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ABSTRACT

Incorporation of hydrophilic tetraarylporphyrin phosphoramidites into the 5 "-termimus of the DNA as well as noncharged porphyrin ~ —DNA
interactions have been studied. Porphyrin-modified oligonucleotides show lower melting temperatures than their unmodified analogues. Single-

stranded DNA interacts more strongly with porphyrin and causes more intense chiral disturbance in the porphyrin environment than the
corresponding double strand.

Modified synthetic oligodeoxynucleotideODNSs) play biomedical! oxidative cleavagé, and nuclease activity
important roles in molecular biology, biotechnology, and extensively studied.

molecular mediciné.Of particular interest are ODNs car- Previous studies on porphyrDNA interactions focused
rying covalently attached porphyrins since these moieties areon charged water-soluble porphyrihk the case of cationic
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porphyrins, the binding modes (intercalation, outside groove
binding, and outside binding with self-stacking) are driven

by electrostatic attractions between the negatively charged

DNA backbone and the positively charged porphyrins.

Noncharged porphyrins have attracted, so far, much less

attention, and only a few examples of porphy+i@DN

conjugates have been reported. It has been shown that a

neutral porphyrin incorporated at C-%tabilizes the ds
structuré while the porphyrins embedded in the DNA
sequence destabilized the duptdr.the case of 3modified
self-complementary ODN¥, the porphyrir-porphyrin

through-space interaction occurs over a large distance and cpo

leads to a CD exciton coupl&tTo our knowledge, no prior
studies focused on neutral porphyrin—DNA interactions.

To better understand the nonelectrostatic interactions of
the porphyrin with the nucleobases and their effect on ODN
stability, we decided to synthesize the oligonucleotides with
a hydrophilic, neutral porphyrin attached to the DNA
backbone via a natural phosphate linker at thedsition,
which has not been reported. A short but flexible linker is
expected to allow for an intimate contact of the porphyrin
with the neighboring DNA. The selected porphytigontains
two pyridyl moieties and a phenolic group, which enhance
its water solubility relative to commonly used tetraphen-
ylporphyrins prone to stacking in agueous solution. On the
other hand, the noncharged character of porphyiorces

Scheme 1. Synthesis of Porphyrin—Oligonucleotid83
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The porphyrin phosphoramidit2 was reacted with the
5'-hydroxy group of the solid supported ODN sequences
under standard phosphoramidite conditions (Scheme 1). The
attractive feature of this approach is that it provides high
coupling yields for bulky porphyrins (see the Supporting
Information for more details). The intermediates were
oxidized, deprotected, and cleaved from the resin by addition

nonelectrostatic interactions with the hydrophobic nucleo- of concentrated aqueous ammonia solution. The crude
bases. Herein we report the synthesis of a neutral, hydro-porphyrin—ODNs3a—d were purified by reverse phase
philic, porphyrin phosphoramidite and its conjugation to HPLC and their structures confirmed by MALDI-TOF mass
ODNs to study the porphyrinDNA interactions byT,, UV, spectroscopy.
CD, and fluorescence spectroscopy. The hydroxyphenylbispyridylporphyrihabsorbs at 414.5
Porphyrinl was synthesized by a modified Adtekongo nm (Soret band) in MeOH. The water-soluble porphytin
method? (Scheme 1, regioisomer not determined, see the ODN conjugatessa—d display characteristic spectroscopic
Supporting Information). 2-Pyridinecarboxaldehyde and pyr- profiles of porphyrir-ODNs with two absorption maxima
role were added to the mixture of 4-hydroxybenzaldehyde at 255 and 423 nm (Figure SI-6). The shorter-wavelength
and acetic anhydride in propionic acid at 110.1° The absorption band occurs in a region where porphyrin absorbs
presence of a small amount of acetic anhydride allowed for only weakly, and thus, it represents the absorption of the
the in situ monoesterification of the-phenol function by nucleobases. The intensity of this band increases and the band
propionic acid. This modification further simplified the ~maximum shifts to longer wavelengths as the ODN length
isolation of the desired monoprotected porphylriinom the increases (Table 1). We believe that the blue shift in the
complex mixture by flash chromatography (see the Support- absorbance maximum of modified ODNs in comparison with
ing Information). This protecting group was then removed, corresponding unmodified ODNs (cf. Table 1) is the result
without an additional synthetic step, during the DNA of electronic interactions of the porphyrin chromophore with
cleavage from solid support. adjacent nucleobases. Interestingly, this effect diminishes as

Porphyrinl wasO-phosphitylated with 2-cyanoethij,N- the number of C:G base pairs increases. The Soret band of
diisopropylchloro phosphoramidite providing the correspond- POrPhyrin—ODNS is red shifted by ca. 8 nm, thus proving
ing phosphoramidit@ in 85—90% yield. Compoun@ was the interaction of the porphyrin macrocycle with the nucleo-
purified by flash chromatography and used immediately in Pases. Since the length of the ODNs, e3g.and3d (Table

order to avoid an over-oxidation to the unreactive phosphate. 1), has no influence on Soret band absorption maximum,
this suggests that porphyrin interacts only with neighboring
nucleobases.

The steady-state fluorescence of porphykiand conju-

_ _ gates3a—d shows the expected large Stokes shifts with

(10) Balaz, M.; Holmes, A. E.; Benedetti, M.; Proni, G.; Berova, N. - .
Bioorg. Med. Chem2005, 13, 2413—2421. emission bands at ca. 649 nm (Figure SI-8). Remarkably,

(11) Balaz, M.; Holmes, A. E.; Benedetti, M.; Rodriguez, P. C.; Berova, unlike many fluorophores such as pyréfi#he fluorescence
N.; Nakanishi, K.; Proni, GJ. Am. Chem. So@005,127, 4172—4173. ; ;

(12) Adler, A. D.; Longo, F. R.; Finarelli, J.; Goldmacher, J.; Assour, properties of the porphyrln are not strongly affected by the
L.; Korsakoff, L.J. Org. Chem1967,32, 467.

(13) Casas, C.; Saint-Jalmes, B.; Loup, C.; Lacey, C. J.; Meuniel, B.
Org. Chem.1983,58, 2913—2917.

(8) Morales-Rojas, H.; Kool, E. TOrg. Lett.2002,4, 4377—4380.
(9) Berlin, K.; Jain, R. K.; Simon, M. D.; Richert, C. Org. Chem.
1998,63, 1527—1535.

(14) Okamoto, A.; Ochi, Y.; Saito, IChem. Commun2005 1128—
1130.
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Table 1. Characteristics of Synthesized Porphyrin—ODN Sequénces

Aaps P—ODN Aabs Soret band
porphyrin—ODN T (°C) ATwb (°C) (AA°) (nm) (nm) Aem? (nm) mass caled MALDI-TOF
3a Pp—5-(CG)3-3' 33.7 —=5.7 250.6 (—4.2) 422.4 648 2496.5 2497.3
3b Pp—5-(CG)4-3' 51.5 —-5.6 252.8 (—2.6) 422.0 649 3120.6 3116.4
3c Pp—5-(CG)5-3' 62.0 -5.1 255.2 (—0.8) 423.4 649 3738.7 3740.4
3d Pp—5-(CG)-3' n.d. n.d. 255.6 (—0.5) 421.7 649 4344.7 4360.9
4 Pp—5-(CT)4-3' 267.2 (—0.8) 426.4 653 3012.5 3014.1

a All measurements done in the K-phosphate buffer ¢pH.0, 50 mM,copn &~ 1075 M). P Calculated by subtracting the unmodified sequefigérom
the porphyrin-modified sequendg,. ¢ Difference between the modified and unmodified ODNAbsorbance of solutior<0.2.

presence of nucleobases. The ODN length also does not In addition, a characteristic CD can be observed in the
influence the fluorescence properties of the porphyrin moiety. porphyrin Soret band region. A bisignate CD curve (positive
Thermal denaturation experiments were carried out to

study the influence of the porphyrin moiety conjugated at _

the 5'-end on the stability of self-complementary duplexes.

ODNs 3a—c did show a slight decrease in the melting 4
temperature relative to the unmodified sequences (Table 1). _z?fc
The slope of the melting curve with incorporated porphyrin 2{—wx
was less steep than the unmodified duplex (Figure SI-14) t
indicative of lower cooperativity among the nucleobases due __ 9
to interference by the porphyrin macrocycle. _g‘ T T
On the other hand, the absorption spectrum of porphyrin 5'2' g 08] ——mer 30 inar 1)
is only marginally affected by heating. The Soret band B Bos i T
displays only a small blue shift (2 nm, from 422 to 420 nm) i 2 04l
and a small hypochromicity (~10%) by increasing the % T 'E'o_z_ |
temperature from OC to 80 °C. | 5]
CD studies of duplexes8a—d containing porphyrin- 8. o 2 30 4 5 6 70 8
phosphate in the' osition revealed, below 300 nm, spectral , , s e . 0 '
features of B-DNA similar to the unmodified (porphyrin- 250 300 A [nm] 450

free) sequences with a positive CD band at 280 nm and

negative band at 255 nm (Figure 1). Thus, the porphyrin Figure 2. CD spectra of porphyrin—ODI8b (Copn ~ 10°5M) in
K-phosphate buffer (pH= 7.0, 50 mM) at different temperatures.

Inset: The change of CD signals in the Soret region with
temperature and their linear fits for 6-m@a and 8-mer3b.
4 7
24 i band at 435 nm and negative band at 405 nm) can be
R observed in duplexe8b and 3c, while ODNs3a and 3d
E 0 % B (3d data not shown) exhibit negative CD bands at low
8 5! temperatures (Figure 1). The bisignate curve is evidence for
R -1 long-range electronic communication between the two por-
. 4: - phyrin chromophores resulting, in the cas&bin a positive
] — T Y CD exciton couplet. It is known that such an interaction can
61 3c occur only in the case of conformational rigidity around the
/F porphyrin—ODN linkage, as well as favorable interchro-

Figure 1. CD spectra of porphyrinODNs 3a—c (Copn

250

450

%

1075 M) in K-phosphate buffer (pH= 7.0, 50 mM) at O°C.

mophoric distance and twist.The reason the porphyrin—
ODN conjugates3a and 3d show a negative CD bands in
the porphyrin region is under study.

It is noteworthy that the melting of the duplex8a—d
caused significant changes in the shape and intensities of

incorporation does not cause any helicity changes. Thethe CD in the Soret band region. The bisignate curve clearly
change of the CD spectra of the duplexes containing observed at 0C for 3b and3c slowly disappeared, giving

5'-porphyrin phosphate with the temperature (Figure 2)
clearly showed the transition from the double-helix to the

(15) Berova, N.; Nakanishi, K. Exciton Chirality Method: Principles and
plications. InCircular Dichroism, Principles and Application8erova,

single strand associated with the decrease of the negativéfj‘? Nakanishi, K., Woody, R. W., Eds.; Wiley-VCH: New York, 2000; pp

CD band at 255 nm.
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rise to a positive band (425 nm) with increasing temperature. || | | | N R RIEENENGEGENEGEGEGEGEGEGEGEEEEEEEE

In the case of3a and 3d with increase of the temperature
the small negative CD bands also convert into strong positive ] 7F
bands (Figure SI-9). In previous studies on cationic porphy-
rins, induced positive CD bands in the Soret region have
been associated with external DNA bindihgt temperatures
higher thanT,,, when the single strand prevails, the positive
CD band is the only feature that can be observed in the Soret
band region of porphyrin—ODN3a—d.

The analysis of these data suggest that in buffer solution
at low temperatures where ODN exists as a double strand,
the porphyrins are not rotating freely, but more likely are in 5
close contact with the DNA strands. This double-strand © 250 300 .. . 400 450
environment provides low conformational freedom of the &l
phosphate linker. On the other hand, at higher temperature,gjgyre 3. CD spectra of porphyrin—ODN& and5 (Copn &~ 1075
the melting of the duplex results in a highly flexible single M) in K-phosphate buffer (pH= 7.0, 50 mM) at 0 and 80C.
strand which has a higher degree of freedom for the
phosphate linker. This interaction is clearly distinguishable
by CD signals at @C and atT,,, respectively. In conclusion, we have shown that the neutral, hydrophilic,

The plot of the CD data in the inset of Figure 2 helps to porphyrin labeled ODNs form stable B-form DNA duplexes
distinguish the porphyrin interactions between single and in aqueous solutions with only slightly decreased Tms
double strand DNA. The intensity of the CD signal in the compared to their unmodified analogues. The CD data
porphyrin region increases linearly with increasing temper- indicate that the porphyrins are not rotating freely in the
ature (decreasing amounts of double helix). This result buffer solution, and are in contact with double as well as
reveals a more intense interaction of the porphyrin moiety single-stranded DNA. Most likely these are not close contacts
with single strand than double strand DNA. Interestingly, since the fluorescence and the absorption data do not support
the slope of the curve changes dramatically-43fold either porphyrin intercalation or close- interaction with
increase) around the melting temperature. In summary, theneighboring nucleobases. We have also shown that single-
more rigid helical structure (atTC) gives rise to a bisignate ~ stranded DNA interacts stronger with porphyrin and causes
curve or to the small negative CD band while a less rigid more intense chiral disturbance in porphyrin environment
structure or single strand (¥, gives rise to the positive  than the corresponding double strand. We confirmed that the

.
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CD band. bisignate CD curve originates from porphyrin-porphyrin
The changes in the Soret band absorption and/or fluores-through-space interactions and not from porphyrin-DNA
cence spectra by heating the conjugate solut8ansd from interactions and can be used for DNA conformational studies.

0 °C to 80 °C suggest closer—x contact with the single ~ The moderate intensity of bisignate CD curve underscores
strand than double strand DNA (Figure SI-7 and SI-15).  the need for further optimization of the porphyrin linker. Our
To clarify the differences in the interaction of the porphyrin finding that the fluorescence properties of this neutral
chromophore with single and double strand DNA we hydrophilic porphyrin are not strongly affected by the
synthesized a non self-complementary porphyrin-ODN 5 attachment on the ODNs reveals its potential use as a
CTCTCTCT-3' 4 with the porphyrin in the 5 position. molecular probe for DNA labeling.
Second, we prepared the double-strand sequ&rioemed ] _
from the conjugatd and its complementary porphyrin-free Acknowledgment. J.D.S. thanks the NSF for financial
sequence, 5-GAGAGAGA-3'. The single strand sequence SUPport. We thank B. C. Li, Dr. Y. Itagaki, Dr. S. Jockusch,
4 showed the expected positive CD signal &00as wellat ~ Dr- K. K. Varga, and Dr. S. V. Dzuyba.
80 °C. On the other hand, the dupl&containing only one
porphyrin exhibited negligible CD at €C (mostly double
strand) and a positive CD band at 8D (single strand, Figure
3). These results strongly support the view that porphyrin-
porphyrin through-space interactions are the origin of the
split CD bands in case &b and3c, as well as in the CD
spectra previously reportéd. 0L0522992
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