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This paper discusses the usefulness of resonance light-scattering spectroscopy (RLSS), which can be obtained by
using an ordinary spectrofluorimeter, for the analysis of the suprahelical helixes of nucleic acids induced by 5,10,15,
20-tetrakis[4-(trimethyammonio)phenyl]porphine (Htapp). Depending on the acidity of the aqueous solution, the titled
porphyrin has two species, [Hatapp]** and [Hatapp]®*. Both species can stack on appropriate conditions along the surface
of nucleic acids in the mode of long-range assembly; and this leads to the formation of suprahelical helixes of nucleic acids.
Enhanced resonance light-scattering signals can be observed for the porphyrin-induced suprahelical helixes of nucleic
acids with the maximal resonance light scattering near to 432 nm for [Hytapp]** and near to 452 nm for [Hatapp]®*. The
exciton splitting signals, which are generally associated with the aggregation of porphyrins, as described by molecular-
exciton theory, are observed at 428 nm in the RLS spectra, analogous to the circular dichroism spectra when the molar
ratio of [Hatapp]** to nucleic acids (R) is greater than 0.89. These results indicate that porphyrin-porphyrin interactions

occur in the suprahelical helixes of nucleic acids.

Whether considering chemistry or biochemistry, por-
phyrins are important and interesting compounds owing to
their extensively electron-delocalized structure in the nucleus
and their biological activities. Although the initial interest
in porphyrin—nucleic acid interactions arose in conjunction
with photodynamic therapy,” greater interest in the inter-
actions stems from the porphyrin antiviral (including HIV-
1)? and anti-cancer activities.” Since porphyrins can serve
as useful probes of the structures and functions of nucleic
acids,*'? and studies on water-soluble porphyrins with bio-
logically active macromolecules can supply a good model
for studying the complex biophysical process, the interac-
tions of porphyrins with nucleic acids have raised a great
interest among chemists and biochemists during the recent
decades.

Since Fiel’s first article about the interactions of por-
phyrins with nucleic acids,” investigations concerning
the interactions have mainly focused on the 5,10,15,
20-tetrakis(1-methyl-4-pyridinio) families of metallo and
nonmetallo porphyrins.'® The possible reasons that the
studies concentrated on these families are the positively
charged substituents, a lower aggregation trend of the (1-
methyl-4-pyridinio) groups, and the easy preparation of
metalloporphyrins.' There are three binding modes pertain-
ing to the interactions of porphyrins with nucleic acids, de-
pending on the porphyrins’ molecular symmetry; the number
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and position of the positive charge of porphyrins; the inter-
action conditions, such as pH and ionic strength of the solu-
tions; and the molar ratio of porphyrins to nucleic acids (R).'>
Generally, when R and the ionic strength are low, those por-
phyrins with axial ligands, such as metalloporphyrins of Fe-
(II),» Co(IN),> Mn(II),® Zn(I)” of the 5,10,15,20-tetrakis(1-
methyl-4-pyridinio) families, bind nucleic acids in a groove
mode; however, those without axial ligands, such as the non-
metallo and their metalloporphyrins of Cu(Il),® Ni(Il),>®
Py(1),>10 Au(Ill),!V V(ID),™ of the 5,10,15,20-tetrakis(1-
methyl-4-pyridinio) families, bind with nucleic acids in an
intercalating mode. An exception to the interactions is the
free-base porphyrin, 5,10,15,10-tetrakis[4-(trimethyammo-
nio)phenyl]porphine ([Hztapp]‘“; its molecular structure is
shown in Fig. 1), with nucleic acids. [Hjtapp]**, stacking
together along the surface of the nucleic acid molecule,'®'”
does not bind with nucleic acids in the groove or intercalat-
ing modes. If the molar ratio (R) is sufficiently large, the
stacking of [Hztapp]4+ or [H4tapp]6+ leads to the formation
of suprahelical helix structures of nucleic acids.'¢!”
Resonance light-scattering spectroscopy, obtained by us-
ing an ordinary spectrofluorimeter,'® is sensitive and in-
formative in chemistry and biochemistry research. Analo-
gous to resonance-enhanced Raman scattering for aggregated
molecules in aqueous solutions,'®!” the basic theory of the
resonance light-scattering spectroscopy is the same as that of
the resonance-enhanced Rayleigh scattering in an absorption
medium in which aggregated particles can exist.'*?>—2 We
found that strong resonance-enhanced Rayleigh scattering
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Fig. 1. Molecular structure of 35,10, 15, 20- tetrakis[4-
(trimethyammonio)phenyl]porphine ([Hatapp]**).

is produced when the molar ratio of the titled porphyrin to
nucleic acids is high in an aqueous solution with low ionic
strength, in such a case that suprahelical helixes of nucleic
acids can be formed.'!” Accordingly, the observation of a
resonance light-scattering enhancement can act as an indica-
tion of the formation of the suprahelical helixes of nucleic
acids. We have reported on a sensitive determination of nu-
cleic acids in synthetic samples based on the enhancement
effect of nucleic acids on resonance light-scattering intensity
of dyes.”?" In the present paper we discuss the features of
the resonance light-scattering spectra in terms of the forma-
tion of suprahelical helixes of nucleic acids in the presence
of [Hatapp]*™* and [Hytapp]®*.

Experimental

Apparatus. All of the spectra and intensities of resonance
light scattering were obtained using a Shimadzu RF-540 spectrofiu-
orimeter (Kyoto, Japan) with a quartz cell (1x1 cm). A Shimadzu
UV 265 spectrophotometer (Kyoto, Japan) was used to obtain the
absorption spectra. A WH-861 vortex mixer (Jiangsu Instruments,
Inc., China) was used to blend a mixture in a volumetric flask,
and an 821 pH meter (Zhongshan University, China) was used to
measure the pH of a solution.

Reagents.  Stock solutions of DNAs and RNA were prepared
by dissolving commercial calf thymus DNA (CTDNA, Beitai Bio-
chemical Co., Chinese Academy of Sciences, Beijing, China), fish
sperm DNA and yeast RNA (FSDNA and YRNA, Shanghai In-
stitute of Biochemistry, Chinese Academy of Sciences, Shanghai,
China) in doubly deionized water at 4 °C. It took 24 h or more to dis-
solve DNAs as an aqueous solution by occasionally gentle shaking.
The concentrations of nucleic acids were calculated according to
the absorbance at 260 nm by using the molar absorptivity of the nu-
cleic acids: &pna (6600 M ™' cm™") and &rna (7800 M~" cm™1).*
Working solutions of the nucleic acids were prepared in the follow-
ing concentration series (x 107> M): 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1,
24,2.7,3.0,3.3,3.6and 7.5 (1 M=1 moldm™3).

The free-base porphyrin, [Hatapp]**, was synthesized according
to the literature®® and identified by '"HNMR and IR. This com-
pound was dissolved in doubly deionized water. The concentration
of the solution was determined according to the absorbance at 412.0
nm (the Soret maxima) by using £=4.16x10° M~' cm™! at pH
7.48 (1=0.004).>”
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Tris-HC1 buffer was prepared by dissolving 6.1 g of tris(hy-
droxylmethyl)methanamine in 250 ml water, adding 400 ml of 0.1
M HCI and then diluting to 1000 ml with water. The pH of the
buffer solution was 7.48.

All of the reagents were of analytical reagent grade and used
without further purification. The water used throughout was doubly
deionized.

Standard Procedures.  After 0.60 ml of a standard nucleic
acid solution and 0.60 ml of a [Htapp]** solution were added with
different solution affluxes along the wall of a dry 10-ml volumetric
flask, the mixture was fully vortexed, and 1.0 ml of the Tris-HCI
buffer solution was added. The mixture was then diluted to 10 ml
with water, at last, and completely mixed.

The resonance light-scattering spectrum was obtained by syn-
chronously scanning the excitation and emission monochromators
of the RF-540 spectrofluorimeter in the wavelength region from 350
to 750 nm with A4 =0.0 nm. The slit width for the excitation and
emission was 5.0 nm.

Results and Discussion

Resonance Light-Scattering Spectra.  The porphyrin
investigated in this study can have two chemical forms be-
cause of the protonation of the two pyrrolic nitrogen atoms in
the porphyrin macrocycle (pK,, =3.95, pK,, =4.11, I=0.1,
25 °C).3” The two species are [Hptapp]** and [Hytapp]®*,
and the formation of the species depends on the pH of the
aqueous solution. At pH 7.48, [H,tapp]** has D, spectro-
scopic features and has absorption bands at 412.0, 513.0,
553.0, 579.0, and 631.0 nm, as shown in Fig. 2. These
absorption bands originate from the second excited singlet
state (the Soret maxima), B(0,0); the lowest-energy excited
singlet state, Q(0,0); and the vibronic state, Q(1,0). Both the
Q bands split into Q,(1,0), Q;(0,0), Q«(1,0), and Q,(0,0). At
pH 1.86, [Hytapp]** is protonated and exists as [Hytapp]®*,
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Fig. 2. Absorption spectra of the titled porphyrin at pH 7.48
(solid line) and 1.86 (dotted line). The concentration of the
porphyrin, 2.4x 1077 M. Ordinate in the wavelength range
from 470.0 to 750.0 nm was enlarged by 5.
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having Dy, spectroscopic features and characterized by no
splitting of the Q bands. For [Hytapp]®*, the Soret band is lo-
cated at 430.8 nm and the Q bands are observed at 590.0 and
639.2 nm. The two Q bands are assigned to Q(1,0) and Q(0,
0), respectively.’"” The resonance light-scattering results are
consistent with the conclusions derived from the absorption
characteristics of the porphyrin species. Figure 3 shows the
resonance light scattering spectra of the titled porphyrin in
neat water at different pH, together with those of background
solutions for a comparison. Regardless of the pH value, the
presence of the porphyrin has little influence on the spectra of
water and buffer background solutions, except for the Soret
maxima, at which photon absorption leads to local minima
(at 413.8 nm for [H,tapp]** and 430.4 nm for [Hytapp]®*).
At slightly longer wavelengths, a characteristic “overshoot”
appears compared with the resonance light spectra of water
and the buffer background solutions.

The minima of the light-scattering spectra near to the Soret
band of [Hytapp]** and [Hytapp]®* results from the self ab-
sorption of the two porphyrin species. According to the
theory of resonance light scattering, the intensity of reso-
nance light scattering depends on the scattering cross section
and absorption cross section of a molecule scatterer,!*?0—2
Even if the molar absorptivity of the molecule is very large,
the intensity of resonance light scattering detected by instru-
ments is small, or as even likely to be difficult to detect when
the volume of the molecule is very small. However, if the
molar absorptiontivity and volume of the molecule are large,
an enhancement of the resonance light scattering would be
observed. Additionally, different from the resonance light

W
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Fig. 3. Resonance light scattering spectra of the titled por-
phyrine at pH 7.48 and 1.86. Solid line, [Hotapp]** (pH
7.48); dashed line, [H4tapp]6’r (pH 1.86); dotted line, blank
solution made up of water and Tris-HCI buffer (pH 7.48);
dash-dotted line, blank solution made up of HC1 solution
(pH 1.86), dash-dot-dotted line, doubly deionized water.
Concentration of porphyrins, 2.4x 1076 M.
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scattering of [Hytapp]**, [Hstapp]® has a scattering peak at
639.2 nm where the Q(0,0) absorption band is located, as
shown in Fig. 2. It s likely that the 639.2 nm scattering peak
is due to the lowest singlet excited state.

If nucleic acid solutions were added to an [Hatapp]** or
[Hatapp]®* solution, a strong enhancement of the resonance
light scattering can be observed. Figure 4 shows that the
minima of the enhanced light scattering at the Soret band
still exist, and that the maximum wavelength of enhanced
resonance light scattering is located at the longer wavelength
side of the Soret band. The shoulder peaks in the wave-

* length range of 500-600 nm can be observed, which may be

correlated to the Q(1,0) absorption band. In addition, from
Fig. 4, it can be seen that the resonance light scattering of
[H4tapp]®* at 639.2 nm, where the Q(0,0) absorption band is
located, is also enhanced by nucleic acids.

It is interesting that a small shoulder peak at 405 nm ap-
pears (solid line in Fig. 4 and dotted lines in Fig. 5). The
small shoulder peak makes a minima at 418.0 nm with the
maximal enhanced light-scattering peak. The appearance
of the minima, located identically with the exciton splitting,
which is generally associated with aggregation, as defined
in the molecule exciton theory and is often studied by the
CD spectrum,'®!” is indicative of porphyrin—porphyrin inter-
actions in the porphyrin—nucleic acid interacting system,>?
Figure 5 clearly shows that the exciton splitting takes place
upon increasing the concentration of [Hytapp]**. The min-
imum at 418.0 nm does not appear until the molar ratio of
[Hytapp]** to a nucleic acid (R) is greater than 0.89. Thus,
the exciton splitting can be observed only if the concentra-
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Fig. 4. Enhancement effect of CTDNA on the resonance
light-scattering of [Hatapp]**. Solid line, pH 7.48, the
upper, CTDNA + [Hytapp]**, the lower, [Hytapp]*"; dash-
dotted line, pH 3.78, CTDNA + [Hutapp]®*; dotted line,
pH 1.86, CTDNA + [Hstapp]®*; dashed line, pH 1.86,
[H4tapp]6+. From 600 to 750 nm the ordinates were en-
larged by 8 for the two curves of pH 1.86. Concentration;
CTDNA, 9.0x10~7 M; porphyrins, 1.2x107° M.
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Fig. 5. Exciton splitting features of the resonance light-
scattering spectra. pH 7.48; Concentration of CTDNA:
9.0x1077 M. R; 1, 0.22; 2, 0.44; 3, 0.67; 4, 0.89; 5, 1.33;
6,1.78;7,2.67.

tion of the porphyrin is sufficiently large, which means that
the porphyrin—porphyrin interaction occurs at a high concen-
tration of the porphyrin. When R > 0.89, the intensity of
the resonance light-scattering decreases, as shown in Fig. 5.
It can also be recognized that the maximum wavelength of
resonance light scattering is red-shifted, and that the exciton
splitting signal becomes much more significant.

The enhancement effect of nucleic acids on the resonance
light scattering of [Hytapp]*" depends on the concentration
and the kind of nucleic acids. Figure 6 shows an increasing
enhancement of resonance light scattering with the concen-
tration of nucleic acids. Table 1 lists the dependence of the
resonance light-scattering intensity on the concentration and
kind of nucleic acids. It also shows that the resonance light-
scattering intensities increase linearly with the concentration
of CTDNA and FSDNA in the range 1.8x 10~ 7—18.0x 10~
M, while with the concentration of YRNA in the range of
1.8x1077—18.0x 107 M. In addition, there are some slight
shifts of the resonance light-scattering peak along with vari-
ations of the concentration and kind of nucleic acids, par-
ticularly with the variations of the concentration of yeast
RNA, as summarized in Table 2. It is worth noting that the
wavelength-shift trends can be obtained repeatedly with in-
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Fig. 6. Resonance light scattering spectrum as a function of
the concentration of a nucleic acid. pH 7.48; Concentration:
[Hatappl*, 1.2x107%; CTDNA, from top to bottom (10~
M), 9.0, 6.6, 3.0, 0.0.

creasing the concentration of nucleic acids, and can thus be
disregarded that the data presented in Table 2 were experi-
mental errors, even if a slit width of 5 nm was used. There
might be some relationship between the maximal resonance
light-scattering peak and the concentration of nucleic acids.
Formation of the Suprahelical Helixes of Nucleic Acids.
As shown in Fig. 5, a maximal enhancement of resonance
light scattering was obtained when R was 0.89. Fiel et al.'”
once proposed that the porphyrins with their charge of +4
could feasibly act as condensing agents, particularly at higher
values of R and low ionic strength, and that a suprahelical
helix of a nucleic acid could be formed. Similarly, Paster-
nack et al.*? also supposed that a helical arrangement of the
porphyrin molecules may occur on the nucleic acid polymer,
which results in a helical alignment of the porphyrin transi-
tion dipole moments. When light interacts with this helical
structure, a resonance phenomenon between the interacting
porphyrin units occurs.'® It is thus reasonable that the en-
hanced resonance light-scattering should be responsible for
the formation of the suprahelical helixes of nucleic acids. In-
deed, the exciton nature of the resonance light scattering of
the bound [Hytapp]** or [Hytapp]®* to nucleic acids suggests
that some porphyrin—porphyrin interactions occur.*® It is pos-

Table 1. Dependence of Resonance Light Scattering Intensity on the Concentration and
the Kind of Nucleic Acids
Nucleic acids Linear range Linear regression equation Correlation coefficient
(107" M) (cx 10" M) (r)
CTDNA 1.8—10.8 Iris = —6.8+6.0c 0.9962
FSDNA 1.8—10.8 Iy s =—6.84+5.9¢ 0.9962
YRNA 1.8—18.0 Ixis=—8.7+3.9¢ 0.9963

Concentration of [Hytapp]**, 1.2x 1075 M; pH 7.48. c is the concentration of nucleic acids.
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Table 2. Wavelength Shifts (nm) of Maximal Resonance Light Scattering with R

R 6.67 333 222 1.67 1.33 1.11 095 0383 074  0.67

CTDNA 4320 4340 4335 433.0 4320 432.0 432.0 4315 4315 4315
FSDNA 432.0 433.0 4340 4325 4320 4320 4320 4320 431.0 4315
YRNA 4320 434.0 4360 438.0 438.0 438.0 438.0 4365 4365 436.0

Concentration of [Hptapp]**, 1.2x 1076 M; pH 7.48.

sible that the porphyrin—porphyrin interactions, which may
be indicative of a tendency for the aggregation of porphyrins,
is promoted by nucleic acids in the way that [Hytapp]** or
[H4tapp]6+ stacks along the surface of nucleic acids, namely
the long-range assembly.!” The assembly does not involve
in the intercalation of [Hytapp]** or [Hstapp]®* into the base
pairs and binding with nucleic acids in the major or minor
groove, but is mediated by the polyanion on the backbone of
nucleic acids in accord with the arrangement of its negative
charges. Thus, [Hytapp]** or [Hytapp]®* appears to be indi-
cating the suprahelical sense of the nucleic acid aggregate to
which the porphyrin species is bound.

When R is lower or higher than 0.89, the maximal en-
hanced intensity of resonance light scattering decreases. It is
possible that an increase in the concentration of nucleic acids
decreases the mutual interactions of the titled porphyrin, and
leads to a decrease in the formation probability of the supra-
helical helixes. When R is low, [H,tapp]** only stacks along
the surface of nucleic acids in the “face-on” and “edge-on” pH
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too high, the molecular absorption resu tlgg r.om[ stapp] on pH. (O) DNA—[Hatappl*"; (®) [Hatapp]**. Concentra-
becomes very strong, and leads to a reduction in the enhance- tion: CTDNA, 9.0x10~" M; [Hatapp]*, 1.2x10~° M.
ment effect of nucleic acids. Thus, only at an appropriate Tonic strength, 0.004. All the data were obtained at 432.0
concentration of [Hatapp]** or [Hstapp]®* can the resonance nm.

light-scattering signals, including exciton splitting, resulting
from the formation of suprahelical helix of nucleic acid, be
sensitively observed. 80
Depending Factors on the Formation of the Suprahe-
lical Helixes. = The formation of the suprahelical helixes
is affected by the pH and ionic strength of the aqueous so-
lution, and the state of nucleic acids. Figure 7 shows that
the formation of suprahelical helixes is scarcely affected if
the pH value is higher than 4.1. When the pH is lower
than 4.1 the suprahelical helixes still exist, as can be seen in
Fig. 4, although two protons attach to each pyrrolic nitrogen
atom in the porphyrine macrocycle, leading to a shift of the
Soret band from 412.0 to 430.8 nm. However, differences
in both the maximal resonance light-scattering peak and the
exciton splitting signal are observed between the resonance
light-scattering spectra of the suprahelical helixes induced by
[H,tapp]** and by [Hstapp]®*. The maximal light-scattering
appears at 452 nm and exciton splitting appears at 428 nm
for the suprahelical helixes induced by [Hytapp]®*. 0 0.01 0.02 0.03 0.04
Although [Hztalpp]4+ can bind nucleic acids even if the .
ionic strength is higher than 1.0 M (Kip =4.2x10%),'0 the Jonic strength
suprahelical helixes can form only in low ionic-strength me- Fig. 8. Effect of ionic strength on the formation of the supra-
dia. Figure 8 shows that the intensity of resonance light-scat- helical helix. Symbols are the same as in Fig. 7. pH 7.48.
tering decreases rapidly with increasing the ionic strength. All the data were obtained at 432.0 nm.
However, there is no remarkable change in the pattern of the

Intensity of resonance light scattering
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resonance light-scattering spectrum. The effect of the ionic
strength may be due to the electrostatic shielding effect be-
tween the phosphate anions on the backbone of nucleic acids
with the ionic-strength controller, which is unfavorable for
the modulation of nucleic acids in the porphyrin interactions.

Although no variations of the resonance light-scattering
spectrum pattern were observed for the suprahelical helixes
of thermally denatured nucleic acids, the intensity of the
resonance light-scattering was anomalous, and the repro-
ducibility was not good. The reason may be ascribed to a
conformational change of the nucleic acids. Since thermally
denatured nucleic acids have anomalous thread mat struc-
tures, the suprahelical helixes can not be formed normally.

The initial concentrations of [Hztapp]A"' and nucleic acids
have great effects on the formation of the suprahelical he-
lixes. Different volumes of water were added into a 0.60
ml (1.5x10~> M) aqueous solution of nucleic acids before
adding [H,tapp]** and a buffer solution. As a results, the in-
tensity of resonance light scattering changes with the added
volume of water, as shown in Fig. 9. In this figure, all of
the data are plotted by expressing the different concentra-
tions of nucleic acids as a final concentration of 9.0x10~7
M. However, the fluorescence quenching of nucleic acids
on [Hytapp]** is not affected by the initial dilution of nucleic
acids,” which may be because the porphyrin—porphyrin in-
teraction of the suprahelical helixes is not strong enough to
quench the fluorescence concerning the initial concentration
effect.

Conclusion

When the ionic strength is low, 5,10,15,20-tetrakis[4-
(trimethyammonio)phenyl]porphyrine, both in its free base
species, [Hotapp]** and its protonated species, [Hytapp]®*,
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Fig. 9. Effectof water addition on the formation of the supra-
helical helix. (O) CTDNA, (@) YRNA. Concentration:
nucleic acids, 9.0x10™7 M; [Hytapp]**, 1.2x 1075 M. All
the data were obtained at 432.0 nm.
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can stack along the surface of nucleic acids. If the molar ratio
of [Hytapp]** to nucleic acids is sufficiently large, suprahe-
lical helixes can be formed. The formation of suprahelical
helixes leads to an enhancement of the resonance light scat-
tering with the maximal peaks being located on the longer
wavelength side of the Soret-band region of the free-base or
protonated porphyrin species. With resonance light-scatter-
ing spectroscopy, the suprahelical helixes can be monitored,
and exciton splitting signals can be clearly observed. The
exciton nature reveals that the formation mechanism of the
suprahelical helixes is the porphyrin—porphyrin interaction
on the surface of nucleic acids.
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