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Abstract

Novel naphthalene-modified oligonucleotides have been synthesized and characterized with respect
to electron transfer chemistry. Using the Sonogashira-coupling reaction, naphthalene can be
covalently anchored onto a modified uridine through an ethynyl linkage. This tethering allows for
effective electronic coupling with the DNA bases, resulting in a significant red shift of the absorption
bands of the naphthalenic chromophore. Modification with this chromophore does not appear to
affect the overall stability and structure of the DNA. Upon selective irradiation of the naphthalene
moiety at 340 nm, photoreduction of a distal electron trap, 5-bromouridine, embedded in the DNA
base stack occurs. This DNA-mediated reduction from a distance was found to be significantly more
efficient with substitution of 5-bromouridine towards the 5’-end than towards the 3"-end. These results
support a general preference for electron transfer through DNA towards the 5'-end, irrespective of
the donor. In addition, differences in efficiency of photoreduction through intrastrand and interstrand
pathways are observed. For DNA-mediated reduction, as with DNA-mediated oxidation, significant
differences in the charge transfer reaction are apparent that depend upon subtle differences in
coupling into the DNA base stack.

Introduction

Inspired by photoinduced enzymatic repair of thymine dimers in DNA,! intensive studies of
reduction of DNA bases and reductive electron transfer (ET) through double stranded DNA
have been carried out in several laboratories. An estimate of the reduction potential of DNA
bases has been obtained using fluorescence quenching,? polarography? or pulse radiolysis
experiments.# The injection of electrons into double stranded DNA upon y-irradiation was
among the first experiments addressing reductive DNA chemistry.> DNA-mediated reductions
on electrode surfaces of pendant probes were also carried out in an effort to construct sensitive
DNA-based electrochemical sensors.5 In solution, chemical modifications of oligonucleotides
were required for a systematic investigation of ET processes through DNA containing donors
and acceptors at given distances.”~15 Using covalently bound photoreductants and electron
traps embedded in the DNA base stack, an extensive study of electron migration supported a
hopping mechanism with thymine being considered as the primary electron carrier.” Moreover,
aweak distance dependence for long-range reductive DNA chemistry in solution was observed.
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8 Further investigation with aromatic amines as photoreducing agents gave insight into the
distance, sequence and directional dependence of the negative charge migration through DNA.
" The direct comparison between electron and hole transport has also been investigated using
organicl4 and transition metal complexes.1®> Although these processes are fundamentally
distinct, they share similar characteristics, a weak distance dependence and sensitivity to
perturbations in stacking. Certainly these shared characteristics reflect the dependence of both
electron and hole transport on DNA base pair stacking.

Some important mechanistic features of reductive ET through DNA still remain unclear, such
as the difference between intrastrand and interstrand electron migration or the influence of the
directionality of reductive ET (i.e. from the 3'- to 5’-end or from the 5'- to 3'-end). Few DNA
photoreducing agents have been available that efficiently reduce DNA bases and are well
coupled into the DNA base stack without overlapping both strands of the duplex. In addition,
excitation at wavelengths beyond the spectral region where the DNA bases themselves absorb
is required to avoid any direct photolysis of DNA bases.10:16

Here we report on the synthesis and photochemistry of novel naphthalene - DNA conjugates.
The naphthalene moiety, known to be a strong photoreducing agent (Eqy* = —2.48 V vs SCE)
2, is electronically coupled to a modified deoxyuridine through the Sonogashira coupling
reaction. As evidenced for pyrene-modified oligonucleotides,1’ the incorporation of a
polycyclic aromatic ring via an ethynyl linkage does not perturb the overall B-DNA duplex
conformation and allows for a close contact with primarily one DNA strand, hence providing
a means of probing both intra- and interstrand ET processes. Moreover, the 5-bromouridine
(BrU, Ereq = — 2.0 V vs SCE)!2, known to be a sensitive probe for DNA-mediated ET,7:88:10
has been embedded at various positions in the DNA base stack. Upon one electron reduction,
this modified pyrimidine ring is irreversibly decomposed on the nanosecond timescale.1? The
decomposition of the electron trap therefore represents a signature of an electron migration
process.

Based upon measurement of the B'U decomposition as a function of irradiation, then, we apply
our novel naphthalene-modified oligonucleotides in exploring the distance- and directional
dependence of DNA-mediated ET, as well as in delineating differences between intra- and
interstrand electron migration in the DNA duplex.

Results and discussion

Design, synthesis and properties of naphthalene-modified DNA

Selecting a proper electron donor for covalent tethering to DNA is of crucial importance for
the investigation of DNA-mediated ET. Indeed, besides having enough reducing power and a
sufficiently long excited state lifetime to achieve DNA reduction, the electron injector should
be easily derivatized to allow for covalent modification. Importantly, tethering to DNA should
not perturb DNA stacking. NADH (nicotinamide adenine dinucleotide)!8 derivatives were first
considered as potential photoreducing agents in the present study. However, none of them were
found to be suitable. The excited state of the NADH moiety is likely too short lived!? to trigger
efficient ET. In contrast, the polycyclic aromatic substrates (such as naphthalene or pyrene)
are known to be photostable, highly reducing upon irradiation (Eox*naphthatene = — 2.48 V vs
SCE; Eox™pyrene = — 2.17 V vs SCE),2 and have long-lived excited states (tnaphthalene = 96
ns20; zpyrene = 322 ns2L). A pyrenyl unit had already been connected through an ethynyl linker
to the DNA backbone, resulting in a strong electronic coupling between the chromophore and
the DNA base-stack.22 This conjugation was shown to have little influence on the stability of
DNA conjugate, did not perturb the Watson-Crick base-pairing ability,1” and allowed for a
detailed study of the excited state dynamics.23 However, the excited ethynylpyrene
chromophore was not sufficiently reducing to trigger electron injection in DNA,7 in contrast
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to pyrene linked to an oligonucleotide via single C-C bonds.1! Nevertheless, the ethynyl linkage
allows for effective electronic communication with DNA bases and its rigidity precludes
electron injection beyond the anchoring site, as already observed in other systems.24

In order to gain further insight into the distance and directional dependence of DNA-mediated
ET as well as the difference between intra- and interstrand charge migration, we therefore
utilized new naphthalene-derivatized oligonucleotides (Figure 1). The naphthalene moiety is
expected to be located in the major groove, as it replaces the methyl group naturally occurring
in thymidine.2® The electron trap B'U was embedded in an AT tract as thymines appear to
provide the most effective paths for reductive CT’:8%:15 For synthetic reasons, we required
three different strands; the presence of a nick in the phosphate backbone of the DNA helix has
no effect on the CT process.26

DNA assembly sets | and 111 were designed to examine ET within the same strand (intrastrand),
towards either the 5’-end (set I; 3'-5" ET) or the 3’-end (set I1; 5’-3' ET) (Figure 1). DNA
assembly sets Il and IV address interstrand DNA-mediated ET, towards either the 5’-end (set
I1; 3'-5" ET) or the 3’-end (set 1V; 5'-3' ET).

The UV-visible absorption spectra of 1-iodonaphthalene and the naphthalene-modified DNA
duplex are shown in Figure 2. The naphthalene ring displays z-z* transition bands in the far-
UV region (260 — 310 nm) of the spectrum. Upon tethering to DNA (Zmax abs DNA = 260 nm)
through an ethynyl linker, the absorption bands are significantly red-shifted (310 — 370 nm).
This suggests a more extended delocalization of the naphthalene moiety.1” Importantly, this
red-shifted absorption allows for selective photoirradiation of the charge injector without
irradiation of DNA.

Melting temperatures (T,,,) of DNA assemblies were obtained by monitoring the characteristic
DNA duplex absorption at 260 nm from 90 °C to 15 °C reversibly. The samples were heated
at 90 °C for 5 minutes, then cooled slowly by 0.5 °C/min. Cooling the samples (0.5 °C/min)
shows the melting curves to be superimposable. All of the synthesized duplexes show T, values
around 46 °C. Table 1 contains the Ty, values for several naphthalene-DNA conjugates.
Interestingly, there is almost no difference between the modified strands and the unmodified
ones, i.e. duplexes not anchored to a naphthalene moiety. It should be noted that in contrast,
for the pyrene-modified DNA, the melting curves of the pyrene moiety were consistent with
a local structural perturbation.}’ For naphthalene-modified DNA, similar changes at 340 nm
could not be observed even at higher concentration (data not shown). These results clearly
indicate that the presence of the naphthalene-derivatized base does not significantly affect the
thermal stability of the oligonucleotides nor likely the modified DNA structure.

DNA-mediated ET through naphthalene-modified duplexes

To characterize the photoreduction of the distal electron trap (B'U) resulting from DNA-
mediated ET, photolysis experiments on the synthetic duplexes were performed. Selective
irradiation of the naphthalenic chromophore (1ex = 340 nm) led to significant decomposition
of the distal B'U in each set of oligonucleotides. The disappearance of the electron trap was
followed by HPLC (Figure 3). A linear relation between the initial decomposition yield and
the irradiation time allowed for the determination of the efficiency of B'U decomposition of
each sample. In contrast to previously reported experiments with oligonucleotides containing
pyrene-derivatized via an ethynyl linkage,1” here the excited state of the naphthalene
electronically coupled to the uridine can reduce B'U from a distance. Although it is difficult to
estimate the precise Eqy* of the naphthalene moiety when tethered to DNA, it is likely that the
driving force for the electron injection is higher in the case of naphthalene than with pyrene
(Eox*naphthalene = — 2.48 V Vs SCE;2 Egy*pyrene = — 2.17 V Vs SCE;2 Ereg gry = — 2.0 V vs
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SCE12), Based on model studies, the naphthalene excited state should also be significantly
longer lived.10

The ease of the electron migration through a specific pathway was also examined. Figure 4
shows the initial B'U decomposition rates (percentage/min) as a function of irradiation obtained
for each set of DNA assemblies (Figure 1). The number of base pairs between the naphthalene
moiety and the electron trap is kept constant. Considerable differences are observed depending
on the position of the BrU relative to the charge injector. High yields are obtained for electron
migration towards the 5’-end, with intrastrand migration (set 1) being two times more efficient
than interstrand migration (set I1). Migration towards the 3’-end is, both for interstrand (set V)
and for intrastrand (set 111), significantly less efficient. Indeed, intrastrand electron migration
3'-5'versus 5’ - 3’ is 20-fold greater in efficiency. An analogous trend is observed for all other
DNA sets, i.e. when the electron trap is placed at a greater distance from the anchoring site of
the naphthalene moiety.

A similar difference in efficiency as a function of strand orientation has been observed
previously for electron migration in diaminonaphthalene-modified DNA assemblies, where
more than an 8-fold difference was observed for intrastrand ET towards the 5’-end versus 3'-
end.” Interestingly, for hole transfer studies with photoactivated 2-aminopurine in DNA
assemblies, the preferred direction for hole transfer is 5' - 3',27 a result consistent with that
found here for ET. The asymmetry in overlap of HOMO’s and LUMO’s in the DNA base pair
stack would account for these data.2” Importantly, the consistency of results for hole and
electron transfer across these different assemblies indicates that this strand asymmetry in
transfer is not a function of a particular DNA modification but is instead a general characteristic
that depends on the z-stacking in the DNA helix.

Consistent results are not observed for intrastrand versus interstrand transfer for the full family
of DNA assemblies. In comparing intrastrand versus interstrand ET towards the 5’ end, where
much higher yields are found, we find that intrastrand transfer is more efficient. We would in
general expect intrastrand transfer to be more efficient, since in B-form DNA base-base
stacking is primarily over the same strand, and no interstrand stacking occurs. A significant
difference in rates of intrastrand hole transfer versus interstrand transfer has been observed
previously in DNA assemblies containing 2-aminopurine.28

Figure 5 examines the decomposition efficiencies for ET towards the 5’-end as a function of
distance. This logarithmic plot of efficiency allows for estimation of the g parameter,
representing the exponential decay in yield with distance and gauging the inherent resistivity
of a DNA sequence. Here, sets | and I are characterized by a $ value of 0.50 A1 and 0.34
A1, respectively. This shallow distance dependence has been observed repeatedly for hole
transfer. More recent studies of DNA-mediated ET have revealed an equally shallow distance
dependence. With a tetramethyl diaminonaphthalene as electron donor, a  value of 0.3 A1 is
obtained.19? When using an Ir(I11) complex as electron donor, A = 0.10-0.12 A~1.15 |t appears
then that DNA-mediated electron transfer, like hole transfer, may be characterized by a very
shallow dependence on distance.

Conclusions

Novel naphthalene-modified DNA assemblies have thus been successfully synthesized. The
covalent tethering of the naphthalene moiety via a rigid ethynyl linker allowed us to
characterize systematically the distance and directional dependence of reductive ET via
intrastrand and interstrand pathways. Significantly, substantial differences are apparent in
electron transfer towards the 5'-end versus towards the 3'-end. This result represents a general
characteristic for DNA-mediated electron transfer, irrespective of the donor modification.
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Furthermore these results are consistent with the directional asymmetry associated with hole
transfer, where the preference is towards the 3'-end. Also, as with hole transfer, DNA-mediated
electron transfer shows a shallow distance dependence. These results, taken together,
underscore the subtle variations in DNA-mediated electron transfer that depend upon the
stacking and helicity of double helical DNA.

Experimental Section

Materials

All phosphoramidites and reagents for DNA synthesis were purchased from Glen Research
with the exception of the 5-ethynyluracil phosphoramidite, which was purchased from Berry
and Associates. Acetonitrile, dichloromethane, N, N-dimethylformamide, triethylamine, 1-
iodonaphthalene, tetrakis(triphenylphosphine)-Pd(0), and copper iodide were purchased from
Aldrich in the highest available purity and used as received. All buffers were freshly prepared
and filtered using a 0.45 uM filter prior to use.

Oligonucleotide Synthesis

Unmodified oligonucleotides were prepared using standard phosphoramidite chemistry on an
ABI DNA Synthesizer. Strands containing a B'U were synthesized by directly placing the
commercially available 5-Br-dU phosphoramidite (Glen Research) at the target site. After
cleavage from the solid support and deprotection with concentrated ammonium hydroxide,
DNA was purified by HPLC on a reversed phase column with acetonitrile and ammonium
acetate 50 mM as eluents. The purified products were characterized by UV-visible
spectroscopy and MALDI-TOF mass spectrometry.

Synthesis of Naphthalene-modified Oligonucleotides

The modification of DNA with naphthalene was carried out as depicted in Scheme 1. DNA
containing a 5-ethynyldeoxyuridine at the target position for modification was synthesized on
a solid support (PS beads) under ultramild conditions. After DNA synthesis, the beads were
placed in an oven-dried flask, with 2.5 mL of DMF/Et3N (3.5:1.5). 1-iodonaphthalene (250
umol) and Cul (52 umol) were added to the flask, and the solution was flushed with argon. Pd
(PPh3)4 (64 umol) was then added to the flask, and the solution was again flushed with argon.
The mixture was stirred at ambient temperature for 10-16h under argon. Subsequently, the
beads were successively washed with a 5% (w/v) EDTA solution, DMF, CH3CN, and
CH,Cl, to remove any excess of reagents. After 12 hours incubation at room temperature in 1
mL of 0.05 M K,CO3 methanol solution leading to simultaneous cleavage from the solid
support and deprotection, the DNA was purified twice (with the DMT protecting groups on
and off, respectively) by HPLC on a reversed phase column with acetonitrile and 50 mM
ammonium acetate as eluents. The desired products were characterized by UV-visible
spectroscopy and MALDI-TOF mass spectrometry.

Melting Temperatures

Melting temperatures (Ty,) of all duplexes were measured using a Beckman DU 7400
spectrophotometer with a temperature control attachment. Absorption at 260 nm (Aygq) of
equimolar DNA complements (1.0 xuM in 100 mM NaCl, 50 mM TRIS-HCI, pH7.4) were
measured every 0.5 °C from 90 °C to 15 °C with rate 0.5 °C/min. The reverse temperature
traces were measured under the same conditions to confirm the reversibility of the DNA
annealing process. The data were fit to a sigmoidal curve to determine the T,,. The error of
Tm over at least three sets of individual experiments was less than 1°C.

J Org Chem. Author manuscript; available in PMC 2011 April 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tanaka et al. Page 6

Photoreduction Experiments

Aliquots (10 M DNA, 100 mM NaCl, 50 mM TRIS-HCI, pH 7.4, total volume 30 uL) for
irradiation were prepared by annealing equimolar amounts of the desired DNA complements
on a DNA thermal cycler (Perkin Elmer Cetus) from 90 °C to 15 °C over a period of 2.5 hours.
Aliquots were then transferred to a lucent cell sealed with a rubber septum and deoxygenated
with Argon for 20 min. Subsequent irradiation of the naphthalene-tethered duplexes was
achieved with a 1000W Hg/Xe lamp equipped with a 320 nm LP filter and a monochromator.
After irradiation at 340 nm, duplex samples were digested by 37 °C incubation with
phosphodiesterase |1 (USB) and alkaline phosphatase (Roche) for 1 h in order to yield the free
nucleosides, and the samples were analyzed by reversed phase HPLC (Chemcobond 5-ODS-
H, 4.6x100 mm). The percentage decomposition of B'U was determined by subtracting the
ratio of the area under the B'U peak in an irradiated sample from that in a non-irradiated sample
using guanine as an internal standard for all HPLC traces. The decomposition rate (min—1) was
obtained from the plot of the initial B'U decomposition as a function of the irradiation time.
Irradiations were repeated three times and the results averaged. Actinometry was performed
using a 6 mM ferrioxalate standard?® to allow for comparison between experiments performed
on separate days.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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3'to 5' 1Intrastrand

- -

3'-TAC TGT AGG GYUT B*UTT TTT TTC TGA CT- 5'
5'-ATG ACA TCC C AA AAA AAA AAG ACT GA- 3'

o
' ' Br
3'to 5 Interstrand Bry: :E
N~ O
5'-AGT CTG TAG GG"U A AA AAA AAT GTA CT- 3' &

3'-TCA GAC ATC CC A TB*UT TTT TTA CAT GA-5'

- -

5'to 3' Intrastrand

3'-TGT ACA TTT TTT B*UT U GGG ATG TCT GA-5'
5'-ACA TGT AAA AAA AA A CCC TAC AGA CT-3'

5'to 3' Interstrand

3'-TAC TGT AGG G'UA AAA AAA AAG ACT GA- 5'
5'-ATG ACA TCC C AT “*UTT TTT prc TGA CT- 3'

Schematic representation of the new naphthalene-modified oligonucleotides used for the study
of DNA-mediated ET. Number x represents the position of the B'U from the anchoring site of
the naphthalene unit, i.e. for sets | and Il, x = 2, 3 or 4 and for sets I1l and 1V, x = 2.
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FIGURE 2.

Absorption spectra of 1-iodonaphthalene in 50 mM TRIS-HCI, pH 7.4, containing 3%
acetonitrile (red line) and naphthalene-modified DNA (black line; 2.0 M duplex, 50 mM
TRIS-HCI, pH 7.4, 100 mM NaCl). All naphthalene derivatized oligonucleotides showed
identical absorption spectra.
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FIGURE 3.

Overlaid HPLC chromatograms (Agetection = 290 nm) of nucleosides obtained after irradiation
(0, 15, 30, 45 and 60 min, Agx = 340 nm) and subsequent digestion of aliquots (30 uL each) of
a naphthalene-modified oligonucleotide assembly. Similar patterns are obtained for each
different set of oligonucleotides.
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FIGURE 4.

(a) Initial decomposition rates (percentage/min) as a function of irradiation of the B'U obtained
from photolysis of naphthalene-modified oligonucleotides I-2, 11-2, 111-2, and 1V-2. (b)
Schematic representation of the negative charge migration pathway in each different set of
naphthalene-modified oligonucleotides.
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FIGURE 5.
Initial decomposition rates (min~1) of B'U as a function of the distance between the

naphthalene-modified uridine (Donor — D) and the B'U (Acceptor — A) for DNA sets | and 1.
Experimental conditions: Agx = 340 nm (Hg-Xe lamp, 1000 W), [naphthalene-modified DNA]
=10 uM, 50 mM TRIS-HCI pH7.4, 100 mM NacCl. Error bars are also given.
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Melting temperatures (T,) measured at 260 nm for several naphthalene-modified DNA and unmodified DNA

(i.e. containing no naphthalene moiety). Experimental conditions: [naphthalene-modified DNA] = 1.0 uM in 50
mM TRIS-HCI, pH 7.4, 100 mM NaCl.

T, C° (Modified)

T, C° (Unmodified)

1-2
11-2
11-2
V-2

46.7
46.7
45.6
47.6

46.7
46.6
45.6
47.6
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