Bowling Green State University

ScholarWorks@BGSU

Chemistry Faculty Publications Chemistry

7-2002

Preprogramming Of Porphyrin-nucleic Acid Assemblies Via
Variation Of The Alkyl/aryl Substituents Of Phosphonium
Tetratolylporphyrins

Pavel Kubat
Kamil Lang
Vladimir Kral

Pavel Anzenbacher Jr.
Bowling Green State University, pavel@bgsu.edu

Follow this and additional works at: https://scholarworks.bgsu.edu/chem_pub

Cf Part of the Chemistry Commons

Repository Citation

Kubat, Pavel; Lang, Kamil; Kral, Vladimir; and Anzenbacher, Pavel Jr., "Preprogramming Of Porphyrin-
nucleic Acid Assemblies Via Variation Of The Alkyl/aryl Substituents Of Phosphonium
Tetratolylporphyrins" (2002). Chemistry Faculty Publications. 107.
https://scholarworks.bgsu.edu/chem_pub/107

This Article is brought to you for free and open access by the Chemistry at ScholarWorks@BGSU. It has been
accepted for inclusion in Chemistry Faculty Publications by an authorized administrator of ScholarWorks@BGSU.


https://scholarworks.bgsu.edu/
https://scholarworks.bgsu.edu/chem_pub
https://scholarworks.bgsu.edu/chem
https://scholarworks.bgsu.edu/chem_pub?utm_source=scholarworks.bgsu.edu%2Fchem_pub%2F107&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=scholarworks.bgsu.edu%2Fchem_pub%2F107&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.bgsu.edu/chem_pub/107?utm_source=scholarworks.bgsu.edu%2Fchem_pub%2F107&utm_medium=PDF&utm_campaign=PDFCoverPages

6784 J. Phys. Chem. B002,106,6784-6792

Preprogramming of Porphyrin —Nucleic Acid Assemblies via Variation of the Alkyl/Aryl
Substituents of Phosphonium Tetratolylporphyrins
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J. HeyrassKy Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, 182 23 Praha 8,
Czech Republic, Institute of Inorganic Chemistry, Academy of Sciences of the Czech Republic, 250 68 R
Czech Republic, Institute of Chemical Technology at Prague, 166 28 Praha 6, Czech Republic, and
Department of Chemistry and Center for Photochemical Sciencessn@n Hall, Bowling Green State
University, Bowling Green, Ohio 43403

Receied: December 5, 2001; In Final Form: April 8, 2002

Cationic alkyl/arylphosphoniunmesetetratolylporphyrins aggregate in an aqueous solution to form
H-aggregates, J-aggregates, and long-range assemblies. The ratio between the monomer and various types of
aggregates can be controlled by the substitution in the phosphonium units and by the ionic strength. A
trimethylphosphonium derivative is predominantly monomeric, dimethylphenylphosphonium forms monomers
as well as low-molecular-weight H- and J-aggregates, triphenylphosphonium forms mainly H- and J-aggregates,
and tri(-butyl)phosphonium forms mainly long-range assemblies. Porphyrin monomers associate with calf
thymus DNA (binding constari{, ~ 10’ M~1) and oligonucleotides, ~ 1°-1° M~1). The large size of

the mesesubstituents prevents the intercalation between base pairs. All phosphonium porphyrins described
in this study were found to bind to the phosphate backbone of a nucleic acid with a significant preference for
A—T base pair sequences. Porphyrin aggregates formed in the solution deposit readily on the surface of the
DNA and oligonucleotides without changing their structure and size. Porphyrin monomers bound to DNA
and nucleotides have photophysical properties (higher quantum yield of triplet states and singlet oxygen)
different from those of porphyrin aggregates.

1. Introduction ammoniumt>18trialkylammonium?” guanidinium!® and quite
recently also the trialkyl- and triarylphosphonium moiefig%

In general, three binding models have been described for the
interaction of cationic porphyrins with DNA: (i) intercalation,
importance of the nucleic acids in the metabolism of a living () outside groove binding, and (iii) outside binding with self-
organism, it is not surprising that nucleic acids are also among Stacking. The latter mode leads to the formation of organized
the most widely sought targets of numerous chemotherap@utics. POTPhyrin structures on the DNA exteriti.* Porphyrin
Water-soluble porphyrin derivatives have been the focus of derivatives, depending on their structure, and the presence of
numerous studies as potential therapeutic agents for the phothe coordinated metal including possible axial ligands, display
todynamic therapy (PDT) of canédsecause of their antiviral  different preferences not only for particular binding modes, but

Recognition processes involving nucleic acids are one of the
most important features of living systems because they are a
cornerstone of DNA replication and proteosynthésven the

activity,4 and the ability to cleave selectively DNAr RNAS also for different DNA sequences. The investigations of the
More recently, porphyrins were also utilized as tools in binding modes and sequence preferences have been performed
molecular biology applications such as DNA footprintifie using a wide variety of techniques such as X-ray crystallography,
design of telomerase inhibitofsand stabilizing DNA/RNA UVNvis, CD, fluorescence, RLS (resonance light scattering), and
hybrids? DNA triplexes1? or DNA quadruplexed! Likewise, NMR spectroscopy experiments. It was found, for example, that

the binding of porphyrins to DNA hairpi#$and B-form$2 or cationic tetrakig{-methylpyridinium-4-yl)porphyrin (TMPyP)

a specific sensing of DNA quadrupleXésias been recently  and the corresponding planar metallocomplexes (e.d., @l
described. The development in these areas is predicated upon &t') possess the appropriate properties such as positive charge,
detailed understanding of the porphyfinucleic acid binding hydrophobicity, appropriate size, and planar chromophore
mechanism. Several different classes of positively charged geometry favorable for intercalating between GC sites of
porphyrins that show a strong ability to bind to DNA were DNA.2325More sterically demanding porphyrins such as TMPyP
investigated. These include derivatives bearing pyridinium and metallocomplexes with axial ligands (ZnTMpyP, MNnTMPYP,

or CoTMPyP) or porphyrins with largenesesubstituents such

* To whom correspondence should be addressed. Fax: (419) 372 9809.as tetratolylporphyrin derivatives with ammonium and meth-
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M and bind to DNA mainly in the form of an aggregdf&® B. Synthesis of Porphyrin Materials. 5,10,15,20-Tetrakis-

The Soret band position for cofacial aggregates (H-aggregate)(o-bromop-tolyl)porphyrin  (Po),%° 5,10,15,20-tetrakis(-tri-

is blue-shifted, whereas for the side-by-side aggregates (J-phenylphosphoni@-tolyl)porphyrin tetrabromide sal®g), and

aggregates) it is red-shifted. Estimates based on RLS suggesb,10,15,20-tetrakis(-tri-n-butylphosphonigs-tolyl)porphyrin

the size of these aggregates to be between 15 and 27 A. Theetrabromide saltR,) were prepared according to the previously

aggregation processes are very important because they have published procedureé8.The identical method was adopted to

dramatic effect on the photochemical behavior of porphyrins. prepare novel porphyrinB; and P, described in this paper.

For example, the fluorescence quantum yields of porphyrin  5,10,15,20-Tetrakis(-[trimethylphosphonium]-p-tolyl)por-

aggregates are at least more than 1 order of magnitude lowerphyrin tetrabromide saltR;) was prepared by heating porphyrin

than those of the corresponding monomeric free-base porphy-P, (0.987 g, 1.0 mmol) with a 10-molar excess of trimeth-

rins 26 The aggregation has, therefore, an enormous impact onylphosphine in a deoxygenated methartetrahydrofuran (THF)

the ability of porphyrins to effect photosensitization and cleavage (2:1) mixture (50 mL) in a sealed vessel to ®Dfor 24 h under

of nucleic acids. The latter process occurs by a photoinducedargon. The reaction mixture was evaporated in vacuo, and the

mechanism involving either the porphyrin excited singlet and residue was thoroughly washed with hot THF on the frit. Further

triplet states or singlet oxygen, and leads to oxidative attack of purification was performed by dissolving the solid in hot water

a sugar moiety and strand scissf@The aggregation behavior  with addition of THF to promote crystallization. The yield was

of porphyrin derivatives has to be taken into account in the 1.100 g (85%).

application of porphyrins, as well as in the design of the 14 NMR (DMSO-ds): 6 —2.95 (br s, 2H, pyrrole NH), 2.50

porphyrin sensitizers for an application in the PDT of cancer (d, 24H,J = 14.4 Hz, PCH), 4.23 (d, 8H,J = 16.8 Hz, CHP),

in particular. 7.78 (m, 8H, aromatic CH), 8.27 (m, 8H, aromatic CH), 8.92
In this study, we describe the synthesis of alkyl/arylphos- (s, 8H, s-pyrrole CH).

phonium tetratolylporphyrins and their aggregation behavior in ~ 13c NMR (DMSOg): 6 7.3 (d,d = 53.9 Hz), 29.4 (dJ =

solution and in the presence of DNA and DNA oligonucleotides. 47.1 Hz), 119.5, 127.4, 128.5 (d,= 6.9 Hz), 129.5 (d,) =

Itis important to note that the phosphonium groups in porphyrins 9.1 Hz), 137.9, 140.6 (d] = 4.6 Hz), 141.1.

P1—P4 are insulated from '.[he porphyrin ring by a methyleng MS/FAB+ (mz): 1208.3 [M — Br].

prldge and thus have a minimal |nf|uence on the electron density  anal. calcd for GoH7BraN4Ps: C, 55.83: H, 5.47: N, 4.34.

in the z-system of the porphyrin chromophdfeWe have Found: C, 55.69: H, 5.51: N, 4.31.

synthesized a group of porphyrin derivatives that encompass UV/vis (MeOH) [2, nm (¢, 104 M1 cm3)]: 415 (30), 513

the full range of the aggregation behavior, and have investigated(1_4) 547 (0.71), 589 (0.50), 645 (0.37). Fiuorescence (MeOH)
the relationship between the chemical structure and the ag-(ll n}n)' 654 71’9 '

regation behavior. It is shown here that the variation of alkyl/ ' ' e .
grylgsubstituents of the phosphonium group can be usedyto 5,10,15,20-Tetrakis¢[dimethylphenylphosphonium]-p-tolyl)-

. . porphyrin tetrabromide saltR,) was prepared by heatirgy
effectively control the nature of the DNAporphyrin complexes. (0.987 g, 1.0 mmol) with a 10-molar excess of dimethylphen-
2. Experimental Section ylphosphine in a deoxygenated metharidHF (2:1) mixture

(50 mL) in a sealed vessel to 8@ for 24 h under argon. The
| volume of the reaction mixture was reduced in vacuo to 15 mL,
and the porphyrin material was precipitated by addition of THF.

A. Materials and General Methods. Solvents and other
reagents for synthesis were purchased from Aldrich Chemical

Co. Tetrahydrofuran and toluene were distilled in the presence o .
y P The precipitate was thoroughly washed with hot THF on the

of potassium metal. Anhydrous methanol was obtained byf't Furth ficati ‘ d by dissolving th lid
distillation from magnesium metal. NMR spectra were recorded mt. Further puritication was pertormed by dissolving the Soli

on Varian Unity 300 MHz and Varian Unity Plus 400 MHz in a hot Wate{—me_tharlol 1:1) mixture with _additio_n of THF

spectrometers using the solvent as reference. NMR shiifts ( to promote crystaglllzatlon. The yield of dark violet microcrystals

are reported in parts per million; coupling constants are r<—:tported"\’alS 1.216 g (79%).

in hertz. Elemental analyses were performed on a Perkin-Elmer 1 NMR (DMSO-ds): 0 —2.98 (br s, 2H, pyrrole NH), 2.50

240 (ICT) instrument. Mass spectra were recorded on ZAB- (d, 24H,J = 14.5 Hz, PCH_)' 4.49 (d, 8HJ = 19.7 Hz, CHP)'_

EQ and ZAB SEQ VG Analytical spectrometers. 7.51-7.58 (m, 6H, aromatic CH),_7.?97.90 (m, 12H, aromatic
Adenosine 5monophosphate (AMP), guanosin&nBono- CH), 8.00-8.22 (m, 18H, aromatic CH) 8.82 (s, 8ppyrrole

phosphate (GMP), cytidine 'Bnonophosphate (CMP), and CH).

thymidine 3-monophosphate (dTMP) were obtained as sodium 3C NMR (DMSO-g): 6 6.3 (d,J = 53.9 Hz), 30.6 (d) =

salts from Sigma and used without further purification. The 47.7 Hz), 119.4 (dJ = 9.1 Hz), 120.2 (dJ = 12.2 Hz), 121.1

oligonucleotides 5Ag-3, 5-Gg-3, 5-Cg-3, 5-Tg-3, 5-Gue- (d,J=12.2 Hz), 127.9, 128.5, 129.0 (d= 9.1 Hz), 129.4 (d,

3, and 5-Cy¢-3' (abbreviated for simplicity as & Gg, Cs, Ts, J=12.2 Hz), 132.1 (dJ = 9.9 Hz), 134.3, 134.6, 137.9, 140.6,

Gis, and Gg) were purchased from Generi Biotech (Czech 141.0.

Republic). The double-stranded oligonucleotides (e.gCsls MS/FAB+ (m/2): 1457.2 [M— Br].

were prepared from the corresponding oligonucleotides by Anal. Calcd for GoHzeBraN4Ps: C, 62.43; H, 5.11; N, 3.64.

mixing their buffered solutions. The molar concentration of Found: C, 62.29; H, 5.03; N, 3.56.

oligonucleotides, single- or double-stranded, was quantified by ~ UV/vis (MeOH) [, nm (¢, 100* M-t cm™1)]: 416 (48), 514

UV spectroscopy. The concentration of calf thymus double- (2.1), 548 (1.0), 589 (0.63), 645 (0.46). Fluorescence (MeOH)

stranded DNA from Sigma (DNA), calculated in base pairs, (4, nm): 654, 719.

was determined spectrophotometrically using molar absorptivity = C. Spectroscopic Methods.All absorption spectra were

€260= 1.31x 10* M~ cmt according to the literatur€.Stock recorded using a Perkin-Elmer Lambda 19 spectrophotometer.

solutions of the porphyrins (ca. 2Q@M) were prepared in Absorption spectra oP;—P4 were monitored as a function of

methanol (Riedel-de HagHPLC grade) and stored in the dark. nucleic acid concentration in 20 mM phosphate buffer (pH 7.0)

Stock solutions were diluted with water, phosphate buffer, or in the presence of-0100 mM NaCl. Absorbance titrations were

methanol prior to use. performed by adding concentrated stock solutions of nucleotides
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(up to 100 mM), oligonucleotides (up to 0.50 mM), or DNA S
(up to 3 MM in base pairs) to the porphyrin solution. The Py (P = —p—cH,
concentration of the porphyrin solutions was between 1.0 and \CH;,
2.7uM. All measurements were corrected for a dilution caused _CH;
by the volume of added solutior<@0%). After each addition Py: (P = _"'"p‘f

the cell was kept at room temperature (2Z5) for 5 min for
equilibration. In the case of DNA, the experiments were
performed at different porphyrin/DNA base pair molar concen-
tration ratiosR. Binding stoichiometries of thB; adducts were
obtained by Job’s method of continuous variations. The solutions
of porphyrin and oligonucleotide were mixed to a standard
volume while the sum of both concentrations was kept constant 1 Py P 2~
at 3uM. Two sets of solutions with the sanf® concentrations & = A R
were prepared in the presence and absence of oligonucleotide.
Absorbance differences were recorded at 421 nm. The bindingFigure 1. Structures ofnesetolylporphyrins with alkyl- and arylphos-
stoichiometry was obtained from the intercepts after linear least- Phonium groups.
squares fits to the left- and right-hand portions of the Job plots.
Binding of P; with nucleotides was performed in 20 mM
phosphate buffer. Because of the high nucleotide concentration
(up to 100 mM), the ionic strength was not controlled by NaCl.
The binding constant¥, for P;_nucleotide adducts were
determined using the Benedtildebrand equation assuming a
1:1 stoichiometry (eq 13t In eq 1, AA is the difference in

o
&

0
w
o
I
]
|

\IO/

recently described procedut€The samples were excited at the
Q,(1,0) absorption band around 520 nm because this band is
ess influenced by binding than the Soret band. The fluorescence
guantum yields were obtained by a comparison of the integrated
area under the emission spectra of tRe samples with
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyidr & 0.060+
0.005)%% The absorbances were adjusted to the same value at
1 1 N 1 ) the excitation wavelength<(0.08/1 cm cell). All experiments
A were performed in air-saturated 20 mM phosphate buffer
AA T K Cy(AA),  (AA), (pH 7.0) at room temperature.

. . RLS experiments were conducted using simultaneous scans
absorbance of the porphyrin solution in the presence and absence o e
. . of the excitation and emission monochromators through the
of the nucleotide at the Soret maximumA). represents the . .
A . range of 306-600 nm on a Perkin-Elmer LS 50B luminescence
extrapolated absorbance change at infinite nucleotide concentra-

. . e spectrophotometer.
tion, and the concentration of added nucleot«ﬁels always The circular dichroism (CD) spectra were recorded using a
significantly larger than the concentration f.

The component resolution of the obsenRdspectra in the Jobin Y_von-Spex CD 6 spectrometer. The spectra at selected
presence of oligonucleotides was performed using a linear porphynn/ DNA concentration rat|d§w_ere obtained by averag-
multiple regressiod? Using the known molar absorption co- ing three accumulations recorded with steps of 0.5 nm and an

- . X integration time of 1s.
efficients of both fre.e. and bour#, in the Soret region, we Laser flash photolysis experiments were performed with a
have calculated equilibrium concentrations of both species at a

. - . . . Lambda Physik FL 3002 dye laser (41424 nm, output 0.055
given concentration of oligonucleotide. The obtained data were . .
ha ) mJ/pulse, pulse width28 ns). Transient spectra were recorded
used to calculate the binding constant for a 1:1 adduct as

confirmed by Job plot calculations. Similarly, the absorption within 300-600 nm on a laser kinetic spectrometer (Applied
y Job p . : Y, PAC Photophysics, U.K.). The time profiles of the triplet-state decay
spectra ofP;_oligonucleotide complexes were also treated using

X . were recorded at 450 nm using a 250 W Xe lamp equipped
the Scatchard equation (eq 2). In eq % the ratio of the molar with a pulse unit and a R928 photomultiplier (Hamamatsu).

rlce = Ky(n —r) ) Time-resolved near-infrared emissio_n of singlet oxyg@ﬁ&_) _

at 1270 nm was observed at the right angle to the excitation
light using a detector unit built by us (interference filter, Ge
diode Judson J16-8SP-RO5M-HS).

concentration of boun®; to that of oligonucleotidegr is the
concentration of free (unbouné, K is the binding constant
of the P;—oligonucleotide adduct, and is the number of
identical binding sites foP;.
Binding data forP, to DNA were analyzed by a neighbor A. Design of Porphyrin Derivatives. Our previous re-
exclusion model suggested by McGhee and von Hippel (6§ 3). port£%36reveal that almost all of the alkyl/arylphosphonium-
substituted porphyrins show a pronounced aggregation in
r_ Ky(1 — mr)[ 1-—mr ]ml 3) aqueous solutions. Here, we report on the synthesis of the
C 1-(m-—21r porphyrin derivative$; andP, designed to complete the series
of previously described phosphonium porphyrins for additional
In eq 3,mis the exclusion parameter expressed in base pairs, derivatives that show a distinct tendency toward a monomeric
which describes the number of potential binding sites removed state P;) as well as the equilibrium of monomer and aggregated
by a binding event. The values pndce were calculated from  states Py).

3. Results and Discussion

absorption spectra assuming tRgis completely bound at a It is important to note that even relatively small changes in
50-fold excess of DNA. Molar concentrations of DNA are the character of the alkyl substituents of the phosphonium
expressed in base pairs. moieties indeed do have a crucial impact on the aggregation

Steady-state fluorescence spectra were recorded using @ehavior as well as the nature of the porphyrin assemblies
Perkin-Elmer LS 50B luminescence spectrophotometer. All deposited on the surface of the oligonucleotide material or DNA.
fluorescence spectra were corrected for the characteristics ofFigure 1 shows phosphonium porphyrins described in this
the detection monochromator and photomultiplier using a study: 5,10,15,20-tetrakig{trimethylphosphoniunp-tolyl)por-



Preprogramming of PorphyrirNucleic Acid Assemblies J. Phys. Chem. B, Vol. 106, No. 26, 2002787

0.8
06
100
04} —_
=
0.2 =
0.0F 2
£ 50t
02t =
8
§ 0.1
.e ~
=4 - o i ST -
F 0 i . )
< 00}, : : 400 450 500 550
Wavelength [nm]
04 Figure 3. Resonance light-scattering spectra of L4 P, in the
absence of DNA (a) and in the presence of DN®= 0.550) (b) (20
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00 . —
350 400 450 nm was unequivocally ascribed to the monomerPof For
Wavelength [nm] comparison, in methanol the same band is located at 416 nm.

Figure 2. Effect of porphyrin hydrophobicity and ionic strength on  These features are in agreement with the exciton theory, which
the aggregation behavior recorded in 20 mM phosphate buffer (pH 7.0). predicts that the excited-state energy level of a monomeric dye

Soret bands of porphyrins: 2uM P1 (5x magnified trace a), 2.4M splits into two upon aggregation, and that the shift of the
P;ég;gceepg?%egﬁ lc\)lfa%ilél((l\j/; NZaCI (g)’(éémz 2’2 ’(\;)bliglltla/le Pzrégé?]‘ze transition to the higher states depends on the structure of the
gf 0.6 M NaCl 0. 2/ Ps (€), 2.2uM Py P aggregated specié3While the presence of the blue-shifted band

at 389 nm indicates the formation of sandwich-type aggregates
phyrin (P1), 5,10,15,20-tetrakis¢-dimethylphenylphosphonium-  (H-aggregate), the red shift of the Soret band to 443 nm is
p-tolyl)porphyrin ,), 5,10,15,20-tetrakis¢triphenylphosphonio- attributed to a side-by-side aggregation and a formation of

p-tolyl)porphyrin (Ps3), and 5,10,15,20-tetrakisftri-n-butyl- J-aggregates. In the case Bf, the presence of a variety of
phosphonigs-tolyl)porphyrin (Ps), all in the form of their contributing structures explains why the band corresponding to
respective tetrabromide salt. the J-aggregate is relatively broad. The J-aggregat&s afe

B. Porphyrin Aggregates in Aqueous Solutions.To un- connected with the emergence of a light-scattering band at 454

derstand the nature of complexation between porphyrins andnm (Figure 3a).
nucleic acids, a detailed understanding of the porphyrin behavior The porphyrinP; with all three methyl groups replaced by
in agueous electrolyte solutions is required. PorphyiAnsP, phenyl moieties shows an unresolved Soret band which, upon
(Figure 1) show typical monomeric spectra in methanol with a increased ionic strength, shows a certain tendency toward
Soret band at 435416 nm, and four Q-bands at longer resolution into three bands centered at 408, 427, and 443 nm,
wavelengths. The absorption spectra of methanolic solutions respectively (Figure 2e,f), corresponding to various types of
were found to be in accord with the LambeBeer law at aggregates. Similarly tBs, in porphyrinP,4 the presence of the
concentrations up to I8 M. All P,—P,4 are well soluble in three hydrophobia-butyl groups attached to the phosphorus
water with some degree of aggregation as indicated by aatom causes extensive aggregation even in distilled water. The
broadening of the Soret bands (Figure 2) as well as by deviationsSoret band is unresolved and broad (not shown).
from the Lambert-Beer law. The presence of large porphyrin In general, a high ionic strength causes a gradual decrease
aggregates in water was confirmed by RLS measurements,of the monomer absorption bands together with the increase of
which is a sensitive method for obtaining detailed information the light-scattering profiles, indicative of extensive aggregation.
about extended aggregates including the absorption spectrumThe degree of aggregation f&—P, depends strongly on the
and the average size of the scattering spetiéiit should be number and the type (alkyl/aryl) of the phosphonium group
noted that the porphyrin monomers and small aggregates dosubstituents. Only; displays monomeric behavior in aqueous
not show resonance light-scattering profiles. The association of solutions even at high ionic strength. The porphyirexhibits
mr-conjugated porphyrin rings is regarded as a combination of the presence of both monomers and aggregates, while the
attractiveo—z and repulsiver— interactions®® porphyrins P3 and P, form predominantly aggregates. The
The absorption spectra & follow the Lambert-Beer law observed tendency to form aggregates at the same ionic strength
up to 10uM concentration at a relatively high ionic strength increases in the ordd?; < P, < P3 < P4 The aggregation
(=0.3 M NaCl). The presence of the low-intensity shoulder at properties of the reported porphyrins have a major impact on
about 450 nm suggests a small contribution of the aggregatedthe formation of porphyrir-oligonucleotide/DNA complexes,
species €5%, Figure 2a) that is confirmed by a low-intensity as shown in the following paragraphs.
RLS peak.P; is the first example of cationic phosphonium C. Binding of the Porphyrin Monomer to Nucleotide
porphyrin known to be predominantly monomeric in agueous MonophosphatesThe first insight into the binding capabilities
solutions. However, at high ionic strengtk .4 M NaCl) a of P; was obtained from the investigation of the interaction
certain broadening and hypochromicity of the Soret band betweerP; and individual nucleotide monophosphates. During
indicating aggregation was observed (Figure 2b). In contradis- UV/vis titration the Soret band d?; at 414 nm is bathochro-
tinction to P4, a substitution of one of the methyl groups of the mically shifted, and a single isosbestic point indicates the
phosphonium substituents with a phenyl residu@4imesulted formation of a well-defined complex. The Beneslildebrant
in a higher tendency to form aggregates. This behavior is analysis gives excellent fits assuming a 1:1 stoichiometry for
reflected by a marked broadening and a splitting of the Soret the complexes. The resulting values of the binding constants
band into three individual bands located at 389, 414, and 443K, are presented in Table 1. The binding constants are larger
nm, respectively (Figure 2c,d). Here the band centered at 414for purine bases (A, G) than pyrimidines (C, T). Double-ring
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TABLE 1: Porphyrin P ; Bound to Mononucleotides, Oligonucleotides, and DNA in 20 mM Phosphate Buffer (pH 7.0, 100 mM
NaCl) at Room Temperature (25°C): Molar Absorption Coefficients (ep) at the Soret Maximum (Amax), Binding Constants [Kp
(M~1)] Obtained by Titration of 1.7 uM P4, Fluorescence Quantum Yields €y), Fluorescence Emission Bandsif), and
Quenching Rate Constants of the Triplet States of Bound Pby Oxygen kr) in Air-Saturated Solutions

absorption fluorescence triplet states

ligand Amax (NM) € (10°M™) bindingKy® (M~1) As (nm) [ore kr2P (1074 s7Y)

414 2.8 651, 709 0.051 60
AMP 421 2.1° 230 35
GMP 420 2.0 450 658, 720 0.048 36
dTMP 418 2.3 130 31
CMP 41F 2.1 15 656, 714 53
Gs 422 1.6 3.6x 10°P¢
Cs 421 1.9 4.9x 10°¢ 657,721 0.047
GsCs 421 1.7 1.4x 10°¢ 9.7
G16Cis 424 1.8 2.4x 10°¢ 660, 722 0.046 6.8
Ts 422 2.3 3.9x 10°e 657, 722 0.044 7.6
AgTg 422 2.0 7.3x 10°¢ 657,721 0.047 7.9
AT 16 422 1.7 2.1x 10° (3.6 £ 0.5) 7.4
DNA 421 1.9 1.0x 10" (8.6 £ 0.7y 655, 720 0.036 7.2

aThe estimated error from independent experiments was less than® 5t triplet states were recorded at 450 nm. In some cases we observed
biexponential fits due to the presence of both bound andRie&he rate constarkr of free P; was fixed at 6.0x 10° s™*. ¢ Measured for 0.1 M
nucleotides in 20 mM phosphate bufféiCalculated using the BenedHildebrand equation assuming a 1:1 compfegalculated using linear
multiple regressioi? f Calculated using the Scatchard equation; the number of identical but independent binding sites is in paréMoSdese-
von Hippel neighbor exclusion model: the DNA concentration is in base pairs; the number of base pairs (potential binding sites) reRoved by
is in parentheses.Fluorescence data f& = 0.057.

structures of purines (A, G) give rise to stronger van der Waals
interactions and more extensively perturb the electron config-
uration of the porphyrin than pyrimidines (C, T). The pro-
nounced interactions are reflected by the increased values of
binding constants as well as larger bathochromic shifts of the
Soret bands (37 nm) in P1—AMP or P;—GMP complexes.
The calculated values of binding constakis are, however,
almost 1 order of magnitude lower than those measured for
TMPyP#142 This feature is understood as a result of the
pronounced sterical hindrance caused by the alkyl/aryl residues
attached to the phosphorus atom, thus rendering the positive

charge less accessible for the nucleotide anion. axis) spectra of 2.M Py in comparison with UV/vis (c, left axis)
D. Binding of the Porphyrin Monomer to Oligonucleotides and fluorescence emission (d, right axis) spectra of the 1:1 adduct

and DNA. The phosphonium porphyr.irﬁl_P4 ShPW astrong P1-AgTs (20 mM phosphate buffer, pH 7.0, 100 mM NacCl, 4K
tendency to form complexes with oligonucleotides and DNA  AgT,). Fluorescence spectra were recorded using optically matched
on the basis of the electrostatic attraction between the positivesolutions at an excitation wavelength of 518 nfg,6 = 0.042/1 cm
charges of the phosphonium moieties and the negatively chargeccell).
backbone of the oligonucleotide/DNA. All experimental data
including absorption, fluorescence, and CD spectroscopy experi-
ments indicate an outside binding mode. Specifically, the small

red shift with relatively small hypochromicity of the Soret band

and a positive CD signal are, in fact, a hallmark of the outside
binding of the porphyrin units without stacking on the nucleic

acid surface?

The binding ofP; to single- and double-stranded oligonucle-
otides was examined by UV/vis and fluorescence spectroscopy.
The molar absorption coefficients of the Soret bands show a . . . .
more than 30% decrease, and the band positions shift toward 0.0 02 04 06
longer wavelengths by-710 nm (Figure 4a,c). The red shift of
the Soret band is accompanied by a shift of the fluorescenceFigure 5. Job plot for binding o, to Cg in 20 mM phosphate buffer
emission bands (Figure 4b,d) as well as a decrease in the(pH 7.0, 100 mM NaCl). The value dfA represents the difference in
fluorescence quantum yieldsy. The resolution of the Q(0,0) the absorbances fét in the presence of £and in buffer alone at 421
and Q(0,1) fluorescence emission bands becomes more apparerrl]tm'
and shows a distinct similarity to those of the emission spectra for Cg is shown in Figure 5. The observed intercept of 0.48
in less polar solvents such as methanol. The fluorescenceindicates that the stoichiometry of the complex betweeand
properties of the complexes appear to be independent ofCgis 1:1. This value was also found for other oligonucleotides
oligonucleotide structure including DNA. Figure 4 and the data (Table 1). The only exception is double-strandedsTAs
in Table 1 present the spectral change®ptipon addition of containing 3-4 equivalent binding sites. The comparison of the
oligonucleotides and DNA. The overall binding stoichiometry binding constants suggests tifatexhibits a more than 3 orders
of P; to single- and double-stranded oligonucleotides was of magnitude increase of affinity to nucleic acids over nucleotide
examined by the method of continuous variation. The Job plot monophosphates. This is most likely caused by multiple
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Figure 6. Induced circular dichroism spectra of 5ut P, by DNA
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Figure 7. Fluorescence emission spectra of 2M P, in the absence

of Cg (A271nm= 0.032/1 cm cell) (a) and in the presence of 3 Cg
(Az71.nm= 0.219/1 cm cell) (b) (excitation wavelength 271 nm, 20 mM
phosphate buffer, pH 7.1, no NaCl present in order to increase the
adduct concentration).

conservative features with a zero point at 443 nm (Figure 6c).
At R = 0.2, the position of the positive 417 nm band is red-

Coulombic interactions between phosphonium moieties and shifted to 424 nm (only a shoulder is observed at 417 nm) while
phosphates of the oligonucleotide backbone. The binding its intensity remains constant. In the experiment carried out at

constants oP; toward single-stranded§&nd G are similar.
The affinity toward double helices ofgGg increases more than
the simple sum of the respectig for single strands. However,
affinity toward single-stranded gTappears to be even higher
than that of the @3 duplex. The duplex ATs exhibits the
highest value oK} from all studied oligonucleotides.

The final confirmation of the successful designRaf came
from the binding experiments with DNA. The spectroscopic
behavior ofP; is sensitive to the molar ratio of porphyrin to
DNA (R) and to the ionic strength adjusted by NaCl. For
example, when 2.%M P; in 10 mM NacCl is titrated R is

R = 0.036, both the positive band at 417 nm and, similarly, the
positive band centered at 424 nm were assigned to a monodis-
persed porphyrin in two different binding sites, which agreed
with literature resultg? The high-intensity bisignate signal at
R ~ 1 most likely consists of several overlapping features,
rendering the resolution into the respective contributions dif-
ficult. These observations confirm our conclusion derived from
the UV/vis and RLS spectra that porphyrin assembling takes
place at highR even at low ionic strength. The interval Bfat
which the porphyrirP; is bound predominantly as a monomer
(monodispersed porphyrin) is limited by the ionic strength. This

decreasing), the absorption spectra exhibit an isosbestic pointprocess occurs with all studied nucleic acids regardless of their

at 421 nm. However, it shifts to 414 nm whBrbecomes lower

sequence. In summary, the increased concentration of nucleic

than 0.310. In 50 mM NaCl we observed a shift of the isosbestic acids reduces the driving force for the porphyrin compaction.
point from 420 to 416 nm foR < 0.225. Moreover, at higR Fluorescence resonance energy transfer (FRET) occurs when
(R close to 1), the Soret band is significantly broadened energy absorbed by a fluorescent donor is transferred to an
(compare Figure 6b,d) and the intensity of light-scattering acceptor molecule in the ground state. The extent of energy
profiles at about 450 nm increases 3 times compared with thosetransfer depends on the distance between the donor and the
of solutions ofP; in the absence of DNA. These results suggest acceptor and their spectral properties and mutual orientation.
that at highR the monomer of; saturates the DNA surface  FRET is therefore an ideal method to investigate the porphyrin
and continues to deposit a creating layer of various aggregatedDNA interactions'* To investigate the possibility of energy
species and extended porphyrin assemblies. Upon furthertransfer from oligonucleotides or DNA (a donor) to porphyrin
addition of the DNA R< 1), the extended porphyrin assemblies (acceptor), a set of fluorescence excitation and emission

disassemble to a rather uniforBi—DNA complex in which

experiments were run with either freR; or P; bound to

P, is spread on the DNA surface as a monomer (the preferredoligonucleotide. Figure 7 shows that the bindingRafto Cg

state). Unlike in the 50 mM NaCl solution, in the 100 mM NacCl
solution, we observed only one isosbestic point at44B nm.

leads to a clear increase of the porphyrin fluorescence quantum
yields by a factor of approximately 1.4 after excitation at the

The observed spectral features are typical for equilibrium nucleic acid band (271 nm) compared with that of the free
between the bound monomer and a free porphyrin monomer inporphyrin (Figure 7a,b), even though; of the complex is

solution. Evidently, the competitive effect of a high ion
concentration renders the assembling?pbn the DNA surface

generally lower than that of frel, (Table 1). This proves that
light absorbed by the oligonucleotide is transferred®1ioThis

ineffective. These conclusions are supported by CD spectraeffect is explained by the binding d¥; to oligonucleotides,
(Figure 6) as well as fluorescence resonance energy transfersingle- or double-stranded nucleic acids from Table 1, which

(Figure 7).
At equimolar concentration®R(~ 1) the CD spectrum reveals

drives both the porphyrin and the nucleobase together into an
effective distance and orientation for FRET to occur. Under

a dominant bisignate signal with a positive band at 422 nm identical conditions, we did not observe energy transfer to the

(Ae = 31.1 M1 cm™?) (Figure 6a) and a conservative signal

boundP, due to a considerable quenching of its fluorescence,

with a zero point at 444 nm. This conservative signal was found a result of self-stacking on the nucleic acid surface (see béfow).

in all spectra regardless & and can be attributed to extended

The binding ofP; to DNA falls into the category of relatively

porphyrin assemblies formed by the binding of an achiral strong interactions compared to that of other tetratolyl-type
aggregate present in a small amount in the solution (small porphyrins bearing positively charged substituéftshe UV/
absorption and RLS around 450 nm; see section 3B) to the chiralvis and CD spectral data unambiguously confirm binding of

DNA backbone. AtR < 0.05 the spectrum shows a positive
CD band at 417 nmAe = 13 M~! cm™1) together with

the P monomer to the outer surface of DNA characterized by
a binding constanK;, of 1.0 x 10’ M~L. Similarly to other
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chiral template for both externally bound individual porphyrin
molecules and different types of extended assemblie®R At
0.06, the monomer and aggregates originally present in the
solution independently deposit on the surface of DNA. At higher
R, the size of the porphyrin-based assemblies deposited on the
DNA surface increases compared to that of the assemblies in

29ULRqI0SqY

solution.
‘ s 0 In contrast tdP; andP,, the porphyrind; andP,4 are bound
350 400 430 500 predominantly in the form of extended assemblies on the nucleic
_ _ Wave'e_"g‘h [nm] acid's surfacé%46The extended assembliesRyandP, behave
Figure 8. Induced circular dichroism spectrum of 4¥1 P2 by DNA similarly to P, regardless of the nucleic acid sequence.

atR = 0.045 (a) and the corresponding absorption spectrum (right axis)

(b) (20 mM phosphate buffer, pH 7.1, 10 mM NaCl). One would expect that the Coulombic attraction between

porphyrin phosphonium groups and a negatively charged sugar
phosphate DNA backbone is stronger thams stacking
interaction between porphyrin units, and that the binding would
lead to the deaggregation of porphyrin assemblies. We have
not found any evidence of the deaggregation behavior within
24 h after addition of DNA, possibly because the porphyrin
aggregates deposited on the surface of nucleic acids are
stabilized by hydrophobic interactions between the porphyrin
funits, thus minimizing interaction of the porphyrins with polar
solvent molecules. The alkyl/aryl substituents of phosphonium
groups, negative counterions, and polar solvent provide a very
efficient screening of the anionic DNA surface. The free energy
gain due to a reorganization of water molecules around the ionic

E. Binding of Porphyrin Aggregates to Nucleic Acids The groups can even stabilize close contacts of two groups bearing

porphyrinP; is predominantly monomeric in aqueous solutions, the same charg®. ] ]
the porphyrinP, consists of a mixture of the monomer and ~ F. Triplet States of the Porphyrins Bound to Nucleic
aggregates, and the porphyrif and P, form extended  Acids. Photophysical properties of porphyrifs—P, depend
aggregates. As expected, aggregation considerably affects thélramatically on the aggregation state. Aggregates show more
interaction ofP,—P, with nucleic acids. than 1 order of magnitude lower quantum yields of the triplet
The DNA binding experiments were particularly interesting States, which is caused by the fast competitive nonradiative
with P,. The UV/vis (Figure 8b), RLS (Figure 3), and CD transitions*® Here, we report on the rate const&nof a triplet
(Figure 8a) spectra depend on the porphyrin/DNA molar ratio State deactivation by dissolved oxygen of themonomer and
R. The binding of theP, monomer to DNA is evidenced by a  compare it with those of the; monomer bound to monophos-
red shift of the absorption band from 416 to 423 nm. The Phates, oligonucleotides, and DNA. Similarly, the formation of
monomer and aggregates are achiral and have no CD spectraSinglet oxygen generated by tRe triplet states was studied in
However, in the presence of DNA, an induced CD spectrum of the presence and absence of DNA. The rate conskatthe
bound P, appears (Figure 8a), which consists of an intense PoundPy, indicating a profound increase in triplet-state lifetimes
bisignate signal with a positive peak at 438 nm and a negative (1/kr) upon binding to the nucleic acid’s matrix, are presented

tetraphenylporphyrin derivatives, the presence of four bulky
cationic mesosubstituents causes strong affinity Bf to the
negatively charged phosphate backbone while preventing the
mesephenyl moieties oP; from intercalating between the base
pairs.

The efficiency of FRET between excited nucleic acids and
the boundP; suggests a close placement of the porphyrin units
and the corresponding nucleobase donors. The number o
covered base pairs by; is 8.6, which is in agreement with
reported values for outside-bound tetratolylporphyrins. This
differs significantly from the exclusion parameter of intercalating
porphyrins (e.g., the value of 2.7 estimated for TMPyP

peak at 467 nm, with the total intensity of both banddat~ in Table 1. In some cases the decay curves of the triplet state
|96/ M~1 cm™L. The zero cross point at 442 nm is very close to Showed a biphasic behavior, and the rate constant of the faster
the position of the absorption band of J_aggregates at448 process was coincident with ttke value of the free porphyrin.

nm (Figure 8b) The resolution of the spectra indicated a The ratio of free to bounﬂ’l in the triplet states was obtained
dominant contribution of a conservative spectrum of equal but by biexponential fitting of the decay curves. We found that the
Opposite rotatory Strengthsl and a contribution of a small positive contribution of each form did not match the molar ratio of free
peak centered at about 422 nm. From a comparison with thet0 boundP; in the ground state calculated using the binding
corresponding absorption spectrum (Figure 8b), the conservativeconstants in Table 1. For example, triplet quenching measure-
signal can be assigned to exciton splitting within the bound ments suggest that even at a 70-fold excess of DNA about 20%
assemblies that are characterized by the absorption peak-at 443 of all Py in the triplet states was not bound to DNA (indepen-
446 nm. The 422 nm band in the CD spectrum corresponds todently of the excitation energy over the range of /&Dto 3

the bound monomer with the absorption peak at 423 nm. An mJ), while the ground-state absorption spectra indicate a
induced positive CD band at 389 nm is coincident with the complete binding (no change upon further addition of DNA).
absorption band at 389 nm previously assigned to the H-type This discrepancy can be explained by dissociation of bdnd
aggregates oP,. during the lifetime of the excited states.

The RLS spectra oP, at low R (Figure 3) show light- Singlet oxygen Q*Ag) is formed by quenching the triplet
scattering peaks at 389 and 454 nm having the same intensitystates of free and bounig; monomers by dissolved oxygen
level as in the DNA-free solutions. R > 0.1, the absorption  (Figure 9). The decay curves ofs(®\g) are governed by the
band of the bound monomer at 423 nm is broadened and thekinetics of quenching of the triplet states characterized by the
band of the aggregates at 446 nm becomes dominant. This ik value. Therefore, singlet oxygen is formed much more slowly
accompanied by more than a 2-fold increase in the intensity of with boundP; compared to unbounie; (Figure 9a,b). The same
the RLS bands of the aggregates at 389 and 454 nm, respecamplitudes of the singlet oxygen signalsRafandP; bound to
tively, compared to that of the DNA-free solutions (Figure 3). DNA indicate that the quantum yields of singlet oxygen
These data indicate that the nucleic acid backbone serves as éormation remain unchanged by the binding. The(*Qg)
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Figure 9. Singlet oxygen phosphorescence at 1270 nm: yM7P;

(Aexc = 416 nm) (a) and 1.ZM P; in the presence of DNAR =
0.029,4exc = 422 nm) (b). The smooth line is a least-squares fit to the
monoexponential function. Each trace is an average from 500 traces.
Singlet oxygen was generated by a 28 ns laser pulsegJ@ilse) in
air-saturated 20 mM phosphate buffer, pH 7.0, 100 mM NaCl. The
strong red emission at the beginning of the trace3Q:s) is due to
fluorescence of the sample.

lifetime in oxygen-saturated solution was estimated to be
~2 us, which is in agreement with previously published values
for singlet oxygen in aqueous solutiotfs.

4, Conclusion

The present study shows that the selection of substituents of,,

the porphyrin macrocycle allows us to preprogram the behavior
of the porphyrins in aqueous solutions. It is shown here that
the phosphonium moiety offers the possibility of controlling

the aggregation of the porphyrin derivatives via a delicate
balance between steric requirements and hydrophobicity of the
alkyl/aryl substituents attached to the phosphorus atom. The
relatively small changes in the character of the phosphonium

moieties have dramatic effects on the aggregation and photo-

physical properties of the porphyrins. The porphyfinshows
a strong tendency toward a monomeric state, while the porphyrin
P, is present in solution with an equilibrium of the monomer
and aggregated states. The porphyiisand P, are almost
solely present in the form of extended aggregates.

It was demonstrated that the stacking interaction between
porphyrin units (cofacial aggregates) and the hydrophobic
interactions between alkyl/aryl residues of the phosphonium
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