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When meso-tetrakis(3-N-methylpyridiniumyl)porphyrin (m-TMPyP) formed a com-
plex with poly[d(A-T),], an intense bisignate excitonic CD in the Soret absorption
region was observed. The excitonic CD of the m-TMPyP-poly[d(A-T),] complex is
unique in that no other combination of the related porphyrin, namely, meso-tet-
rakis(n-N-methylpyridiniumyl)porphyrin (where n = 2, 4), and polynucleotide includ-
ing calf thymus DNA, poly[d(G-C),], poly[d(I-C),], and poly(dA)-poly(dT), exhibits a
comparable CD spectrum. From the [drugl/[DNA] ratio-dependence of the intensity
and the shape of the CD spectrum, this porphyrin species is assigned to an exten-
sively aggregated form. The extensively aggregated porphyrin disperses in 1 h after
mixing to form moderately stacked porphyrin at a low mixing ratio. The magnitude of
linear dichroism of the extensively aggregated porphyrin was small and the sign was
negative in the Soret band, which indicated that the molecular plane of porphyrin in
the complex is strongly tilted. On the other hand, the molecular plane of porphyrin is
almost parallel to the DNA base plane (perpendicular to the DNA helix axis) in the
moderately stacked form.

Key words: binding mode, circular and linear dichroism, DNA, poly[d(A-T),]l, porphyrin.

Interaction between porphyrins and DNA has been an
interesting subject since meso-tetra(p-N-trimethylanilin-
ium)porphyrin (1) and tetrakis(3-N-methylpyridiniumyl)
porphyrin (2) were found to form a complex with DNA
and poly[d(A-T),], respectively. The three binding modes
for the porphyrin-DNA complexes have been generally
accepted (3-5, for review), namely, intercalation, outside
self-stacking and outside random binding. The groove
binding mode was also suggested, mainly by circular and
linear dichroism (CD and LD) study (6-10).
Self-assembly of drugs is an important phenomenon in
biological systems. For porphyrin, self-assembly or aggre-
gation of porphyrin on the DNA template was indicated
almost from the outset (I, 2). These porphyrin species
that were characterized by a bisignate excitonic induced
CD were assigned later to a moderate stacking mode (or
modest aggregation). From the studies performed in this
direction by Marzilli and his co-workers (11, and refer-
ence therein) and Pasternack and his co-workers (12, and
reference therein), the porphyrin species was found to be
extensively stacked (or extendedly assembled), and the
porphyrins were electronically coupled along the DNA
template. The extent of self-aggregation of porphyrin on
the DNA template depends on the nature of the central
metal ion, the properties of the substituent groups on the
periphery of the porphyrin, salt concentration and the
template composition of DNA (2, 11-20). An extensively
self-stacked form is favored at a high [porphyrin]/[DNA]
ratio and at a high salt concentrations, while porphyrin
stacks moderately at a low [porphyrin]/[DNA] ratio and
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at a low salt concentration (14, 15). It was also reported
that the shape of bisignate induced CD of self-assembled
porphyrin depended on the order of the base-sequence:
the CD spectra of the p-TMPyP complexes formed with
non-alternating homopolymer are characterized by a pos-
itive band at short wavelengths followed by a negative
band at long wavelengths. In contrast, those complexed
with alternating polynucleotide were the opposite to
those of non-alternating homopolymers (21).

We have been investigating the binding mode of the
porphyrin-DNA complex at low porphyrin-to-DNA ratios
at which the binding mode of some porphyrin to DNA is
expected to be homogeneous and characterizable without
interference of the self-assembly of porphyrin (7, 10, 21,
22). In the course of our study, we found that meso-tet-
rakis(3-N-methylpyridiniumyl)porphyrin (referred to as
m-TMPyP in this article; Fig. 1) forms a complex with
poly[d(A-T),] at a low porphyrin—-DNA ratio and at low
NaCl concentrations, resulting in an anomalous bisig-
nate CD spectrum in the Soret band: the magnitude of
CD spectrum is about one fold higher than that of mono-
meric porphyrins (21). At similar mixing ratios and salt
concentrations, none of the other combinations of related
porphyrins, namely, meso-tetrakis(n-N-methylpyridin-
iumyl)porphyrin (where n = 2, 4, referred to as o-and p-
TMPyP, respectively. Fig. 1) and polynucleotide, exhibits
this kind of CD spectrum. In this work, we attempt to
characterize this anomalous porphyrin species by various
spectroscopic methods, including normal absorption, CD
and LD.

© 2003 The Japanese Biochemical Society.
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Fig. 1. Molecular structures of meso-tetrakis(n-N-methylpy-
ridiniumyl)porphyrin (where n = 2, 3, and 4, respectively
referred to as o-, m-, and p-TMPyP).

-0
—N,

+ N\,

H;C CH;

EXPERIMENT

Materials—Porphyrins were purchased from MidCen-
tury (Chicago, IL) and other chemicals from Sigma
(Seoul, Korea) and used without further purification. The
extinction coefficients of €45 pn = 2.39 x 105 cm~! M-, g4,
om = 2.78 x 10% cm™! M1, and g49; = 2.45 x 105 cm™! M-!
in 5 mM cacodylate buffer at pH 7.0, respectively, were
used to determine the concentration of the o-, m-, and p-
TMPyP. Synthetic polynucleotides were purchased from
Pharmacia (Seoul, Korea) and DNA from Sigma and
purified by the method described elsewhere (22). The
DNA concentrations were determined using molar
extinction coefficients of g6,y = 6,600 cm™ M1, g5, 1 =
8,400 cm! ML, 951 1 = 6,900 cm™ M1 and 455,y = 6,700
cm! M1 for poly[d(A-T),], polyld(G-C),], poly[d(I-C),l,
and calf thymus DNA (referred to as DNA in this work),
respectively. The DNA concentrations given in this work
thus indicate the concentration of the nucleo-bases. The
mixing ratio, R, is defined by the ratio [porphyrin]/
[nucleo-base]. Samples with various R ratios were pre-
pared by adding aliquots of concentrated porphyrin solu-
tion (200 M) to DNA solution (typically 10-20 ul porphy-
rin solution to 2 ml DNA solution) and the appropriate
volume corrections were made. Since the binding mode is
affected by ionic strength and the porphyrin—-DNA mix-
ing ratio as well as the stacking of porphyrin itself in
aqueous solution (20), extreme caution was taken with
regard to the order of mixing and the concentration of
porphyrin stock solution. All measurements were per-
formed at room temperature.

Absorption, CD and LD—The absorption spectra of
porphyrins complexed with poly[d(A-T),] were recorded
on a Jasco V550 or Cary 100, and CD spectra on a J-715
spectropolarimeter, displaying the CD in milidegree ellip-
ticity. The path length of cuvettes was 10 mm for both
absorption and CD measurements.

Division of measured LD, which is defined by the dif-
ference between the parallel and perpendicular compo-
nents of absorbance relative to the linearly polarized inci-
dent light by isotropic absorption, results in a reduced
linear dichroism (LDr). From the magnitude of the LD*
spectrum, the angle between the electric transition
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Fig. 2. (a) Induced CD spectra of m-TMPyP complexed with
poly[d(A-T),] (solid curve), poly[d(G-C),] (dotted curve), and
DNA (dashed curve). That of the m-TMPyP-polyld(A-T),]
complex recorded immediately after mixing (b). Induced CD
spectra of m-TMPyP complexed with poly[d(A-T),] (solid curve),
poly[d(I-C),] (dotted curve), and poly(dA)-poly(dT) (dashed curve)
and (c) that of the o- (dashed curve) and p-TMPyP (dotted curve).
See text for abbreviations. For all measurements, [TMPyP] = 5 uM,
[DNA] = 100 uM in base.

moments of the DNA-bound drug and the local DNA
helix axis can be calculated (23—-26). LD spectra were
recorded on a Jasco J-500C spectropolarimeter on the
flow-aligned porphyrin-DNA complex as described by
Nordén and his co-workers.

RESULTS

Abnormality of CD Spectrum of the m-TMPyP-Poly[d(A-
T)y] Complex Immediately Following Mixing—The exci-
tonic CD spectrum of the m-TMPyP-poly[d(A-T),] com-
plex is compared with those of various porphyrin-polynu-
cleotide complexes in Fig. 2 in order to show its
abnormality. In Fig. 2a, the CD spectrum was recorded
immediately after m-TMPyP had been mixed with
poly[d(A-T),] at a low mixing ratio (R = 0.05) and com-
pared with those of m-TMPyP complexed with poly[d(G-
C)y] and natural DNA under the same R ratio and salt
concentration. The bisignate CD spectrum (with its nega-
tive maximum at 421 nm and positive at 429 nm) of the
m-TMPyP-poly[d(A-T),] complex is unique in that the
magnitude is at least one order larger than the negative
CD band of the m-TMPyP-poly[d(G-C),] and the m-
TMPyP-DNA complex. The weak negative CD band,
which was observed for the m-TMPyP when complexed
with poly[d(G-C),] and DNA, indicates that the porphy-
rin molecule is intercalated between the base pairs of
these polynucleotides (22).

J. Biochem.

2T0Z ‘62 Joqueldes uo A1sleAlun pezy diwes| e /Biosfeudnolpioxorql//:dny wouy papeojumoq


http://jb.oxfordjournals.org/

Anomalous CD Spectrum of a Porphyrin-Poly[d(A-T),] Complex 345

CD (mdeg)

1 t
350 400 450 500
Wavelength (nm)

Absorbance

L L
350 400 450 500

Wavelength {(nm}

Fig. 3. (a) Changes in CD spectrum of the m-TMPyP-poly[d(A-
T),] complex with time. In the direction of the arrows, CD was
recorded at 0, 20, 40, 60, 90, 120, 150, 180, 210, and 240 min after
mixing. (b) Absorption spectrum of the m-TMPyP-poly[d(A-
T),] complex immediately and 24 h after mixing at two rep-
resentative [TMPyP]/[DNA base] ratios. Absorption spectrum
of the polynucleotide-free m-TMPyP (curve 1, thick solid curve) is
compared with initial (thin solid curves, curves 2 and 4) and final
(24 h after mixing; dashed curves, curves 3 and 5) absorption spec-
trum of the m-TMPyP-poly[d(A-T),] complex at R = 0.05 (curves 2
and 3) and R = 0.30 (curves 4 and 5). For both (a) and (b) the concen-
tration of TMPyP is 5 uM and that of DNA is 100 pM.

In Fig. 2b, the CD spectrum of the m-TMPyP-poly[d(A-
T)y] complex is compared with those of the complexes
with poly(dA)-poly(dT) and poly[d(I-C),]. A bisignate CD
spectrum for all three complexes is apparent, indicating
that porphyrins are stacked along the polynucleotide
stem. However, the magnitude again is about five times
larger for the m-TMPyP-poly[d(A-T),] complex. The
shape of the CD spectrum of the m-TMPyP-poly[d(A-T),]
complex immediately after mixing is almost the same as
that of the m-TMPyP-poly[d(I-C),] complex (disregarding
the intensities), while it is antisymmetric to that of the
m-TMPyP-poly(dA)-poly(dT) complex. Similar antisym-
metric excitonic CD was reported when p-TMPyP was
complexed with poly[d(A-T),] and poly(dA)-poly(dT)(21).
However, the sign of the bisignate CD bands of the m-
TMPyP-poly[d(A-T),] complex converted and became
similar to that of the m-TMPyP-poly(dA)-poly(dT) com-
plex 4 h after mixing (see below for time-dependent CD
change, Fig. 3a).

Finally, the initial CD spectrum of the m-TMPyP-
poly[d(A-T),] complex is compared to those of the o-
TMPyP-poly[d(A-T),] and p-TMPyP-poly[d(A-T),] com-
plexes (Fig. 2¢). In contrast with the m-TMPyP-poly[d(A-
T),l, the o-TMPyP-poly[d(A-T),] complex exhibits a posi-
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tive CD band, and the p-TMPyP-poly[d(A-T),] complex
exhibits two positive bands. From the change in CD spec-
trum in the presence of a minor groove-binding drug,
4' 6-diamidino-2-phenylindole (referred to as DAPI in
this work), and other spectroscopic properties, o-TMPyP
was suggested to bind at the major groove, while p-
TMPyP binds near the minor groove and/or the major
groove of poly[d(A-T),] (22).

Initial and Final Excitonic CD Spectrum and Other
Spectral Properties of the m-TMPyP-Poly[d(A-T),] Com-
plex at a Low Binding Ratio—The changes in intensity
and shape of the excitonic CD spectrum of the m-TMPyP-
poly[d(A-T),] complex at R = 0.05 with respect to time is
depicted in Fig. 3a. About 1 h after mixing, the intensity
of the excitonic CD spectrum decreases by about one
order of magnitude and is now comparable with that of
the m-TMPyP-poly(dA)-poly(dT) and -poly[d(I-C),] com-
plexes. The sign is reversed: An initial negative CD band
at 421 nm and positive band at 429 nm immediately after
mixing converted to a positive band at 418 nm and a neg-
ative band at 430 nm. The shape of the final stabilized
CD spectrum of the m-TMPyP-poly[d(A-T),] complex is
similar to that of the m-TMPyP-poly(dA)-poly(dT) com-
plex, which is in contrast to the fact that the excitonic CD
of the p-TMPyP-poly(dA)-poly(dT) complex is oppsite in
sign compared to the p-TMPyP-poly[d(A-T),l(10, 22). The
time-dependent CD spectrum exhibits an isosbestic
wavelength at 424 nm, suggesting that the change in CD
spectrum occurs between two states which are repre-
sented by a strong excitonic CD with negative and posi-
tive bands (from short wavelength) and a weak excitonic
CD with its order of positive and negative bands reversed.

The absorption spectra of the m-TMPyP-poly[d(A-T),]
complex immediately after mixing and that at 24 h after
mixing at the mixing ratios of 0.05 and 0.3, as well as
polynucleotide-free m-TMPyP, are compared in Fig. 3b.
Polynucleotide-free porphyrin exhibited a strong absorp-
tion band at 417 nm with a shoulder at about 400 nm,
which remained unchanged with time (curve 1). In the
presence of poly[d(A-T),] at a low mixing ratio (R = 0.05),
a red-shift of 11 nm and ~29% hypochromism were
apparent immediately after mixing. This moderate
change in the absorption spectrum, which is typical of
porphyrin that binds outside of DNA, is in contrast to the
absorption spectra of the same porphyrin in the presence
of poly[d(G-C),] or DNA (16—17 nm red shift and 50-55%
hypochromism, data not shown). The overall shape and
intensity of the absorption spectrum was retained for the
m-TMPyP-poly[d(A-T),] complex at this low mixing ratio,
although a small increase in absorbance was apparent 24
h after following mixing (curves 2 and 3 in Fig. 3b). At a
higher mixing ratio (R = 0.30), hypochromism is more
pronounced than at a low mixing ratio (~36%, curve 4 in
Fig. 3b). After 24 h, an increase in absorbance without
band shift (~27% hyperchromism compared to initial
complex) was apparent (curve 5 in Fig. 3b). Although it
was not exactly the same, the tendency of the change in
absorption spectra was similar at a mixing ratio higher
than 0.25 (data not shown).

LD of the m-TMPyP-poly[d(A-T),] and p-TMPyP-
poly[d(A-T),] complex immediately after mixing and 3 h
after mixing are compared in Figs. 4, a and b, respec-
tively. A small negative LD signal in the Soret band (425
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Fig. 4. LD spectra of the m-TMPyP (a) and p-TMPyP (b) com-
plexed with poly[d(A-T),] immediately (solid curves) and 3 h
after (dotted curves) mixing. LD spectrum of porphyrin-free
polynucleotide is compared as thick curve. The conditions and con-
centration are the same as in Fig. 3.

nm) of the m-TMPyP-poly[d(A-T),] was apparent imme-
diately after mixing. The magnitude of this initial band
increased, and the maximum shifted 2 nm towards
longer wavelength at 1 h after mixing. In the DNA
absorption region (near 260 nm), the magnitude of LD
decreased upon adding both porphyrins, suggesting that
the helical structure of DNA near the porphyrin binding
site is either partially dissociated or bent immediately
after mixing. With time, the LD magnitude of the m-
TMPyP-poly[d(A-T),] complex in the DNA absorption
region was restored to that of porphyrin-free poly[d(A-
T),] (Fig. 4a). In contrast, the LD magnitude tended to
recover, but this recovery was not complete in the case of
p-TMPyP-poly[d(A-T),] complex. The magnitude of LD in
the Soret region of the p-TMPyP-poly[d(A-T),] complex is
between the initial and final magnitudes of the m-
TMPyP-poly[d(A-T),] complex. The measured LD spec-
trum is divided by the isotropic absorption spectrum to
give an LD spectrum from which the angle B between
degenerated electronic transition and the local DNA
helix axis can be calculated (27).

This property makes LD* very useful to determine the
binding mode of the drug relative to the polynucleotide
(25) and was applied to some of the porphyrin-DNA com-
plexes (7, 10, 20-22, 28). The angles of both the B, and B,
transitions of m-TMPyP relative to the local poly[d(A-T),]
helix axis were calculated from the maximum and mini-
mum values (Fig. 5a). Initially, these angles are 41-44°,
which coincides with the angle between the transition
moments of the minor groove-binding drugs such as
Hoechst 33258 and DAPI and the DNA local helix axis
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Fig. 5. Reduced LD calculated by division of measure LD by
isotropic absorption. Conditions and the curve assignment are
the same as in Fig. 4.

(29, 30). As time passes, this angle becomes larger and
stabilized at the angle of 84-86°. Considering that the
angle of the DNA base relative to the local helix axis was
assumed to be 86° for the LD calculation, the molecular
plane of porphyrin in the final stabilized complex is
almost parallel to the DNA bases (perpendicular to the
helix axis). On the other hand, no significant change
between the initial and final LD spectrum (which corre-
sponds to 53-60° between the in-plane transition dipole
and the DNA helix axis) was observed for the p-TMPyP-
poly[d(A-T),] complex (Fig. 5b) as was reported earlier
(22). It was recently reported that the LD* spectrum of
the porphyrin-DNA complex is sensitive to the condition
of the complex including the salt concentration and the
mixing ratio (20). Therefore, the salt concentration and
the mixing ratio were kept constant throughout this
work (5 mM Na* from buffering cacodylate molecule, no
salt was added, and R = 0.05).

Mixing Ratio and Time Dependence of the Excitonic CD
of the m-TMPyP-poly[d(A-T),] Complex—Figure 6a shows
the time-dependent change in CD intensity at 430 nm for
the m-TMPyP-poly[d(A-T),] complex and LD at 427 nm
at a low mixing ratio (R = 0.05). The initial and final CD
intensities (24 h after mixing) at 430 nm at various mix-
ing ratios are depicted in Fig. 3b. A large and relatively
fast decrease in CD intensity at 430 nm is observed at
this low mixing ratio: Decrease in CD intensity was
achieved in about two 2.5 h. The shape of the final CD
spectrum is reversed from that of the initial one as was
discussed in detail in the previous section. The change in
CD is slower at mixing ratios of 0.10 and 0.15: The reac-
tion is complete in 5—7 h at R = 0.1 (data not shown). The
shape of bisignate CD was never reversed at these mix-
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Fig. 6. (a) Changes in CD (solid curve) intensity at 430 nm of
the m-TMPyP-poly[d(A-T),] complex and that of LD (dotted
curve) at 417 nm with time. For both measurements, [m-TMPyP]
=5 uM and R = 0.05 and (b) initial (closed squares) and final (24 h
after mixing; open squares) CD intensity at 430 nm at various mix-
ing ratios.

ing ratios, which is in contrast to that at R = 0.05. Con-
trarily, at the mixing ratio of 0.20, the CD intensity at
430 nm tends to increase. Therefore, as the mixing ratio
corresponds to one porphyrin molecule per 5—6 DNA
bases or 2.5-3.0 base pairs, changes in the porphyrin
binding mode result in an increase in CD intensity. As
the mixing ratio is further increased, both the intensity
at 420 nm of the negative peak and at 430 nm of the pos-
itive peak decrease again, but this decrease is very slow
compared to that at low mixing ratios. Here, the shape of
the final CD spectrum is exactly the same as its initial
form. In contrast with CD intensity, the change in magni-
tude of LD at 427 nm exhibits a sigmoidal curve: The
increase in LD intensity is very slow until 30 min later,
when a relatively rapid change follows. It should be noted
that excitonic CD reflects the coupling of the electric
dipole moment between the porphyrin molecules, while
LD measures the angle between the polynucleotide helix
axis and the electric dipole moment (see below). At
higher mixing ratios (R > 0.20), the LD signal collapsed,
probably due to the aggregation of DNA itself (data not
shown).

DISCUSSION

Initial and Final Assemblies of m-TMPyP to poly[d(A-
T)4] at Various Binding Ratios—The aggregation of vari-
ous porphyrins on DNA templates have been extensively
studied since the first report of such aggregation (1). In
particular, the stacking of meso-tetrakis[4-[(3-(trimethyl-
ammonio)propyl)-oxy]phenyl]porphyrin (TOOPP) (14, 15,
31) on various DNA molecules under various conditions
has been systematically studied. Extensively self-stacked
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TOOPP, which favors high mixing ratios and high salt
concentrations, is characterized by a relatively low-inten-
sity conservative CD and a large hypochromicity in the
Soret band of the absorption spectrum. In contrast, mod-
erately stacked TOOPP favors low mixing ratios and low
salt concentrations: the CD signal is more intense and
the hypochromicity is less pronounced for moderately
stacked TOOPP. On the other hand, Pasternack and his
co-workers observed a bisignate, non-symmetric spec-
trum, with a magnitude one to two orders larger than
those of the monomerically bound porphyrins for DNA-
bound #rans-bis(IN-methylpyridiniumyl)diphenylporphy-
rin and its Cu(II) complex (12, 13, 17). The shape and
intensity of the CD signal was best accounted for as the
result of the electric field produced by a coupling of one
oscillating dipole with the other dipoles in the organized
array of porphyrin molecules (18).

Considering that (1) the magnitude of excitonic CD is
in a comparable range to those reported by Pasternack
and his co-workers, and (2) the excitonic CD disappears
at low mixing ratios but remains at higher mixing ratios,
the initial intense bisignate CD spectrum in the Soret
band of the m-TMPyP-poly[d(A-T),] complex can conceiv-
ably be understood as an extensive (stacked) aggregation
of the porphyrin molecules. However, the final less
intense reversed CD spectrum is a moderately stacked
form (at R = 0.05), although the intensity of excitonic CD
is the opposite of those reported by Marzilli and his co-
workers. This discordance may be accounted for by the
difference in porphyrins and the particularity of m-
TMPyP. The change in magnitude and the shape of the
final CD spectrum is more pronounced for the lower mix-
ing ratios of below 0.2: the change is the most significant
for R = 0.05 and least for R = 0.15. This result probably
reflects a situation in which the m-TMPyP molecules con-
centrate initially at the local regions of the poly[d(A-T),]
template to form an extensive assembly, and from there
they start to disperse to result in a moderately-stacked
array. At high mixing ratios, this dispersion may be pre-
vented by crowded m-TMPyP. We did not find any evi-
dence of self-stacking of m-TMPyP in aqueous solution in
the absence of polynucleotide up to 1 M salt concentra-
tion: the absorption spectrum was identical at 0 M and 1
M NaCl, and also identical within the concentrations
adopted in this work (data not shown). Therefore, self-
stacking of porphyrin prior to polynucleotide binding is
not an important factor for observed excitonic CD spectra
in the case of m-TMPyP.

Electron richness or deficiency of the side chain on the
periphery phenyl or pyridinium ring has been suspected
to be the reason for the formation of stacked array por-
phyrins and has been systematically investigated by
Marzilli and his co-workers (11, 14—-16). However, the two
locations of p- and m-TMPyP seem too close to be consid-
ered as a different tentacle. Rather, the difference in dis-
tance between the two positive charges of the N-methyl
group may account for this difference in binding mode.
Since the only difference between the m- and p-TMPyP is
the location of the positive charge (distance between the
charges), the electrostatic interaction between the phos-
phate groups of the polynucleotide and the porphyrin
molecules of p-TMPyP may prevent the self-assembly of
the porphyrins at a very low mixing ratio. In other words,
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the distance between the two positive charges of the
pyridinium ring at opposite sides of the p-TMPyP mole-
cules coincides with that between phosphate groups,
while the distance between the positive charges is, on
average, short and variable in m-TMPyP and may con-
ceivably result in porphyrin-porphyrin assembly at a low
mixing ratio.

It is noteworthy that the magnitude of LD at 260 nm,
which reflects the orientability of DNA, initially decreased
when m-TMPyP was mixed with poly[d(A-T),] and was
restored over time. This observation indicates that an
extensive aggregation of porphyrin results in a bend of
the DNA template. Further increase in porphyrin con-
centration results in a collapsed LD (data not shown),
implying the aggregation of DNA itself. As the porphyrin
dispersed to a moderately stacked form, the orientation
of DNA recovered, indicating that the moderately
stacked porphyrins do not interfere with the DNA confor-
mation.

Uniqueness of the m-TMPyP-poly[d(A-T),] Complex—
The weak negative CD band (Fig. 2a) indicated that m-
TMPyP intercalates between the base pairs of poly[d(G-
C);] and DNA. On the other hand, the uniquely large
bisignate CD of the m-TMPyP-poly[d(A-T),] complex
indicated an extensive aggregation of m-TMPyP on the
poly[d(A-T),] template, which is unstable at a low mixing
ratio. In the p-TMPyP-poly[d(G-C),] and p-TMPyP-
poly[d(I-C),] complexes, the spectral properties were sim-
ilar at a low mixing ratio (R = 0.05) and low salt concen-
tration, and both can be accounted as an intercalation
(32). As the mixing ratio and/or salt concentration
increased, the absorption and CD spectra of the p-
TMPyP-poly[d(I-C),] complex began to resemble those of
the p-TMPyP-poly[d(A-T),] complex, indicating that the
amine group that protrudes in the minor groove contrib-
utes, at least in part, in stabilizing the intercalated por-
phyrins. Lack of the amine group in the minor groove
may be part of the reason for the preference of outside
binding for m-TMPyP to poly[d(A-T),].

At a low mixing ratio (R = 0.05), both o-TMPyP and p-
TMPyP exhibited positive induced CD band(s) in the
Soret absorption region when complexed with poly[d(A-
T),l, in sharp contrast to the case of m-TMPyP (Fig. 2¢).
The o-TMPyP, at which the periphery pyridinium ring is
restricted from free-rotation, was concluded to sit in the
major groove, where the molecular plane of porphyrin is
probably almost parallel to the flat surface of the major
groove. In contrast, p-TMPyP binds either at the outside
of the minor groove (not edgewise insertion) or at the
major groove or both binding modes co-exist (22). In the
case of o-TMPyP, the bulky pyridinium ring may prevent
self-stacking of the porphyrin molecules.

In the presence of poly(dA)-poly(dT) and poly[d(I-C),l,
m-TMPyP exhibited bisignate CD spectra in the Soret
band, indicating self-association of porphyrin on both the
polynucleotide templates (Fig. 2b). The CD spectrum
appeared to be antisymmetric. It was reported that the
sign of the excitonic CD spectrum of p-TMPyP, which was
observed at high mixing ratios, was the opposite in a com-
plex with a non-alternating homopolymer compared with
those in complexes with alternating polynucleotides, dis-
regarding the nature of the base pair (22). Although the
reason for dependence of the sign of the excitonic CD on
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the polynucleotide remains to be investigated, m-TMPyP
complexed with poly(dA)-poly(dT) and poly[d(I-C),] is
another example of the dependence of the order of posi-
tive and negative CD in the Soret absorption band on the
base arrangement. As can be judged by the magnitude,
m-TMPyP extensively aggregates initially on the
poly[d(A-T),] (Fig. 2b). The order of positive and negative
CD is the same as in the case of poly[d(I-C),], that is, the
positive at long wavelength and the negative at short
wavelength. The shape of excitonic CD of extensively
aggregated m-TMPyP might be related to the structure of
the minor groove, since that of poly[d(A-T),] resembles
poly[d(I-C),]. However, the sign of the final excitonic CD
for the m-TMPyP-poly[d(A-T),] complex is the opposite of
that of the initial mixture (Fig. 3a). The reason for this
exception is under investigation in our laboratory.

Initial and Final Binding Geometry of m-TMPyP to
poly[d(A-T),]—The angles of both the B, and B, in-plane
transition dipoles of porphyrin with respect to the poly-
nucleotide helix are in the range of 53-60° for the p-
TMPyP-poly[d(A-T),] complex (Fig. 5b). These angles,
together with the monomeric positive CD spectrum, indi-
cated that p-TMPyP locates either at the major groove, or
near the minor groove, or at both binding sites (22). In
the m-TMPyP-poly[d(A-T),] complex, the angle was
reported to be 61-74° in the same article. However, from
analysis of the initial and final LD* by taking into
account that the LD signal is time-dependent, the initial
angle between the porphyrin molecular plane and the
poly[d(A-T),] helix axis was 41-44°, and the final value
corresponds to an angle of 84-86°. Therefore, the angle
previously reported as 61-74° may reflect a state
between the initial and final form of the m-TMPyP-
poly[d(A-T),] complex. Although the initial angle of 41—
44° is close to that of drugs that bind along the minor
groove, it cannot be described by the minor groove bind-
ing model because the self-associated porphyrin cannot
be cramped in the narrow minor groove. It is clear that
the molecular plane of the porphyrin molecule is not par-
allel to the DNA bases (not perpendicular to the DNA
helix axis) in the extensively “stacked” assembly. Stacked
porphyrins in this model may tilt strongly from the DNA
base plane. In the moderately aggregated form, porphy-
rin forms an array of stacked assembly and its molecular
plane is perpendicular to the DNA helix axis.
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