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DNA-porphyrin conjugates were designed and synthesized for the preparation of the conformationally
controlled porphyrin dimer structures constructed on a d(GCGTATAGE)rphyrin derivatives were
introduced to the central TAJA sequence wherp represents the phosphoramidate for the attachment

of the free-base porphyrin (FbP) and zinc-coordinated porphyrin (ZnP), which allows contact of the two
porphyrins in the minor groove. The porphyrin dimers were characterized using Cbyis\Vsteady-

state, and time-resolved fluorescence spectroscopies, indicating that the porphyrins form face-to-face
conformations. Also the co-facial conformation was confirmed by comparison with spectra of the non-
self-complementary duplex containing one porphyrin moiety. Introduction of zinc into porphyrin moiety
destabilized the duplex formation. Two diastereomers showed different thermal stabilities and affected
the conformations of porphyrin dimers. The temperature-dependent assembly and the conformational
change of the porphyrin dimer on the duplex DNA were observed in thei&/spectra, indicating that

the dynamic movement of the porphyrin dimer occurs on the duplex. The results indicate that the porphyrin
dimers of DNA-FbP conjugates are overlapped clockwise and are located in the minor groove of the
usual B-form DNA backbone. The interaction and conformation of two porphyrin moieties are controlled
by the following three factors: (1) temperature change during and after formation of the duplex porphyrins
at lower temperature; (2) diastereochemistry of the phosphoramidates where porphyrins are connected
via a linker; and (3) zinc ion coordination that destabilizes the interaction of porphyrins as well duplex
formation.

Introduction monomeric chromophore, therefore the defined arrangements

Self-assembled chromophore systems are widely accepted forand the number of chromophores are crucial issues for the final
) X . . erformance of the self-assembled systefrPorphyrin deriva-
the construction of novel photochemical and electrochemical b 4 phy

. ) - tives are some of the most attractive chromophores, which show
materialst™ In these studies, the multichromophore system b

. . . . not only a unique photochemical property such as the visible-
displayed completely different physical properties from the light at))/sorbing naeure but also a?pﬁysi)éal property such as

the formation of well-characterized assemblies under specific
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conditions*"® The anionic porphyrin, such as tetrakis(4-sul-
fonatophenyl)porphyrin, forms an H-aggregate under acidic
conditions, and some counter cations also induce the H-
aggregate formatiofft¢ In addition, the photophysical proper-
ties can be easily changed by metal-coordination, in which

heterogeneous combinations of porphyrin derivatives have been

applied for energy-transfer and electron-transfer systeffs.
Also the cofacial Zn-porphyrin dimers have been investigated
as a host for various guests such as bispyridine derivatives,
amino acids? viologen}? and fullerené? Controlled assembly

of functional molecules using the support of DNA is a promising
approach for the construction of structurally defined arrays of
functional molecule$>~16 Manganese porphyrin was first
attached to an oligonucleotide for the preparation of site-
selective DNA cleaving moleculégAlso porphyrin derivatives
were conjugated to DNA for the investigation of DNA
conformations and stabilizing the DNA structdfeRecently,
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M = H,: A-FbP, B-FbP
M = Zn: A-ZnP, B-ZnP

SOzH

1: 5-GCGTAT[P]JACGC-3' (self-complementary)
2: 5'-GCCGT[PJAGTCG-3' (non self-complementary)

FIGURE 1. DNA-porphyrin conjugates and the sequences of self-
complementant and non-self-complementayused in the experiment.

A and B denote the diastereochemically pure isomers, which represent
the faster and slower eluted products on a reversed-phase HPLC,

branched DNA-porphyrin conjugates have been synthesized forrespectively. FbP and ZnP represent free-base porphyrin and Zn-

the construction of DNA assemblies of multiple double helices
and nanostructuréd. By employing DNA as a scaffold to

coordinated porphyrin, respectively.

assemble chromophores, we intended to control the associatiordimer structures, and investigated the temperature-dependent

and conformation of multiple porphyrins through the assembly
of DNA strands under milder conditions.

In this study, we synthesized the DNA-porphyrin conjugates
for the preparation of the conformationally controlled porphyrin

(5) (a) Tsuda, A.; Osuka, AScience2001, 293 79-82. (b) Kim. D.;
Osuka, A Acc. Chem. Re®004 37, 735-745. (c) Nakamura, Y.; Aratani,
N.; Osuka, A.Chem. Soc. Re 2007, 36, 831-845.

(6) (@) Maiti, N. C.; Mazumdar, S.; Periasamy, 8l. Phys. Chem. B
1998 102 1528-1538. (b) Kano, K.; Fukuda, K.; Wakami, H.; Nishiyabu,
R.; Pasternack, R. B. Am. Chem. So200Q 122, 7494-7502. (c) Schwab,
A. D.; Smith, D. E.; Rich, C. S.; Young, E. R.; Smith, W. F.; de Paula, J.
C.J. Phys. Chem. B003 107, 11339-11345.

(7) (a) Holten, D.; Bocian, D. F.; Lindsey, J. Bcc. Chem. Re2002
35, 57-69. (b) Faure, S.; Stern, C.; Guilard, R.; Harvey, PJIDAm. Chem.
Soc.2004 126, 1253-1261.

(8) (a) Osuka, A.; Nakajima, S.; Maruyama, K.; Mataga, N.; Asahi, T;
Yamazaki, |.; Nishimura, Y.; Ohno, T.; Nozaki, K. Am. Chem. So4993
115 4577-4589. (b) Osuka, A.; Tanabe, N.; Kawabata, S.; Yamazaki, |.;
Nishimura, N.J. Org. Chem1995 60, 7177-7185.

(9) Okada, S.; Segawa, H. Am. Chem. So@Q003 125 2792-2796.

(10) Wang, Z.; Medforth, C. J.; Shelnutt, J. A.Am. Chem. So2004
126, 15954-15955.

(11) (a) Sugou, K.; Sasaki, K.; Kitajima, K.; lwaki, T.; Kuroda, ¥.
Am. Chem. So@002 124, 1182-1183. (b) Kobuke, Y.; Ogawa, KBull.
Chem. Soc. JprR003 76, 689-708. (c) Willson, G. S.; Anderson, H. L.
Chem. Commurl999 1539-1540. (d) Screen, T. E. O.; Thorne, J. R. G;
Denning, R. G.; Bucknall, D. G.; Anderson, H. . Am. Chem. So2002
124, 9712-9703. (e) Twyman, L. J.; King, A. S. Lhem. Commur2002
910-911. (f) Stulz, E.; Scott, S. M.; Bond, A. D.; Teat, S. J.; Sanders, J.
K. M. Chem. Eur. J2003 9, 6039-6048.

(12) (a) Guo, Y.-M.; Oike, H.; Aida, TJ. Am. Chem. So2004 126,
716-717. (b) Proni, G.; Pescitelli, G.; Huang, X.; Nakanishi, K.; Berova,
N. J. Am. Chem. So@003 125, 12914-12927.

(13) Yagi, S.; Ezoe, M.; Yonekura, |.; Takagishi, T.; Nakazumi,JH.
Am. Chem. So2003 125 4068-4069.

(14) (a) Yamaguchi, T.; Ishii, N.; Tashiro, K.; Aida, J. Am. Chem.
So0c.2003 125 13934-13935. (b) Shaoji, Y.; Tashiro, K.; Aida, T. Am.
Chem. Soc2004 126, 6570-6571. (c) Boyd, P. D. W.; Reed, C. Acc.
Chem. Res2005 38, 235-242.

(15) Nakamura, M.; Ohtoshi, Y.; Yamana, Khem. Commur2005
5163-5165.

(16) Mayer-Enthart, E.; Wagenknecht, H. Angew. Chem.Int. Ed
2006 45, 3372-3375.

(17) (a) Casas, C.; Lacey, C. J.; Meunier,Boconjugate Chenl993
4, 366-371. (b) Bigey, P.; Pratviel, G.; Meunier, Blucleic Acids Res.
1995 23, 3894-3900. (c) Mestre, B.; Jakobs, A.; Pratviel, G.; Meunier, B.
Biochemistry1996 35, 9140-9149.

(18) (a) Balaz, M.; Steinkruger, J. D.; Ellestad, G. A.; BerovaOxg.
Lett. 2005 7, 5613-5616. (b) Balaz, M.; Holmes, A. E.; Benedetti, M.;
Rodriguez, P. C.; Berova, N.; Nakanishi, K.; Proni,JGAm. Chem. Soc
2005 127, 4172-4173. (c) Balaz, M.; Li, B. C.; Jockusch, S.; Ellestad, G.
A.; Berova, N.Angew. Chemlnt. Ed 2006 45, 3530-3533.

assembly and the conformational change of the porphyrin dimer.
To reduce the steric hindrance between duplex DNA and
porphyrin moiety, the porphyrins were introduced to the
phosphorus atom via a linker that is connected to the diastre-
ochemically pure phosphoramidate for formation of the por-
phyrin dimer in the minor groov& The orientations of the
linkers on the phosphorus atom are completely different from
each other; in the B-DNA structure, tiRg-configuration orients

the linker toward the outer side of the double helix, while the
S-configuration orients the linker toward the major grod%é!

This steric difference of diastereochemistry should affect the
duplex-forming activity and porphyrin interaction. We charac-
terized the interaction and conformational change of porphyrins
on the duplex DNA scaffold by spectroscopic analysis and
examined the effective formation of porphyrin dimer structures.

Results and Discussion

Design And Synthesis of DNA-Porphyrin ConjugatesThe
self-complementary 10mer sequent&EGTATACGC-3 (1)
and the non-self-complementary 10mer sequere8GCG-
TAGTCG-3 (2) were used as scaffolds for attachment of the
porphyrin derivative (Figure 2P The porphyrin derivatives
were introduced to the internal phosphorus atoms at the specific
position that is denoted gsin the sequences of &CGTAT-
pPACGC-3 (1) and 3-GCCGTpAGTCG-3 (2). Previous mo-
lecular modeling for the chemical interstrand cross-linking study
of sequence shows that these phosphorus atoms are located
in the most proximal positions in the minor groove of the 10mer
duplex?® The non-self-complementary sequei2ds used as a
reference for monomeric porphyrin on the duplex DNA for
comparison with the dimeric porphyrins in the self-comple-
mentary sequenci?! The DNA oligomers containing diaste-
reochemically regulated phosphoramidates were synthesized
according to a previously reported procedtfé Two diaster-
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TABLE 1. Melting Temperatures of DNA and Porphyrin
Derivatives of the DNA-Porphyrin Conjugates®

DNA region porphyrin region
DNA Tw/°C ATw/°C Tw/°C ATw/°C

1A-FbP 46.3 —-3.2 43.2 -3.1
1B-FbP 50.3 +0.8 47.7 —2.6
2A-FbP 38.3 -12.9
2B-FbP 41.1 —10.1
1A-ZnP nd 22.2
1B-ZnP 38.9 —10.6 34.7 —4.2
2A-ZnP 38.1 -14.1
2B-ZnP 42.7 -85

a Dissociation of DNA was monitored at 260 nm, and those of FbP and
ZnP were monitored at 420 and 427 nm, respectivBlyvalues of native
1 and2 were 49.5 and 51.2C, respectively. nd, not determinediTy, in
the DNA region represents the difference from Theof unmodified duplex.
ATn in the porphyrin region represents the difference fromTheof the
corresponding DNA.

eomers denoted as A and B correspond to the faster eluted peak
and slower ones on a reversed-phase HPLC, respectively (Figur

S1, Supporting Information). Porphyrin derivatives, FbP-ma-
leimide3 and ZnP-maleimidd, were synthesized according to

Scheme S1 (Supporting Information). We introduced three
sulfonate groups for solubility for water and the maleimide group

for maleimido-thiol coupling. The primary amine of the tet-
rabutylammomium salt of the starting porphifimas converted

into maleimide using maleic anhydride in acetonitrile and then
with acetic anhydride and sodium bicarbonate to give the FbP-

maleimide3 (90% yield). Introduction of zinc ion t@ using
zinc acetate gave ZnP-maleimide(95% yield). The oligo-

€
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2D). Because the zinc is located out of the porphyrin plane and
a water molecule occupies an axial position of the zinc ion,
coordination of zinc prevents the porphyrin aggregation as
compared to that of FbP:?? Therefore, the ZnP negatively
affected not only the porphyrin interaction, but also the stability
of duplex formation.

In the melting profiles monitored by the absorption change
in the porphyrin derivatives, the changes in the porphyrin regions
showed the dynamic movements of the porphyrin dimer. The
absorption curves of the porphyrin parts showed slightly lower
values than the melting curve of duplex DNA depending on
the temperature (Figure 2). These results indicate that the
porphyrins dissociate before dissociation of the DNA duplex.

The results of the stabilities of DNA-porphyrin duplexes also
showed the clear diastereomer effect. The duplexes of the
B-diastereomers were more stable than those of the A-
diastereomers, similar to the results of the other diastereomers
greviously studied®?!Because the A- and B-diastereomers used
in this experiment have been estimated as $eand Ry
configurations, respectiveff the tether of théR;-configuration
directs to the minor groove, which is advantageous for as-
sembling the chromophores in the minor groove. Therefore, the
B-diastereomers in both FbP and ZnP conjugates allowed
contact of two porphyrin moieties with smaller stress as
compared to the A-diastereomers. Zn coordination in the
A-diastereomer significantly decreased the stability of the
duplex, and the ZnP dimer formation on the B-diastereomer is
also structurally more favorable than that on the A-diastereomer.

Absorption Spectral Change of Porphyrin Moieties in the

nucleotides containing a diastereochemically pure phosphora-Duplex DNA. To investigate the interaction of the two

midate were treated with DTT for the preparation of thiol-
tethered DNA (DNA-SH). DNA-porphyrin conjugates were

prepared by coupling the DNA-SH with excess FbP-maleimide

3 or ZnP-maleimidet, purified by HPLC (Figure S2, Supporting
Information), and identified using MALDI-TOF mass spectros-
copy (Figure S3, Supporting Information).

Thermal Stabilities of Porphyrin Dimer and Duplex DNA.
The stabilities of the duplexes were examined by melting

temperature ) measurements (Table 1). We measured the

thermal denaturation profiles of the DNA region (260 nm) and
the porphyrin region (420 and 427 nm for FbP and ZnP,
respectively) (Figure 2). DNA-porphyrin derivatives showed
typical melting curves of denaturation of duplex DNA. In the

porphyrins, the UV-vis spectral changes of DNA-porphyrin
conjugates were monitored by increasing the temperature after
annealing of the DNA-porphyrin conjugates (Figure 2). In the
cases oflA-FbP and1B-FbP, the wavelength of the maximum
absorption peak of the Soret band was 412 nm &C (Figure

3, parts A and B). By increasing the temperature, the peaks
gradually shifted to a longer wavelength (420 nm at°@)

with increasing absorbance of the peaks. The shapes of the peaks
significantly changed around 4®0 °C, which corresponds to
the dissociation of the DNA strands. As compared to the
dissociated state of DNA at 7GC and the duplex state below
30 °C, the peaks shifted to a shorter wavelength by 8 nm
accompanying broadening of the peaks by decreasing the

cases of the DNA-FbP conjugates, porphyrin moieties did not temperature during the duplex formation. This result indicates
work for the significant stabilization of the duplex, suggesting that the transition dipoles of the two porphyrins favorably
that the negative Charge repu|si0n between two porphyrin deriv- OVerlap to form a face-to-face conformation such as an H-like
atives may lead to the destabilization of the duplex. In addition, aggregaté.At lower temperature (1620 °C), the Soret band

the stereochemical effects of the phosphoramidates were ob-0f the porphyrin shifted from 412 to 414 nm without signifi-
served, and the complexes containing B-diastereoraB-bP) cantly changing the absorbance, indicating the conformational
were thermally more stable than those with A-diastereofets.  change of porphyrin dimer on duplex DNA during association
In the cases of the DNAZnP conjugates]A-ZnP showed a ~ Of the porphyrin dimer. In spite of the difference in the
signiﬂcanﬂy different behavior as Compared to DNEbP configuration of the phorphoramidate, the Spectra of the Soret
conjugates. The melting profile of the DNA region bA-ZnP bands of both diastereomers were quite similar at°0)

did not show a stable duplex even at lower temperature (Figureindicating that the linkers are flexible enough to allow two
2C). In contrast, although the stability 8B-ZnP decreased as ~ porphyrins to form a thermally favorable conformation.
compared to that o1B-FbP, 1B-ZnP formed a stable duplex For the control experiments, the temperature-dependent
at lower temperature as shown in the melting profile (Figure spectral changes of the non-self-complementary DNA-porphyrin
conjugates2-FbP (both A- and B-diastereomers) with its
complementary strand were examined (Figure S6, Supporting
Information). The absorbance of the Soret band decreased by
decreasing the temperature accompanying the long wavelength
shift by 2-3 nm under the same conditions, indicating that the

(22) Kruper, W. J., Jr.; Chamberlin, T. A.; Kochanny, 81.0rg. Chem
1989 54, 2753-2756.

(23) Pasternack, R. F.; Francesconi, L.; Raff, D.; SpirdnBrg. Chem
1973 12, 2606-2611.

(24) Hoard, J. LSciencel971, 174, 1295-1302.
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FIGURE 2. Melting profiles of the DNA-porphyrin conjugatdsA-FbP (A), 1B-FbP (B), 1A-ZnP (C), and1B-ZnP (D). Solid lines and dashed

ones represent the absorbance changes monitored at 260 nm for the absorbance of DNA and at 420 and 427 nm for those of FbP and ZnP derivative,
respectively.
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FIGURE 3. Temperature-dependent spectral changes of DNA-porphyrin conjugates: free-base porphyrin detifafio€s(A) and 1B-FbP
(B); Zn-porphyrin derivativedA-ZnP (C) and1B-ZnP (D). The spectral changes were monitored every@y heating from 10 to 70C.

single FbP attached to the DNA may intercalate into the duplex ~We also examined the spectral changes of DNA-ZnP con-
DNA. In addition, free FbP-maleimida formed the different jugates. The absorption of the Soret band.AfZnP continu-
H-aggregates as compared to those of THebP conjugates ously decreased at lower temperature, and the peak shift was
both in the absence and in the presence of duplex DNA (Figure very small (Figure 2C). In contrast, the Soret band BfZnP

S7, Supporting Information). The clearly different behaviors of shifted to a shorter wavelength from 427 (70) to 423 nm

the single porphyrin in th@-FbP duplexes from the double (10 °C) accompanying the decrease in the absorbance of the
porphyrins in thel-FbP duplexes confirm that the porphyrins  peak by lowering the temperature (Figure 3D), which was
in the 1-FbP duplexes favorably form face-to-face conforma- similar to that of the case of DNA-FbP conjugates described
tions. above. At lower temperature (@0 °C), the peak shifted from

J. Org. ChemVol. 73, No. 3, 2008 1109
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TABLE 2. Fluorescence Properties of DNA-Porphyrin Conjugate®
emission/nm emission/nm
DNA Aex=412 nm Aex=420 nm 7/ns DNA Aex =423 nm Aex =427 nm 7/ns
1A-FbP 660, 724 657,719 12.6 1A-ZnP 607, 656 607, 656 2.4
1B-FbP 662, 728 660, 725 11.5 1B-ZnP 608, 658 608, 658 2.4
2A-FbP 653, 715 654, 717 11.4 2A-ZnP 605, 654 605, 654 2.3
2B-FbP 653, 714 653, 716 11.3 2B-ZnP 608, 658 608, 658 2.3

aMeasurements were carried out in a solution containingu®0DNA —porphyrin conjugates, 10 mM phosphate buffer (pH 7.0), and 1.0 M NaCl.
Duplexes of DNA-porphyrin conjugateg contained 1.«M DNA —porphyrin conjugates and the complementary strand.

424 to 423 nm with a small change of the absorption, indicating
that the conformational change of the ZnP dimer proceeds at
lower temperature. We also examined the temperature-dependent
spectral changes @ZnP with the complementary strand. The
spectral changes of the Soret bands in2F#nPs were modest

as compared to those in tHeZnPs under the same condition
(Figure S6, Supporting Information). Also the free ZnP-
maleimide4 did not form any aggregates in the absence and
presence of duplex DNA (Figure S7, Supporting Information).
These results indicate that the two ZnPs in fli&ZnP can

form the overlapped conformations, and the formation of the
porphyrin dimers in thel-ZnP is very sensitive to the
diastereochemistry of the phosphoramidates.

Fluorescence Properties of DNA-Porphyrin Conjugates.
Fluorescence spectra of the DNA-porphyrin conjugates in the
DNA were investigated (Table 2). The peaks in all the emission
spectra excited at the Soret band region have features of typical
porphyrin derivatives (Figure S8, Supporting Information). In
the cases of the DNA-FbP conjugates, the emission peaks
excited at the aggregation band in the Soret band (412 nm)
largely shifted to longer wavelengths<{Z4 nm) as compared
to those of the2-FbP duplexes, indicating the strong coupling
of the two porphyrin moieties. These peaks were also shifted
to longer wavelengths (25 nm) as compared to those excited
at the monomeric FbP Soret band (420 nm) of 1hEbP. In
addition, the difference in the peaks of the two diastereomers
was observed. All the emission peaks of tt&-FbP showed
longer wavelengths (26 nm) than those of théA-FbP,
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FIGURE 4. CD spectra of the DNA-porphyrin conjugates: (&A\-

indicati_ng that the B-diastereomer is advantageous_ to pla_ce theppp (solid line) and1B-FbP (broken line); (B)LA-ZnP (solid line)
porphyins in a favorable overlapped conformation. Time- and1B-znP (broken line). CD spectrum of the native 10mer duplex
resolved fluorescence spectra were measured for the DNA-(native) is also shown as a reference (dotted line).

porphyrin conjugates. The decay curves of both the DNA-
porphyrin derivatives can be fitted to single exponential,

Fluorescence lifetimes dfA-FbP and1B-FbP were different,

and positive bands (260 and 280 nm, respectively), which are

and also different from those of the monomeric porphyrin on characteristic for a double helix structure, were similar to those

the duplex.

For the DNA-ZnP conjugates, 423 (dimeric) and 427 nm
(monomeric) were used for the excitation. No peak shifts were
observed in the spectra ®A-ZnP and1B-ZnP with these two

on the duplex DNA. Different emission peaks of the monomeric
2A-ZnP from those ofLA-ZnP were observed. This difference
may originate from the interaction between DNA and ZnP in
2A-ZnP observed in the temperature-dependent UV/vis spectral
changes (Figure S6C, Supporting Information).
Conformations of Porphyrin Dimers Investigated by CD

Spectroscopy.The interactions of the porphyrin moieties and
DNA backbone structures were examined by circular dichroism

of the native duplex structur@sBoth DNA structures contain-
ing two DNA-porphyrin units with the A- or B-diastereomers
formed characteristic B-form double helix structufes.

We next examined the induced CD bands in the porphyrin
excitation wavelengths, suggesting the smaller coupling of znps"€9ions. CD spectra o2-FbP duplexes were examined as

references, where single porphyrin was located on duplex DNA.
In the CD spectra of monomeric porphyrins2s=bP duplexes,

the positive induced CD bands originating from the Soret band
| of the porphyrin derivatives were observed around-4480

nm (Figure S9, Supporting Information). In contrast, the strong
negative and positive induced CD bands were observed in the
spectra of boti-FbP duplexes1A-FbP and1B-FbP showed
different induced CD bands in the porphyrin region. In the case

(CD) spectroscopy (Figure 4). We investigated the characteristic
CD bands of both DNA duplex and porphyrin moieties. At first,

(25) Johnson, W. CCircular Dichroism Principles and Applications

the backbones of the DNA structures were characterized. In the2000; pp 703-718.
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FIGURE 5. Interaction of DNA and porphyrin moieties during self-assembly by decreasing the temperature. DNA duplex formation in the first
step followed by porphyrin H-like aggregate formation in the second step.

of 1A-FbP, strong negative and positive bands appeared at 410FbP conjugates. Although the ZnPs also formed the dimer
and 443 nm, respectively. Strong negative and weaker positivestructures on the duplexes, overlap of two ZnPs is small, and
bands were observed itB-FbP at 410 and 438 nm, respec- ZnP negatively affected the stabilities of duplexes. Diastere-
tively. The appearance of positive and negative CD bands ochemistry of the phosphoramidate was also a key factor for
indicates the excitonic coupling between two porphyrin chro- the porphyrin dimer formations and the duplex stabilities. Using

mophores826The differences in the patterns of the CD bands the selective assembly of the duplex DNA, the heterogeneous
of the porphyrin region between the A- and B-diastereomer are porphyrins and other chromophores can be introduced in the
attributed to the conformation of the overlapped porphyrins, minor groove of the DNA. These DNA-chromophore conjugates

which originate from the configurations of phosphoramidates can be expanded for the construction of the DNA-assisted and
where these porphyrins are attached. The observed positive CDstructurally controlled multichrophore system.

exciton couplet in the spectrum indicates the clockwise overlap
of the transition dipoles of two porphyrins on the duplex DNA.

In the cases of the ZnP-attached DNA, excitonic couplings
were also observed, and the band shapes bettwketnP and Synthesis of DNA-Porphyrin Conjugates.A disulfide tether
1B-ZnP were different. Excitonic couplings of the ZnP dimers was introduced via a phosphoramidate linkage in the center of the
were much weaker than those of the free base porphyrin dimers,10-mer single-strand DNA according to a previously reported
because the zinc coordination to the porphyrin weakens the Method:*"#* Two adjacent diastereomer peaks (A- and B-diaster-
interaction of ZnPs as compared to the interactions of PhPs, ~ €0mers) were separated by reversed-phase HPLC [linear gradient
These results suggest that the two ZnPs may not form fully using 2-8% acetonitrile/water (20 min) containing 50 mM am-

overlapoed dimer structures on these DNA duplex scaffolds monium formate, Nacalai Cosmosil C18 reversed-phase column
verlapp ! uctu upiex " (7.5 x 150 mm), 2.0 mL/min, 260 nm] (Figure S1, Supporting

Information). The purified diastereochemically pure oligonucleotide

Conclusions (10 nmol) was reduced in a solution containing 50 mM Tris-HCI
. . . H 8.0) and 10 mM DTT at 50C for 30 min. The thiol-attached

We have designed ar_1d synthf33|zed _the DNA-porphyr_ln (DpNA (D)NA-SH) was purified by reversed-phase HPLC (the same
conjugates and characterized the interaction of the porphyrins.qnditions as described above). The DNA-SH was treated with a
on the duplex. Excitonic coupling of the porphyrins observed 0.1 mM acetonitrile solution of free base porphyrin-maleimide
in the spectra of dimeric DNA-FbP conjugates shows that the or Zn-porphyrin maleimidet in 50 mM ammonium formate (pH
porphyrins preferentially form a face-to-face conformation. Also 6.5) at 30°C for 2 h. DNA-porphyrin conjugates were purified by
the face-to-face conformation was confirmed by comparison HPLC [the same conditions as described above except for a linear
with spectra of the non-self-complementary duplex with a gradient using 250% acetonitrile/water (20 min)], and finally
monomeric porphyrin. Based on the results of the spectroscopic!yophilized. MALDI-TOF MS (negative):1-FbP calcd 4036.1 [M
data, the structure of DNA-FbP conjugatb&-FbP is shown — HJ", found: 1A-FbP, 4037.7;1B-FbP, 4036.7.1-ZnP calcd
in the abstract figure, and the overall interactions of the DNA 4099.5 [M — HI", found: 1A-ZnP, 4099.3,1B-ZnP, 4100.3.
and porphyrin moieties are described as an illustration in Figure UV_V'Sbspecgosc"pm.mperat”re'dﬁpe”dem absqrpﬂog Spehc'
5. Two porphyrins overlapped clockwise are located in the minor tra were obtained on a IS spectorophotometer equipped wit

- : . a temperature controller. A solution containing 2«8 DNA-
groove, which are connected to the phosphoramidate with theporphyrin conjugate, 10 mM phosphate buffer (pH 7.0), and 1.0

Rp-configuration in the usual B-form DNA backbone. During 1 NaCl was heated at 8% in a quartz cell, and then slowly cooled
the porphyrin dimer formation process by decreasing the to 4°C. Spectra were obtained every 4D by heating from 10 to
temperature, the duplex formation occurs first, and then the two 70 °C. Using the same solution, thermal denaturation profiles were
porphyrins approach to form a dimer structure. By further obtained. The absorption changes in the DNA region were
decreasing the temperature, the porphyrin dimer changes themonitored at 260 nm, and those of the FbP and ZnP were monitored
conformation on the duplex DNA to form the thermally at 420 and 427 nm, respectively. Temperature was increased at a

favorable face-to-face conformation in the cases of the DNA- rate of 1.0 deg/min. The first derivative calculated from the melting
profile was used to determine tfig, value.

Experimental Section

(26) Berova, N.; Nakanishi, KCircular Dichroism Principles and Fluorescence SpectroscopjMeasurements were carried out at
Applications Berova, N., Nakanishi, K., Woody, R.W., Eds.; Wiley-vCH: 20 °C in a solution containing 2.0M DNA-porphyrin conjugate,
New York, 2000; pp 337382. 10 mM phosphate buffer (pH 7.0), and 1.0 M NaCl.
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