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Induced Circular Dichroism of Anionic Porphyrin
TPPS Aggregates in DNA Solutions

By Bo LIAO,"? Bengiao HE,” Ruigang LI1U,*> and Yong HUANG**

Induced circular dichroism (CD) of achiral anionic tetrakis (4-sulfonatophenyl) porphine (TPPS) in polyanionic DNA
solutions was investigated. Induced CD signals of the anionic TPPS aggregates in both cholesteric liquid crystal DNA
solutions and isotropic DNA solutions are all observed within an appropriate pH range. When the pH value is less than 5, the
induced CD signals of TPPS are split in the isotropic DNA solutions, which should result from the helical arrangement of
TPPS molecules within the TPPS aggregates with L- or D-type helix. The induced CD signals without splitting of TPPS
aggregates in the cholesteric liquid crystal DNA solutions should result from the helical arrangement of the aggregates like
molecule screwing along the cholesteric helix axis. When the pH value is higher than 5.2, no induced CD can be observed in
the isotropic solutions and the cholesteric liquid crystal DNA solutions, because the electrostatic repulsion force between the
non-protonated TPPS molecules and the bases on DNA chains prevents the chiral induction. The mechanism of the different
induced CD signals of TPPS aggregates in the DNA solutions is discussed.

KEY WORDS: Porphyrin / DNA / Chirality /

Induced chirality from achiral components is an attractive
field in recent years.'”> There are many achiral molecules
reported to show chirality induced by certain chiral tem-
plates,*7 in which the chirality of achiral molecules can be
induced through the interactions of achiral molecules with the
chiral templates and the chirality of achiral molecules usually
follows the chirality of the templates.

In cholesteric liquid crystals, the local orientation direction
of the molecules is perpendicular to the helix axis and is
regularly rotated with a constant twist angle. Therefore, the
cholesteric liquid crystal structure is believed to be a good
chiral template, which can precisely control the molecular
orientation through intermolecular interactions. Many achiral
dye molecules can be arranged helically in the cholesteric
liquid crystals and show induced CD signals,®'# that is liquid
crystal induced CD.

DNA is a chiral molecule, which is used as a chiral template
to induce many achiral dyes to show induced CD signals.'>2!
DNA aqueous solution can form cholesteric liquid crystal
structure when the concentration is higher than the critical
value?? and can induce the chirality of achiral dye molecules,
such as Ethidium bromide, Bisbenzimide, etc.?

Tetrakis(4-sulfonatophenyl) porphine (TPPS) is a achiral
dye. It can form stable J-aggregate or H-aggregate, which
depends on the pH value and ionic strength in the system.
TPPS aggregates can be easily induced to show chirality by
many cationic chiral and achiral templates, such as L- (or D-)
Trp film,?* gemini-Type Amphiphiles,? polylutamic acid?® and
polylysine,” chitosan,?® etc. Usually, these templates are just
cationic, which can be directly interacted with the anionic

TPPS. However, there are few reports about induced chirality
of TPPS in the DNA solution, because it is believed that
polyanion DNA can not directly induce anionic TPPS
molecules to show chirality due to the electrostatic repulsion
force between DNA and TPPS. Recently, Morii et al. reported
the interaction of anionic porphyrins TPPS with DNA in the
chain-aligned DNA film, and found that TPPS show weak CD
signals in the DNA film.? In this paper, the induced CD signals
of both TPPS molecules and the aggregates in cholesteric
liquid crystal and isotropic DNA solutions were investigated.
The effects of pH value, the properties of DNA solutions on the
induced CD signals were discussed.

EXPERIMENTAL

Salmon sperm NaDNA (6.25% of Na) was purchased from
Sigma and used as received. Water-soluble anionic porphyrin
TPPS was purchased from Dojindo Laboratories and its
molecular structure was given in Figure 1.

The TPPS solutions with pH range from 1 to 7 were
prepared (ctpps = 0.2mg/mL). NaDNA was dissolved in the
TPPS solutions to form TPPS/DNA cholesteric liquid crystal
solutions (cpna = 160mg/mL) and isotropic  solutions
(cpna = 10mg/mL). The DNA/TPPS solutions were placed
until the DNA was completely dissolved. The DNA/TPPS
solution was sandwiched between two pieces of quartz wafers
and then sealed with wax (The distance between the two pieces
of quartz wafers is about 0.2 mm). All samples were equili-
brated in dark at least for 7d at room temperature before
measurements. UV-vis absorption spectra of the DNA/TPPS
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Figure 1. Chemical structure of the non-protonated TPPS molecule.

solutions were recorded by a spectrophotometer (Vrian model
UV-530) and circular dichroism (CD) spectra were recorded
by a CD spectrophotometer (JASCO, model J-810). In the CD
spectrum measurement, the sample was placed perpendicular to
the light path to avoid the polarization-dependent reflections
and rotated within the film plane to eliminate the possible angle
dependence of the CD signals.

The pH titration is performed by adding 0.1 M HCl solution
drop by drop to 40 mL of DNA/TPPS solution (Cpya = 1 mg/
mL, Crpps = 0.02mg/mL). The pH is recorded with the
addition of HCI solution.

RESULTS AND DISCUSSION

Figure 2a shows the UV-vis absorption spectra of the TPPS/
DNA isotropic solutions with different pH values and the
spectra are varied with pH value. Three absorption bands at
424nm (B-band of H-aggregate), 491 nm (Soret band of the
J-aggregate) and 707nm (Q-band of the J-aggregate) are
observed when the pH value is less than 3. With increasing of
the pH value, the absorption intensity at 491 nm decreasing,
and two new absorption bands at 411 nm and 434 nm occur,
which are attributed to non-protonated (TPPS*~) and proto-
nated (H,TPPS?~) TPPS molecules, respectively. The absorp-
tion band at 491 nm disappears when the pH value is 5. And
only the absorption of the non-protonated TPPS at 411 nm can
be seen when the pH value is 7.

Figure 2b shows the CD spectra of the isotropic DNA /TPPS
solutions (cpya = 10 mg/mL) with different pH values and the
CD spectra are also varied with the pH value. The CD signals
in the B bands the TPPS (424 nm) can be observed and these
CD signals are split when the pH value is not larger than 5
(Spectrum a-e in Figure 2b). However, there is no induced CD
signal in the absorption bands of the TPPS when the pH value
of the system is 5.2 or 7 (Spectrum f and g in Figure 2b), which
means that the CD signals disappear when the pH value is
larger than 5 in the system.
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Figure 2. UV-vis absorption (a) and Circular dichroism (b) spectra of the
isotropic TPPS/DNA solution with the pH value of (a) 1.0, (b) 2.0,
(c) 3.0, (d) 4.0, (e) 5.0, (f) 5.2 and (g) 7.

It is suggested, from Figure 2b, that neither non-protonated
nor protonated TPPS single molecules show CD signal in the
isotropic DNA/TPPS solution. Only TPPS aggregates show
splitting CD signals, which result from CD couple. The CD
signals of TPPS aggregates may come from the two possibil-
ities: one is the helical TPPS aggregates due to self-screwing
and the other is the TPPS aggregates without helix but
interacting with chiral templates. If the CD signals of TPPS
aggregates come from the latter, the protonated TPPS mono-
mers should show induced CD signals in the isotropic TPPS/
DNA solutions, because the protonated TPPS monomers
should interact with the bases on DNA chains. However, the
protonated TPPS monomer shows no CD signal. Therefore, the
splitting CD signals of TPPS aggregates should come from the
self-screwing of TPPS aggregates, that is to say, the protonated
TPPS monomers are arranged helically within the TPPS
aggregates and the TPPS aggregates are formed into L- or D-
type helix just under the driving of the chiral DNA chains.

Figure 3a is the UV-vis absorption spectra of the TPPS in
DNA cholesteric liquid crystal solutions with different pH
values. There are three absorption bands at 424, 491 and
707 nm when the pH value of the solution is 1, it is suggested
that the TPPS can also form J- and H-aggregates in the
cholesteric liquid crystal DNA solution. A new absorption band
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Figure 3. UV-vis absorption (a) and Circular dichroism (b) spectra of the

cholesteric liquid crystal TPPS/DNA solution (Cpna = 160mg/
mL) with the pH of (a) 1.0, (b) 2.0, (c) 3.0, (d) 4.0, (e) 5.0, (f) 5.2
and (g) 7.

at 410 nm appears when the pH value is in the range from 2 to
5, which is assigned to the non-protonated TPPS monomers.
The absorption band of the non-protonated TPPS monomers
becomes very strong, while the absorption band at 491 nm
becomes very weak when the pH value is 5.2. The absorption
bands of the J-aggregate (at 491 and 707nm) disappear
completely and the absorption band of the non-protonated
TPPS molecules blue shifts to 408 nm when the pH value is 7,
which indicates that there is no TPPS aggregate in the DNA
cholesteric liquid crystal solution and only non-protonated
TPPS molecules exist in the solution. It is reasonable because
TPPS has a low pK, (4.9°%) and high pH does not help
protonation of TPPS, or the formation of TPPS aggregates.
Figure 3b shows the CD spectra of TPPS in the cholesteric
liquid crystal DNA solutions with different pH values. There
are three induced CD signals in the absorption region of TPPS
when the pH value is equal to 1. The CD signal at 424 nm (B-
band of H-aggregate) is positive, while the CD signals at
491 nm (the Sort band of J-aggregate) and at 707 nm (the Q-
band of J-aggregate) are negative. The non-protonated single
TPPS molecules also show induced CD signal at 410nm,
besides the induced CD signals of J-aggregate when the pH

value is smaller than 5. There is only a weak CD signal at
491 nm in the Soret band of the TPPS when the pH value is 5.2,
there is no induced CD signal in the absorption region of TPPS
when the pH is 7.

The results mentioned above reveal that the TPPS aggre-
gates and TPPS molecules are undoubtedly induced to show
CD signals in the DNA cholesteric liquid crystal solutions. It is
believed that the hydrogen ion (H) plays an important role in
the induction of the DNA cholesteric liquid crystal structure to
the chirality of TPPS monomers and aggregagtes. When the
DNA is dissolved in an acidic solution, the bases on the DNA
chains are bonded with H" and protonated. At the same time,
the TPPS molecules are also protonated in the inner nitrogen
when pH value is low. Therefore, the bases on the DNA chains
are attached by the inner protonated nitrogen of the TPPS
molecules and the complexation between the anionic TPPS
molecules and the DNA chains is formed when the pH value is
low.3! It can be concluded that the H-aggregates, J-aggregates
and non-protonated molecules of TPPS can be arranged
helically along the cholesteric helix axis and show induced
CD signals in the DNA cholesteric liquid crystal solution when
the pH value is low due to the interactions between DNA
chains and TPPS molecules. But when the pH value in the
solution is increased to be larger than 5.2, the bases on the
DNA chains and TPPS molecules are hardly protonated and
electrostatic repulsion force exists between the DNA chains
and non-protonated single TPPS molecules. Thus, the non-
protonated TPPS molecules are randomly distributed in the
DNA cholesteric liquid crystal solution due to the repulsion
force between the DNA chains and TPPS molecules and no
induced CD of the TPPS molecules can be observed (Spec-
trum f and g in Figure 3b). It can be concluded, therefore, that
the complexation between liquid crystal molecules and achiral
molecules is very important for dyes to show induced CD in the
cholesteric environments and this complexation interaction can
drive the achiral dyes to be arranged helically along the
cholesteric helix axis and finally, the achiral molecules show
CD signals in the cholesteric liquid crystal environments. It
can be found that the induced CD signal of the H-aggregate of
the TPPS is opposite to that of the J-aggregate (Spectrum a in
Figure 3b). This is because the electric transition moment of
H-aggregate is perpendicular to that of J-aggregate,3> which
results in the opposite induced CD signals.®!!

From the above results, it can be found that the CD signals
of TPPS in the DNA solutions are always related to the pH
value of the solutions. To investigate the relationship between
CD siganls of TPPS and pH value of solutions, a pH titration
cure of TPPS/DNA solution is shown in Figure 4. As shown
in Figure 4, firstly, the pH value decreases drastically with
increasing amount of the adding HCI solution. Then the pH
value of the solution decreases gently when it is below 5.
Obviously, the results of the pH titration are consistent with
UV-vis and CD results (Figures 2 and 3). It is because the
TPPS can not be protonated, when the pH value is higher
than about 5, the protons existing in the aqueous solution are
almost free, thus, the pH value of the solution can be changed
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Figure 4. The titration cure of DNA/TPPS solution (Cpna = 1mg/mL,
Crpps = 0.02mg/mL).

drastically in the titration progress. As a result, no CD signals
of TPPS aggregates can be shown in Figure 2b or Figure 3b.
However, due to the protonation of TPPS, when the pH value is
below about 5, parts of protons added can combine with TPPS,
consequently, the pH value of the solution can be decreased
gently in the pH titration progress. It is reasonable that the
TPPS self-aggregate and show CD signals of TPPS aggregates.

Comparing the CD signals of the TPPS aggregates in the
cholesteric liquid crystal solutions with those in the isotropic
solutions, it is interesting that the CD signals of the TPPS
aggregates in the DNA cholesteric liquid crystal solutions are
not split, while those in the isotropic solution are always split.
In the isotropic solutions, neither protonated nor non-proto-
nated TPPS molecules show any CD signals, but the TPPS
aggregates show splitting CD signals. This suggests that the

splitting CD signals come from the TPPS aggregates itself, that
is, they come from the helical arrangement of the TPPS
molecules within the aggregate, just as illustrated in Figure 5a,
the TPPS aggregates are formed into helix under the driving of
DNA. In the DNA cholesteric liquid crystal solutions, the CD
signals without splitting at the absorption bands of the TPPS
aggregate can be observed. It is proposed that the aggregates
itself are achiral in the DNA liquid crystal solutions and the CD
signals just come from the liquid crystal induced circular
dichroism. The difference of the chiralities of TPPS aggregates
in the isotropic and liquid crystal solutions may result from the
different physical sizes of the aggregates in the two kinds of
solutions. The adsorption spectral width of the TPPS aggregate
is narrower than that of the TPPS molecules by a factor of
N,?*3% where N represents the spectroscopic aggregation
number. The full width at half-height values of the Soret band
(491 nm) of the J aggregate in the isotropic and liquid crystal
solutions is about 334 and 666cm~', respectively, which
suggests that the spectroscopic aggregation number in the
isotropic solutions is fourfold that of the liquid crystal
solutions. In the case of the isotropic solutions, TPPS
aggregates can grow freely into those with larger size, and
with self-screwing morphology. However, in the cholesteric
liquid crystal solutions, the growth of the aggregate is confined
between cholesteric layers and at the same time, the self-
screwing of the TPPS aggregates may be forbidden. Such
different aggregation behavior may affect the chiralities of the
TPPS aggregates in the DNA solutions. However, due to the
induction of the DNA cholesteric liquid crystal structure, the
aggregates can be oriented like single molecules in the
cholesteric structure. As illustrated in Figure 5b, the TPPS
aggregates are located between two cholesteric layers, and the

TPPS TPPS

Protonated

Figure 5.

te TPPS

AgErega

single molecule

lllustration of induced circular dichroism origin of TPPS in DNA solutions: (a) in isotropic, (b) in cholesteric liquid crystal.

©2009 The Society of Polymer Science, Japan

Polymer Journal, Vol. 41, No. 9, pp. 739-743, 2009



TPPS Aggregates in DNA Solutions

Polymer
Journal

chains of the TPPS aggregates are paralleled to the chains of
DNA in the cholesteric layer. The TPPS aggregates just like
single molecules screw along the cholesteric helix, along the
cholesteric helix axis to look, which just like the cholesteric
structure. Therefore, the TPPS aggregates show CD signals.
However, the TPPS aggregates in the successive layers can not
be interacted with each other because the distance between
them is too lager to couple each other. Therefore, the TPPS
aggregates in cholesteric liquid crystal DNA solutions show the
CD signals without splitting. When the pH value is not larger
than 5, the non-protonated TPPS monomers can be also
oriented by the chains of DNA due to the interaction of non-
protonated TPPS and protonated bases of DNA, and be
arranged along the cholesteric helix, as illustrated in Figure 5b,
so the non-protonated single TPPS molecules also show CD
signal.

CONCLUSIONS

Induced CD signals of the anionic TPPS aggregates in both
cholesteric liquid crystal DNA solutions and isotropic DNA
solutions are all observed by adjusting the pH value., The
induced CD signals are split in the isotropic DNA solutions,
when the pH value is less than 5, which may result from the
helical arrangement of TPPS molecules within the TPPS
aggregates with L- or D-type helix. The induced CD signals of
TPPS aggregates are not split in the cholesteric liquid crystal
DNA solutions, which should result from the helical arrange-
ment of the aggregates like molecule screwing along the
cholesteric helix axis. In the cholesteric liquid crystal DNA
solution, H- and J-aggregates of TPPS are arranged in left-
handed helix, which follows the cholesteric liquid crystal
structure. When the pH value is higher than 5, no induced CD
can be observed in the isotropic solutions and the cholesteric
liquid crystal DNA solutions, because the electrostatic repul-
sion force between the non-protonated TPPS molecules and the
bases on DNA chains prevents the chiral induction.
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