signals due to €86 were
resolved in the downfield-shifted region (@2 ppm). Some

IH NMR signals due to [d(TTAGGG)lexhibited progressive
upfield shifts and line broadening with an increasing TmPyP4
concentrationRrmpyp4a= 0.0—5.0). The differences in chem-
ical sift changesAd (parts per million (ppm)), of somiH
NMR signals for whichRrmpyes= 1.0 are listed in Table 1.

TmPyP4 and can be largely attributed to the structural
inhomogeneity of the complex in the presence of a large
excess of TmPyP4 relative to [d(TTAGGG)Therefore, in

the presence of excess TmPyP4, the binding of TmPyP4 to
[d(TTAGGG)], is likely to be nonspecific. Furthermore, most
TmPyP4 signals exhibited upfield shifts and line broadening
in the presence of [d(TTAGGG)]
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with respect to temperature vs temperatureRggpypsvalues of 0 Chemical shift (ppm)

(--+) and 1.0 {) in 50 mM potassium phosphate buffer (pH 7.0) Ficure 7: Slices of the NOESY spectrum of a mixture for which
and 300 mM KCI. Thel,, values of 56 and 59C were determined Rrmpypa= 0.2 at 25°C, recorded using a mixing time of 200 ms.

for Rrmeypavalues of 0 and 1.0, respectively. The signal assignments are shown in the spectra.
TmPyP4-d(TTAGGG), d(TTAGGG) the interface between the molecules and hence provides direct
R G8 eec information regarding the structure of the TmPyP4
G4 G5 G6 [d_(TTAGGG)]4_compIex. In the NOESY spectrum.o.f a
f -t 80°C mixture for whichRrmpypsa = 0.2 recorded using a mixing
| . time of 200 ms (Figure 7), the meta proton signal of TmPyP4
[ exhibited NOE connectivities with the G4H1G4H4,

G4 /

—A L 70 °C Tt e A3H1', A3H4', and T2H4 protons and the ortho proton and

/ R
ey L) h the 8-protons of TMPyP4 with the A3H2 and A3HS protons.

85 °C Thus, the DNA protons exhibiting intermolecular NOEs with

__.._Jx_}L 55 °C __L JL L TmPyP4 protons are mostly located near the A3pG4 step

ion (Fi 8).
45 °C L_JL__ region (Figure 8)
%C JLJLJL DISCUSSION
D U U

e R e T P ARy e A Binding of TmPyP4 to [d(TTAGGG)JThe high sensitivity

of the Soret band to the chemical environment of the
Ficure 6: Temperature dependence of the imino proton NMR porphyrin ring a”F’W,ed not only thermodynamic character-
signals for Rrmeyes Values of 0.2 (left) and O (right) in 2 mm  ization of the binding of TmPyP4 to DNAs but also
[d(TTAGGG)l4, 50 mM potassium phosphate buffer (opH 7.0), and characterization of the intermolecular association between
300 mM KCI. them @1). Both intercalation and groove binding have been
Effects of TmPyP4 Binding on the Stability of reported for formation of the complexes of TmPyP4 with

[d(TTAGGG)}. The Ty, values of [d(TTAGGG)] in the DNAs. The intercalation of TmPyP4 into CG pairs of duplex
absence and presence of 1.0 equivalent of TmPyP4 wereDNA has been shown to result in a red shifte20 nm for
determined to be 56 and 3€, respectively, when the tem-  the Soret absorption, together with a large hypochromicity
perature dependence of the 260 nm absorption is measured™~50%) of the band and a negative induced-CD bair}. (
(Figure 5). The stability of the G-quadruplex DNA was also On the other hand, the groove binding of TmPyP4 to AT
estimated by means of a temperature dependence study oPairs of duplex DNA usually results in a small red shiftl0
imino proton NMR signals that were well resolved in the NM), together with a small hypochromicity-20%) and a
downfield-shifted region. Melting of the G-quadruplex DNA  Positive induced-CD band.6). Furthermore, the binding of
structure results in breaking of the hydrogen bonds, leading TMPyP4 to antiparallel G-quadruplex DNA exhibited a red
to the disappearance of the imino proton NMR signals in Shift of ~20 nm and large hypochromicity for the Soret band,
the downfield-shifted region. As shown in Figure 6, the imino associated with a negative induced-CD ba@6).(In the
proton signals of [d(TTAGGG)]disappeared at-80 °C, system described hgre, the Soret absorptlon and CD chgnges,
indicating dissociation of [d(TTAGGG)]nto single strands.  I-€., @ 18 nm red shift of the band with 66% hypochromicity
On the other hand, in the presence of 0.2 equivalent of @nd a negative induced-CD band, observed for TmPyP4 upon
TmPyP4 relative to [d(TTAGGG)] the imino proton signals ~ addition of [d(TTAGGG)} were consistent with the inter-
could be observed up to85 °C. The small, but distinct, ~ calation of TmPyP4 into G-quadruplex DNA&§ 27, 29).
increase in the temperature at which the imino proton signals TheK,value (6.2x 10 M~1) obtained for the TmPyP4
disappeared indicated that the hydrogen bonds in the G-[d(TTAGGG)], complex was within the range &f, values
quartets of [d(TTAGGG)]were stabilized via binding with ~ (10*—10° MY reported for the binding of TmPyP4 to
TmPyP4. G-quadruplex DNA 29) and was slightly higher than the
Obsevation of Intermolecular Nuclear @erhauser Effects  apparentK, value (2.3 x 10° M%) observed for the
(NOEs).The observation of intermolecular NOEs between intercalation of TmPyP4 into poly(G-C) in the presence of
TmPyP4 and [d(TTAGGG)]using short mixing time reflects 315 mM Na (36). Since [d(TTAGGG)] forms a dimer in

Chemical shift (ppm) Chemical shift (ppm)
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Ficure 8: Protons of [d(TTAGGG)] that exhibited NOE connectivities with ortho protons a#wbrotons (pink) and the meta proton
(green) of TmPyP4. The structure of [d(TTAGGGI§ taken from the NMR structure of [d(TTAGGGT)[PDB entry 1NP9) 48).

solution through intermolecular end-to-end stacking of the w—x stacking between the TmPyP4 porphyrin moiety and
G-quartets formed by G6 guanine basdd)( the inter- the G-quartet in the TmPyP4d(TTAGGG)], complex.
face between the G-quartets formed by G6 guanine bases in  The imino proton signals of G4G6 of [d(TTAGGG)},
the [d(TTAGGG)} dimer could be a potential binding exhibited progressive upfield shifts and line broadening with
site for TmPyP4, leading to a 1:2 stoichiometry for the an increase in th®mmpypavalue. The upfield shifts of these
complex formation, i.e., an value of 0.5. But the obtained  imino proton signals can be attributed predominantly to the
n value of 0.79 can be approximated to 1, i.e., a 1:1 ring current effect of the porphyrin ring of TmPyP4. Assum-
stoichiometry for formation of the complex of TmPyP4 ing that the maximum interaction between theystems of
and [d(TTAGGG)}. In fact, the NMR results supported the the porphyrin moiety of TmPyP4 and the G-quartet formed
fact that TmPyP4 intercalates into the A3pG4 step of from G4 bases of the quadruplex DNA in the TmPyP4
[d(TTAGGG)L (see below). [d(TTAGGG)], complex, the TmPyP4 porphyrin plane is
Structure of the TmPyP4d(TTAGGG)], Complex. located~0.35,~0.70, and~1.05 nm from the planes of the
Intermolecular NOE connectivities useful for the structural G-quartets formed from G4, G5, and G6 bases, respectively,
characterization of the TmPyP4d(TTAGGG)]; complex of the quadruplex DNA (see the Supporting Information),
can be observed, as illustrated in Figures 7 and 8. Forand according to the reported equation for the ring current
example, the sugar ring Hprotons of A3 and G4 and the effects of a porphyrin 45), the upfield shifts of~3.36,
H4' protons of T2, A3, and G4 exhibited NOEs to a meta ~1.10, and~0.40 ppm were expected for the imino proton
proton that occupies the position farthest from the center of signals of G4, G5, and G6, respectively, due to the TmPyP4
mass for TmPyP4. Furthermore, the H2 and H8 protons of porphyrin ring current. Furthermore, a displacement of the
the A3 base exhibited NOEs to the ortho proton and TmPyP4 porphyrin ring relative to the DNA leads to a
f-protons of TmPyP4. These results suggested that TmPyP4emoval of the equivalence for all four imino protons of each
is accommodated near the A3pG4 step. Additionally, NMR G-quartet. Thus, the G4 imino proton signal is most sensitive
signals due to the H2 and H8 protons of the A3 base andto the orientation of the TmPyP4 porphyrin ring. Conse-
the imino proton of G4 were greatly affected by formation quently, the observation of the largest TmPyP4-induced line
of the complex with TmPyP4, also supporting the specific broadening for the G4 imino proton signal may be interpreted
binding of TmPyP4 between the A3 and G4 residues in in terms of internal dynamics of TmPyP4 within the
[d(TTAGGG)].. TmPyP4-[d(TTAGGG)], complex, in addition to the dy-
The TmPyP4 meta, ortho, arfidproton signals exhibited ~ namics of the complex formation reaction. In fact, as shown
upfield shifts upon formation of the complex with the in Figure 6, the imino proton signals of the TmPyP4
G-quadruplex (Table 1). These protons are ranked as follows[d(TTAGGG)], complex at ambient temperature are ranked
in order of increasing magnitude of the induced shift as G6< G5 < G4, in order of increasing the line width,
change: meta< ortho < . Thus, the shift induced upon supporting the contribution of the internal dynamics of
formation of the complex with DNA is smaller for protons TmPyP4 in the complex to the line width of the imino proton
farther from the center of mass for TmPyP4, supporting the signals.
interaction of the porphyrin moiety of TmPyP4 with G- Model Study of the TmPyP4d(TTAGGG)], Complex.
quadruplex DNA. These results supported the occurrence ofFor the TmPyP4[d(TTAGGG)], complex, the observed
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Side view

Ficure 9: Plausible models of intercalation of TmPyP4 into the A3pG4 step proposed from the molecular mechanics calculation. The
optimum structure of TmPyP4 determined by PM3 calculation (see the Supporting Information) was placed in the middle of the A3pG4
step which was taken from the NMR structure of [d(TTAGGGTRHDB entry 1NP9)48). One of the optimum structures, obtained from

the molecular mechanics calculation using the MM2 force field on Cherd®) is illustrated in panel A. The structure obtained from a
similar calculation, with the displacement of two A3 adenine bases facing each~ditnm above the A3 quartet plane, is illustrated in
panel B. The A3pG4 portion of [d(TTAGGG)]s illustrated in CPK color, the exception being the pairs of A3 adenine bases facing each
other illustrated in green and cyan and TmPyP4 in blue.

intermolecular NOEs were centered at the A3pG4 step the TmPyP4[d(TTAGGG)], complex, and hence, the
(Figure 8). The NOEs between TmPyP4 and the A3 base pyridinium cations partially neutralize the nearby DNA
demonstrated a stacking interaction between the porphyrinphosphate anions, stabilizing the complex through the
moiety of TmPyP4 and the A3 adenine base. We constructedelectrostatic interaction. The orientation of fdwmethyl-

two plausible models for intercalation of TmPyP4 into the pyridinium ions of TmPyP4 is well-suited for electrostatic
A3pG4 step using the molecular mechanics calculatéd@h ( interaction with phosphate ions of G-quadruplex DNA
(Figure 9 and the Supporting Information). In the models, (Figure 10).

all four or only two A3 adenine bases can stack onto the A study of formation of the complex of TmPyP4 with
porphyrin moiety of TmPyP4 without a large conformation antiparallel and parallel G-quadruplex DNAs formed from
change of the G-quadruplex DNA. In both cases, the a series of DNA sequences indicated that TmPyP4 interca-
intercalation of TmPyP4 into the A3pG4 step of the lates between G-quartets with an association constant'ef 10
G-quadruplex DNA can be stabilized by sandwiching the 106 M~! (27, 29, 47). On the other hand, this study
TmPyP4 porphyrin moiety with the A3 adenine bases and demonstrates that TmPyP4 does not intercalate between the
the G4 quartet. Furthermore, the electrostatic interaction G-quartets of [d(TTAGGG)]but preferentially binds to the
between theN-methylpyridinium ions of TmPyP4 and A3pG4 step with an association constant of & 20° M1,
phosphate ions of the DNA also contributes to the stabiliza- Due to steric hindrance between the ortho proton of the
tion of the TmPyP4[d(TTAGGG)], complex. As illustrated ~ N-methylpyridinium group and thg-proton of the pyrrole

in Figure 9,N-methylpyridinium side chains of TmPyP4 are ring in TmPyP4, the pyridinium and porphyrin planes cannot
likely to be accommodated between the DNA backbones in be coplanar with each other (see the Supporting Information).
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G4-quartet

Side view Top view

Ficure 10: Orientation ofN-methylpyridinium ions (blue) of
TmPyP4 with respect to phosphate ions (red) of the G4 quartet.

Blue and gray lines represent TmPyP4 and G4 quartet, respectively. 11.

The distance between the pyridinium ion and phosphate ic0i8
nm.

Such a restraint of TmPyP4 conformation causes unfavorable
steric hindrance upon its intercalation into the GpG step, and 13
in fact, the distance between adjacent G-quartets needs to
be increased for the accommodation of TmPyP4. Therefore,
the association constant for binding of TmPyP4 to the GpG
step is smaller by more than 1 order of magnitude compared
with that for binding to the ApG ste2{). Thus, stacking
interaction between tha-systems of TmPyP4 and DNA
bases plays a significant role in determining the stability o
the TmPyP4-[d(TTAGGG)], complex as well as the mo-
lecular recognition between them. The relatively flexible 5
terminal TTA region of [d(TTAGGG)] could be suitable
for the accommodation of TmPyP4 at the A3pG4 step
because the porphyrin ring of TmPyP4 can be sandwiched

between the G4 quartet and A3 bases. These findings provide 17.

novel insights into the molecular recognition between por-
phyrin derivatives and DNA.

18.
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SUPPORTING INFORMATION AVAILABLE

Determination of K, and n (SI-1), determination of
stabilization energies (SI-2), ring current effect of TmPyP4
porphyrin on the G4G6 imino proton shifts (SI-3), an
energy-optimized structure of TmPyP4 (SlI-4), and plausible
models of TmPyP4[d(TTAGGG)], complex (SI-5 and Sl-
6). This material is available free of charge via the Internet

at http://pubs.acs.org. 22
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