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The efficiency of long-range (ca. 80 A) fluorescence energy
transfer was enhanced about 1.5 times by a third chromo-
phore located midway between two chromophores, which
suggests sequential multistep energy transfer across the
three chromophores.

Fluorescence resonance energy transfer (FRET)* iswidely used
to estimate chromophore separation and structure on a nano-
metre scale.2 FRET in a system consisting of a fluorescent
energy donor and acceptor has been extensively studied.t? The
FRET technique has been frequently applied to probe biological
and other complex systems.3

Recently, covaently linked porphyrin arrays have attracted
much attention as biomimetic models# This is because
multiporphyrin assemblies areinvolved in the reaction centre of
photosynthesis> and light-harvesting antenna complexes.4
Much effort has been directed towards the development of such
model systems. Covaently linked chromophore arrays will
offer new opportunities for exploring long-range energy
transfer and aso electron transfer systems. A few reports of
non-covalently linked chromophore arrays have also been
described.6

Here we report a non-covalently linked chromophore array
indicating sequential FRET across three different chromo-
phores. We have introduced different chromophoresin a duplex
of oligodeoxyribonucleic acid (oligo-DNA) in a sequential
manner. We have reveded that the efficiency of FRET across
the two chromophores at both ends of the oligo-DNA duplex is
enhanced by a third chromophore located midway between
them.

6-Carboxyfluorescein (1), 4,7,2',4',5,7’-hexachloro-6-car-
boxyfluorescein (2) and 6-carboxy-X-rhodamine (3) shown in
Fig. 1(a), were used as chromophores. These chromophores
were introduced at the 5’-terminal position of oligo-DNA 25-,
15-, and 10mers through an aminohexy! phosphate linker: the
carboxy groups located at the 3-position of the chromophores
were connected via amide linkages with the terminal amino
group of the linker. The sequence of the oligo-DNA 15- and
10mers are complementary to that of the 25mer. Thus, these
oligomersform typical B type duplexes. Asshownin Fig. 2, we
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Fig. 1 (a) Structures of chromophores. (b) Excitation and emission spectra

of each choromophore normalized at maximum.
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Fig. 2 DNA sequences and chromophore introduced positions.

cal the 5-terminal positions of the 25-, 15- and 10mers
positions A, B, and C, respectively. Chromophore 1 was
introduced at position A, while chromophores 2 and 3 were
introduced at position B or C. Owing to characteristic structural
features of the B type duplex, the chromophores introduced at
position A, B, and C are located on the same side of the duplex
chain. The distances between positions A and B and B and C are
about 50 and 33 A, respectively. Thus, position C islocated ca.
80 A from position A (see Fig. 2).

Fig. 1(b) shows the normalized emission and excitation
spectra of the chromophores. The emission spectra of six
duplexes (1-2-3 through 1-X-X,T see Fig. 2) excited at 450 nm
areshowninFig. 3(a) and (b).+ The 450 nm light is absorbed by
chromophore 1, while the absorptions of chromophores 2 and 3
are quite weak or completely negligible at this wavelength [see
Fig. 1(b)]. FRET from chromophore 1 to 2 or 3 was evidenced
by fluorescence emission from chromophore 2 or 3. The
intensity of fluorescence from chromophore 1 was reduced as a
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Fig. 3 (a) and (b) Emission spectra of each duplex. (c) Excitation spectra of
1-2-3 and 1-X-3.
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consequence of FRET across the chromophores. Correspond-
ingly, fluorescence emission from chromophores 2 and 3 was
observed. Table 1 shows the fluorescence quantum yields of
each chromophore in the duplex relative to those of the same
chromophore measured under the conditions without FRET.§

The results in Table 1 show that the efficiency of energy
transfer from 1 to 2 or 3 decreases with the increase in the
separation between the chromophores: the efficiency of energy
transfer between position A and C with larger separation was
lower than that between position A and B. @ (2) was reduced
from 54% in duplex 1-2-X to 32% in 1-X-2. Conversely, for
chromophore 1, @(1) was smaller in duplex 1-2-X (57%)
than in duplex 1-X-2 (85%). The same trend was seen for
energy transfer from chromophore 1 to 3. However, the
efficiency of energy transfer from chromophore 1 to 3 was
found to be lower than that from 1 to 2. This is due to the fact
that the fluorescence—-absorption overlap between chromo-
phores 1 and 3issmaller than that between chromophores 1 and
2[seeFig. 1(b)]. @¢<(3) induplex 1-3-X and 1-X-3 was 36 and
10%, respectively. @€ (1) was 58 and 90%, respectively. These
results indicate that our non-covalently linked chromophore
arrays show normal behavior regarding energy transfer across
the two chromophores.

Meanwhile, @¢(3) was increased from 10% in 1-X-3 to
16% in 1-2-3 (see Table 1). Chromophore 2 inserted at the
midway position B enhances the efficiency of the energy
transfer from chromophore 1 to 3 located at positions A and C,
respectively. Fluorescence excitation spectra of duplexes 1-2-3
and 1-X-3 observed at 605 nm (fluorescence maximum of
chromophore 3) are shown in Fig. 3(c). The excitation spectra
suggested that the absolute fluorescence quantum yield of
chromophore 3 was almost the samein these duplexes. Thus, we
can safely conclude that the efficiency of FRET from chromo-
phore 1 to 3 between position A and C was increased about 1.5
times due to chromophore 2 being inserted at midway position
B.

Enhancement of the efficiency of energy transfer from
chromophore 1 to 3 in duplex 1-2-3 can be interpreted as a
consequence of sequential two-step energy transfer: energy
transfer from chromophore 1 to 2 and subsequent energy
transfer from chromophore 2 to 3. Namely, chromophore 2
should work as a relay station for energy transfer, which
suggeststhat use of an additional chromophore asarelay station
should lengthen the range of energy transfer. Furthermore,
sequentia energy transfer via more than two relay stations may
be possible. Such energy transfer might be called sequential
multistep energy transfer. Sequential multistep energy transfer
will provide us with information about the distance between
chromophores with a separation larger than 100 A, which is
difficult using asimple energy transfer system consisting of just
a fluorescent donor and acceptor. Thus, sequential energy
transfer would be useful for research in various fields, not only
in the fields of biochemistry3 but also in the fields of
supramolecular chemistry.”

In summary, we introduced three different chromophoresin a
duplex of oligo-DNA in a sequential manner. The efficiency of
FRET across two chromophores was shown to be increased by

Table 1 Values of @e(n)

Sequence 1 2 3
1-2-3 0.51 0.29 0.16
1-2-X 0.57 0.54 —
1-X-2 0.85 0.32 —
1-3-X 0.58 — 0.36
1-X-3 0.90 — 0.10
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a third chromophore located at the midway position between
them. The third chromophore works as arelay station in energy
transfer.
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Notes and references

T 1-2-3 represents the oligo-DNA duplex possessing chromophores 1, 2 and
3 at positions A, B and C, respectively. X means that no fluorescent
chromophore is introduced at the position(s).

¥ All the fluorescence spectra were measured under the following
conditions: 1 mm phosphate buffer (pH 7.0) with 0.1 m NaCl and 0.1 mm
EDTA to remove the effect of contaminating metals. T = 20 °C.
Concentration of oligomers = 1.0 um. Under these conditions, three
oligomers form duplexes (T, = 36-38 °C for dissociation of 10mer, T2
= 60-63 °C for 15mer).

§ We derived the relative fluorescence yield, @2r(n) in each duplex on the
basis of observed fluorescence intensities of the chromophores. We
employed egn. (1), wheren = 1, 2 or 3, Em(n)obs = observed fluorescence

®F (n) = Em(n)® ) EC(n) )
' Em(n)™ )\ ECyg0(1)

intensity of n inthe FRET system excited at 450 nm, Em(n)max = observed
fluorescence intensity of n excited at the absorption maximum, EC(n) =
extinction coefficient of 1 (48000/495 nm), 2 (79700/540 nm) and 3 (91200
/585 nm) under the present experimental conditions, and ECys0(1) =
extinction coefficient of 1 at 450 nm (10800), calculated from excitation
intensity and extinction coefficient at 495 nm.

However, the absorption of chromophore 2 a 450 nm cannot be
completely neglected. Fluorescence emission from chromophore 2 results
from not only energy transfer from 1 but also partially by direct excitation
of 2 by irradiation at 450 nm. In duplex 1-2-3, energy transfer will occur
from directly excited 2 to 3, which partialy contributes to & r(3). We
deducted these contributions of direct excitation of 2 from @@ (2) and
@r(3) and then derived the relative fluorescence yields of these two
chromophores. Hereafter, we refer to these quantities as the relative
fluorescence yields @e(n). The values of &e(n) are the fluorescence
yields of emission from each chromophore solely due to the contribution of
the energy transfer from chromophore 1. For chromophore 1, @@r(1) =
@e(1). In addition, for duplexes 1-3-X and 1-X-3, which do not possess
chromophore 2, @@r(3) = @€ (3). Thus, the relative fluorescence yields
@rél(n) in Table 1 do not include the contribution of fluorescence emission
due to direct excitation of chromophore 2.
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