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A diphenyl porphyrin substituted nucleotide was incorpo-
rated site specifically into DNA, leading to helical stacked
porphyrin arrays in the major groove of the duplexes. The
porphyrins show an electronic interaction which is signif-
icantly enhanced compared to the analogous tetraphenyl
porphyrin (TPP) as shown in the large exciton coupling of
the porphyrin B-band absorbance. Analogous to the TPP-
DNA, an induced helical secondary structure is observed in
the single strand porphyrin-DNA. The modified DNA can be
hybridised to an immobilised complementary strand leading
to fluorescent beads.

DNA has recently become very attractive as a supramolecular
scaffold for creating functional molecules." The covalent attach-
ment of electronically active molecules such as metal complexes
or organic chromophores is most conveniently done at either
the nucleobase or the ribose moiety, and the substituents are
normally located in the major groove of the double helix.?
Replacement of the nucleobase, on the other hand, with aromatic
entities or metal complexes leads to arrays where the substituents
are placed in the interior of the DNA.®> We are in the course
of exploring the use of DNA as a supramolecular scaffold to
create helical multiporphyrin arrays, where the porphyrins are
attached covalently to the nucleobase deoxy-uridine via a rigid
acetylene spacer (Fig. 1).* We have recently shown that up to
eleven tetraphenyl porphyrins can be attached to the DNA, which
is the highest number of modifications with a large substituent
to date.> Other work in the field was concerned with the post-
synthetic modification of DNA with porphyrins to create bundles,®
direct replacement of the nucleobase with a porphyrin,” use of
porphyrins as chirality markers? or creation of di-porphyrin arrays
through hybridisation.” Here, we report on the synthesis and
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characterisation of oligo-deoxy nucleotides (ODNs) containing
various numbers of diphenyl porphyrins (DPP) and in different
sequences. The thus obtained DPP-DNA arrays show a strong
electronic coupling between the porphyrins due to the stacking
along the DNA backbone, which is much more pronounced than
in the analogous tetraphenyl porphyrin (TPP) counterparts.

The building block dU#"P* 1 is readily accessible via Sono-
gashira coupling' between the acetylene porphyrin and 5-DMT
protected 5-iodo deoxy-uridine and subsequent phosphitylation.t
Site specific incorporation of 1 into ODN strands 2 to 6 was
achieved using standard phosphoramidite solid phase synthesis
in a DNA synthesizer with an increased coupling time for 1 to
ten minutes; purification of the modified ODNs using fluorous
tag affinity chromatography'! yielded the pure strands. Thermal
denaturing with the corresponding unmodified complementary
strands (Table 1) were measured using both UV-vis and CD
spectroscopy. The T, values obtained from the first derivatives
of the UV-melting curve (260 nm) and of the CD-melting curve
(at 252 nm) agree well. A large destabilisation of the duplex with
AT,, =-21.1 °C was measured for one porphyrin modification in
the duplex 2-7. In the two-porphyrin duplex 3-7, the destabilisation
per porphyrin is much smaller with AT, , =—13.3 °C. When more
than two porphyrins are adjacent to each other as in 4-7, the
destabilisation is only —7.1 °C per porphyrin. It thus seems that
the hydrophobic interactions between the porphyrins compensate
significantly for the unfavourable steric effects. In fact, 4.7 has
a higher melting temperature than 3-7. A similar levelling of
the destabilisation was observed with the TPP analogues, but
there a significantly smaller destabilisation (AT, = -3.1 °C)
was measured.’ To test whether a levelling of the destabilisation
effect can be observed, strand 5 was synthesised where four
porphyrins are attached in a different sequence and separated by
an unmodified nucleotide. The drop in the melting temperature per
modification in 5-8 is indeed only AT, = —6.5 °C. In the case of
the five-porphyrin array 6-9, no actual melting temperature could
be observed, and probably no duplex is formed in this case.

The UV-vis spectra of the porphyrin-DNA strands are dis-
played in Fig. 2. It should be noted that, at ambient temperature,

5'-CCGTAGCTAGTPTCGAATCGTA-3'
5'-CCGTAGCTAGPTPCGAATCGTA-3'
5'"-CCGTAGCTAGPPPCGAATCGTA-3'
5'-CATCGTAGTAPAPAPAPATCCGTACTC-3"
S5 —TTTTTPPPPRPITTTTT=3"

3'-GGCATCGATCAAAGCTTAGCAT-5"
3'-GTAGCATCATATATATATAGGCATGAG-5"
3'-CTCAARARAARARAARAADACTC-5"

= Porphyrin-deoxyuridine

Fig. 1 Structure of the porphyrin-dU building block and ODN sequences.

3888 | Org. Biomol. Chem., 2008, 6, 3888-3891

This journal is © The Royal Society of Chemistry 2008



Table 1 Analytical data of 1 and of the porphyrin-DNA: melting points
of the DNA duplexes and spectroscopic data of the porphyrins in the
double strands

T./°C*  AT,p/°C* A, (loge)/nm*¢ Aem /DM
1 — 406 (4.95) 631, 694
2a.7 63.5
2.7 42.4 -21.1 412 (4.60) 635, 657, 694
3.7 36.9 -13.3 386 (4.00), 412 (4.45) 635, 655, 697
4.7 42.2 -7.1 376 (3.80), 416 (4.21) 636, 655, 697
52.8  65.0
58 38.9 -6.5 383 (4.22),413 (4.45) 625, 658, 697
6a-9 42.2
6-9 n.d. n.d. 367 (3.70), 418 (4.01) 655,714

“ Determined in 100 mM NacCl, 50 mM KH,PO,, pH 7.0, ¢(ODN) =
10¢ M. Strands 2a, 5a and 6a are unmodified control strands. * Decrease
in T, per porphyrin modification. ¢ Absorbance maxima and molar
extinction coefficients determined by Gauss deconvolution.

0.8+

0.6

0.41 350 400 450 500

absorbance
emission

0.24

OO_I ‘A ______ I_. , I
300 400 500 600 700 800

Alnm

Fig. 2 UV-vis and fluorescence spectra of the porphyrin-DNA single
strands. The inset shows the Gauss deconvolution of 6 as an example.
100 mM NaCl, 50 mM KH,PO,, pH 7.0, c((ODN) = 10 M.

a decrease of about 20% in the porphyrin absorbance upon duplex
formation is detectable. In 2, the porphyrin B-band absorbance
at 411 nm is broadened compared to the building block itself.
In the multi-porphyrin arrays, the porphyrin absorbance becomes
more and more broadened and can be deconvoluted into two
overlapping absorbances. In the array 6, the absorbance is actually
split into two distinguishable peaks at 367 and 418 nm. This is
characteristic of an exciton coupling between the chromophores
and of stacking of the porphyrins along the DNA-scaffold.

The Soret splitting is dependent on the sequence and the amount
of porphyrins in the array, and is 1422 cm™ in 3, 2302 cm™ in
4 and 3085 cm™ in 6 as determined by Gauss deconvolution of
the absorbances (see Fig. 2, inset, for 6 as an example). The
array 5, which has four porphyrins but a comparable sequence
to 3 in that the porphyrins are separated by one unmodified
nucleotide, shows a Soret splitting of 1688 cm™, similar to the
energy splitting in 3. The absorbances show a relatively large blue-
shift and a small red-shift in the split signals compared to the
single porphyrin absorbance itself. According to the point-dipole
approximation of the exciton coupling model, these split signals
arise from the interactions of the lower energy B, and higher energy
B, dipoles. The shifts indicate that B, are coupled as a J-aggregate
to give rise to the red-shifted Soret band, and B, are coupled as a

H-aggregate to give rise to the blue-shifted Soret band,
respectively.”? The broadening of the signals also suggests that
there is a certain freedom in orientation of the porphyrins, and
they are not in a strictly fixed position. The comparable energy
splitting in 3 and 5 indicate similar exciton interactions, thus the
separation of the porphyrins by an unmodified nucleotide reduces
the electronic coupling in the porphyrin array as compared to
the neighbouring arrangement in the arrays 4 and 6, where the
exciton interaction increases strongly with increasing amount of
porphyrins. The strength of the exciton coupling does not change
upon duplex formation with the complementary strand. This
is of importance when designing porphyrin arrays that could
potentially act as electronic wires.

With the point-dipole approximation and using the energy
splitting of the Soret bands, the centre-to-centre distance in the
porphyrins can be estimated to be 8.66 A in 3-7, 7.38 A in 4.7
and 6.69 A in 6-9.1 The distance of the porphyrins in 5-8 would
be 8.18 A, which is comparable to 3-7. However, according to the
standard DNA model, the interchromophore distance in 3-7 and
5.8 would be 13.6 A (separated porphyrins), and in 4.7 and 69
it would be 9.74 A (adjacent porphyrins). Either the point-dipole
approximation is not applicable in this case, or the chromophores
are actually much closer than would be expected by the standard
model. If the latter is the case, then this would indicate a large
distortion in the DNA structure, which would be in agreement
with the different CD spectra of the modified dSDNA compared
to natural DNA (see below).

The exciton coupling between the porphyrins also has a strong
influence on the steady state emission spectra of the arrays.
The porphyrins show a very different fluorescence spectrum as
compared to the building block 1. In 1, two emission maxima at
631 and at 694 nm with a ratio of 0.9 : 1 of the relative intensities
are observed. In the porphyrin-DNA conjugates, three maxima
at around 630, 660 and 700 nm with relative intensities of about
0.8:1:0.8 can be discerned. This is quite different to what we had
observed in the TPP-DNA arrays. However, a similar observation
between the DPP-DNA and TPP-DNA is that the fluorescence is
strongly quenched in the multiporphyrin arrays, and in 6 it is only
very weak. The difference in the shape of the spectra could arise
from the intramolecular stacking of the porphyrins on the DNA
scaffold. No intermolecular stacking is observed and the shape of
the spectra do not change in the range of 0.1 to 2 uM. At this
point it is, however, not quite clear why the emission in 2 is also
very different to 1.

The CD spectra of 2-7 to 5-8 show the characteristic B-type
DNA signature in the UV part of the spectra with a bisignate
signal having maxima at (-252)/(+277) nm (Fig. 3). Interestingly,
the signal intensity increases with increasing amount of porphyrin
modification, and the duplex 4-7 resembles the natural DNA
closest in terms of relative intensities. The porphyrin modification,
therefore, has an influence on the helical structure of the DNA
leading to local perturbance of the B-DNA, which could explain
the large drop in thermal stability of the duplexes and the
strong exciton coupling between the chromophores. Generally,
the CD signal of the porphyrin is dominated by a broad and
weak negative signal, similar to what was observed in the TPP
arrays but the signals are much less intense here. A negative
Soret band signal in non-covalent porphyrin-DNA complexes
normally is indicative of intercalation. This feature was already
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Fig.3 CD spectra of the porphyrin-DNA duplexes. The inset shows the
magnified porphyrin Soret band region.

observed in the TPP-system and discussed in detail.> However, to
demonstrate that the porphyrins are located in the major groove
rather than being intercalated, we performed additional melting
experiments with C-T mismatches at the porphyrin site in the
array 5-8. With four mismatches, an additional drop in 7, by
—10 °C was observed, which shows that the porphyrin bearing
thymidines are still involved in Watson—Crick hydrogen bonding
to the complementary nucleobase, thus the porphyrins are stacked
in the major groove of the duplex.

Analogous to the TPP-DNA, in the DPP-DNA, a secondary
helical structure seems to be induced in the single strands. This is
concluded from the spectroscopic data obtained from the single
stranded DPP-DNA at variable temperatures. In Fig. 4a and b, the
spectral data for 5 as a single strand are shown as a representative
example. The UV-vis, luminescence and CD spectra are similar to
the spectra obtained for double stranded DPP-DNA at ambient
temperature. The formation of the duplex induces, however, some
quenching of the fluorescence intensity. The CD signals of the
porphyrins are bisignate having maxima at (+370)/(-405) nm,
but are less intense for the single stranded DNA. This indicates a
stable helical conformation of the single stranded DPP-DNA as
compared to the random coil conformation of natural DNA. The
absorbances drop by about 20% upon duplex formation, thus a
more efficient stacking seems to occur after hybridisation with the
complementary strand. After heating to 80 °C, the UV-vis spectra
show a sharpening and increase in absorbance for the porphyrin
Soret band absorption, and in the CD spectra, the Soret signal

a) 0.4,

absorbance

is greatly diminished. The spectra are consistent with a stacked
array in the single strands at room temperature, which is disrupted
at elevated temperatures. A transition can indeed be observed
when the thermal denaturing of the single strands is measured
at 415 nm where the porphyrins have their absorbance maximum
(Fig. 4c). All single strands show a transition which is consistent
with an unstacking of the porphyrin array. The transitions occur
at increasing temperatures from 36 to 58 °C with increasing
amounts of stacked porphyrins; 3 and 5 show a similar transition
temperature. The spectra obtained at 80 °C for the CD show that
the unstacking is not complete at this temperature. The covalent
linkage through the DNA thus retains a local arrangement where
the porphyrins can still interact electronically even at higher
temperatures.

We have also investigated the possibility of immobilising the
porphyrin—-DNA strands 2 to 4 on a solid phase. Synthesis of the
complementary strand on an oligo affinity support was done using
standard DNA synthesis. The porphyrin DNA indeed hybridises
reversibly to the solid phase, leading to fluorescent beads (Fig. 5).
The melting curves show a large hysteresis between the melting and
the annealing, which reveals different kinetics in both processes."®
The averaged melting temperatures are quite similar for strands 2
and 3 at 48-50 °C, and much lower for 4 at ~35 °C (see the ESI}).
The fluorescence spectra show similar features as obtained from
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Fig. 5 Reversible binding of the porphyrin-DNA to a solid phase,
performed as rapidly stirred suspensions. (a) Melting profile with sigmoidal
curve fitting (2), (b) fluorescence spectra of the immobilised strands 2—4,
(c) fluorescence microscopy of the porphyrin containing beads (2).
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Fig. 4 (a) UV-vis absorbance and emission spectra of 5 and 5-8 at various temperatures; (b) CD spectra of 5 at 20 and 80 °C, and of single stranded
DNA; (c) normalised melting profiles of the porphyrin-DNA single strands recorded at 415 nm, the temperatures indicate the reflection point of the

curves.
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the strands in solution but with blue-shifted maxima at 565, 642
and 698 nm for 2. For 3 and 4, one of the emission peaks shows
additional splitting with maxima at 631 and 658 nm. The electronic
coupling between the chromophores, therefore, is retained in the
immobilised porphyrin arrays.

In summary, we have shown that changing the structure of the
porphyrin in DNA-porphyrin arrays has a large influence on
both the thermodynamic stability of the DNA duplexes as well
as of the electronic properties of the porphyrins. The diphenyl
porphyrin, as compared to the TPP analogue, is expected to have
less steric hindrance towards neighbouring porphyrins in the array,
thus closer contacts and more efficient electronic interactions are
possible. This is clearly demonstrated in the large differences of
the absorbance and emission spectra. However, the structure of
the porphyrin-DNA arrays seems to be more disrupted than in the
TPP analogous system as seen by the CD spectra and the melting
measurements. These systems are in further evaluation for their
applicability in energy or electron transfer through the porphyrins.
DNA is indeed a very suitable scaffold to produce arrays of
electronically active molecules with tunable properties, thus the
synthesis of designer molecules will be achievable when combining
different chromophores within the same or in complementary
DNA strands.
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agrees well with other values.
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