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An Efficient Fluorescence Resonance Energy Transfer (FRET) between
Pyrene and Perylene Assembled in a DNA Duplex and Its Potential for
Discriminating Single-Base Changes
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Abstract: To increase the apparent
Stokes’ shift of perylene, pyrene
(donor) and perylene (acceptor) were
assembled in a DNA duplex to achieve
the efficient fluorescence resonance
energy transfer (FRET) from pyrene
to perylene. Multiple donors were in-
troduced in the vicinity of acceptors
through p-threoninol and natural base
pairs were inserted between the dyes.
Accordingly, donors and acceptors
could be accumulated inside the DNA
without forming an undesired excimer/
exciplex. When two pyrene moieties
were located in proximity to one pery-
lene with one base pair inserted be-
tween them, efficient FRET occurred

sion at 460 nm was observed from per-
ylene when excited at 345 nm at which
pyrene has its absorption. The apparent
Stokes’ shift became as large as 115 nm
with a high apparent FRET efficiency
(@>1). However, the introduction of
more than two pyrenes did not en-
hance the fluorescence intensity of per-
ylene, due to the short Forster radius
(R;) of the donor pyrene. Next, this
FRET system was used to enlarge the
Stokes’ shift of the DNA probe, which
can discriminate a one-base deletion
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mutant from wild type with a model
system by incorporation of multiple
donors into DNA. Two perylene moiet-
ies were tethered to the DNA on both
sides of the intervening base, and two
pyrenes were further inserted in the vi-
cinity of the perylenes as an antenna.
Hybridization of this FRET probe with
a fully matched DNA allowed mono-
mer emission of perylene when the pyr-
enes were excited. In contrast, excimer
emission was generated by hybridiza-
tion with a one-base deletion mutant.
Thus, the apparent Stokes’ shift was
enhanced without loss of efficiency in
the detection of the deletion mutant.

within the duplex. Thus, strong emis-

Introduction

Fluorescent dyes are commonly used for the detection of
oligodeoxyribonucleotides (ODN) due to their high sensitiv-
ity.'! While the quantum yield of the fluorescent dye is the
dominant factor that determines its sensitivity, the Stokes’
shift, that is, the difference between the band maxima of ab-
sorption and emission of identical dyes, also significantly af-
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fects sensitivity because the scattered light of excitation in-
hibits the detection of emission. Although conventional flu-
orescent dyes, such as Cy3 and Cy5, have a high quantum
yield and can be applied to the labeling of ODNS, their
Stokes’ shifts are only 15 and 17 nm, respectively.* Since
such a small Stokes’ shift lowers the sensitivity, efforts have
been made to expand the difference between the excitation
and emission wavelengths.”) One promising strategy for this
purpose is the utilization of fluorescence resonance energy
transfer (FRET).”! Several studies on the application of
FRET to DNA duplexes have reported an increase in the
“apparent” Stokes’ shift.*'? For example, pyrene and pery-
lene, which are known as a FRET pair,“SJ were introduced
into an ODN to increase the apparent Stokes’ shift. The
emission band of pyrene appeared at 370-430 nm, whereas
the absorption band of perylene appeared at 390-470 nm.
Previously, these donor—acceptor pairs were tethered at the
termini of ODNs,"™ or at the 2'-position of a locked nucleic
acid (LNA).'"! Thus, pyrene and perylene were located at
the end of the ODN, or in the minor groove, so that the flu-
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orophores were not rigidly fixed but could move to some
extent. However, it might be difficult to introduce multiple
donors as an antenna in close proximity to an acceptor dye
by using these molecular designs, because fluorescence will
be quenched upon dimer formation of donors or following
donor-acceptor dimerization.

Here, we describe another FRET system in which donors
are accumulated in close proximity to acceptors within the
duplex. In this study, pyrene and perylene were introduced
into DNA via a p-threoninol linker to facilitate the interca-
lation of this FRET pair between base pairs:" pyrene and
perylene are intercalated inside the duplex and intervening
base pairs separate these chromophores as depicted in
Scheme 1. Consequently, fluorophores can be accumulated

quences of the ODNs used in this study. Both pyrenes (P in
Scheme 1) and perylenes (E) were tethered on p-threoninol
in the middle of the ODN and one to three natural nucleo-
tides were inserted between the pyrenes and perylenes to
avoid undesired excimer or exciplex formation. The comple-
mentary strands used were C1 (for ODN1-ODN4) and C2
(for ODN5-ODN11). In these strands, pyrene and perylene
residues were inserted into the ODN as bulges (i.e. not in
place of a natural nucleotide). By this sequence design, nat-
ural base pairs were kept intact in the duplex state. To eval-
uate the effect of distance between donors and acceptors,
ODNs, which have one and three bases between pyrene and
perylene, were synthesized (ODN2 and ODNS3). In addition,
ODN with four pyrenes (ODN4) was also synthesized to in-

vestigate the effect of the

number of donors. One

ODN1 :5-GGT ATC EGC AAT C-3' ODN5 :5-GGT ATC EAE GCA ATC-3' T

ODN2 :5-GGT ATP CEG PCA ATC-3" ODN6 :5-GGT ATRCEAEGCAATC-3 TR acceptor and two or four
ODN3 :5-GGTPATCEG CAPATC-3" [T ODN7 :5-GGT ATP CEA EGP CAATC-3' “‘“[m”im“ donors were introduced into
ODN4 :5-GGT APT PCE GPC PAA TC-3 TR T ODN8 :5-GGT APT CEA EGC PAA TC-3° il the ODNs (ODN2-ODN4) for

ODN2d : 5-GGT ATP CGP CAA TC-3'
ODN3d : 5-GGT PAT CGC APA TC-3’

ODNT7d : 5

: 3'-CCA TAG CGT TAG-5'
:3-CCATAGTCG TTA G-5"

ODN8d : 5-GGT APT CAG CPA ATC-3"
{ i \”/V\‘ ODN10d: 5'-GGT APT PCA GPC PAA TC-3°

o-P=0 \opo

Scheme 1. Sequences of the ODNs synthesized in this study.

in close proximity without forming undesired excimers/exci-
plexes or quenching their fluorescence. Molecular cluster
motifs reported by us and other research groups have diffi-
culty in suppressing these interactions. '’*?! The design pre-
sented herein makes it possible to introduce more than one
donor (pyrene) near the acceptor (perylene), which facili-
tates energy transfer from pyrene to perylene. In the present
study, we investigated the effect of the position and number
of donors on FRET efficiencies. We then applied this FRET
system to enlarge the Stokes’ shift of the fluorescent probe
for potential application to the one-base deletion poly-
morphisms. Recently, much attention has been paid to non-
single-nucleotide polymorphism (SNP) variations, such as
small deletions, due to their frequent occurrence.” We
have developed ODN probes detecting base-deletion poly-
morphisms.?*?! Here, we demonstrate that the Stokes’ shift
of the fluorescent probe can be extended by locating donors
in proximity to the acceptor. This strategy has a potential to
be used for other fluorescent probes tethering intercala-

tors.l203%

Results

Design of modified ODNs by using pyrenes and perylenes
as donors and acceptors, respectively, and their fluorescent
behavior: All the modified ODNs were synthesized by the
standard phosphoramidite method. Scheme 1 shows the se-
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ODN8 :5-GPG TAT CEA EGC AAT PC-3°
ODN10 : 5-GGT APT PCE AEG PCP AAT C-3" [l

ODN4d : 5'-GGT APT PCG PCP AAT C-3" U ‘ i i i Il ODN11 : 5-GGP TAP TCE AEG CPA APT C-3 I ‘ i ‘ i
-GGT ATP CAG PCA ATC-3"

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the calculation of FRET effi-
ciencies. In addition, ODNs
without a donor (ODN1) or ac-

*;W"Wr T

L) i ceptor (ODN2d-ODN4d) were
W also synthesized as controls. As

shown on the right-hand side of
Scheme 1, probe-type sequen-
ces, which tethered two pery-
lenes, were also prepared
(ODN6-ODN11). To calculate
FRET efficiencies, ODN7d, ODN8d, and ODN10d were
synthesized as controls for ODN7, ODNS, and ODNI10, re-
spectively. Most of the spectroscopic measurements were
carried out at 0°C in which full duplex hybridization was as-
certained (unless otherwise noted).

Fluorescent behavior of ODNs tethering one perylene: First,
effect of the distance between the donor pyrene and accept-
or perylene on the FRET efficiency was investigated by
changing the number of base pairs between the pyrene and
perylene. Figure 1 shows the fluorescence emission spectra
of ODNI1-ODN4 hybridized with their complementary
strand (C1) excited at 345 nm, a wavelength at which pyrene
has its absorption.P!! The corresponding UV/Vis spectra are
depicted in Figure S1 in the Supporting Information. The
emission spectra of ODN1/C1, which has single perylene (E
residue) and no pyrene, also showed a small emission at 460
and 491 nm because perylene still has very weak absorption
at 345 nm (see Figure S1 in Supporting information). In con-
trast, other sequences exhibited much stronger emission at
450-550 nm than did ODNI/CL. In particular, the emission
intensity of ODN2/C1, which has only one base pair be-
tween pyrene and perylene, was much higher than that of
ODNI1/C1, which demonstrates efficient energy transfer be-
tween pyrene and perylene. Similarly, insertion of three nat-
ural base pairs between perylene and pyrene (ODN3/C1)
also showed a higher emission at 461 and 491 nm than
ODNI1/C1, although its intensity was lower than that of

Chem. Eur. J. 2010, 16, 2479 -2486
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Figure 1. Fluorescence emission spectra of ODN1/C1-ODN4/C1 at 0°C.
Spectra at 370-420 nm are magnified in the inset. The excitation wave-
length was 345 nm. The solution conditions are as follows: [ODNn]=
1.0 um, [C1]=1.2 um, [NaCl] =100 mm, pH 7.0 (10 mm phosphate buffer).

ODN2/C1 (compare the solid blue line with the green one
in Figure 1). Concurrent with these effects, the emission
peaks of pyrene at 370-430 nm were increased by the inser-
tion of base pairs (see the inset in Figure 1). Accordingly,
the FRET efficiency of ODN2/C1 is higher than that of
ODN3/C1.

Next, FRET efficiency of the accumulated donor pyrenes
was evaluated by comparing ODN2/C1 with ODN4/C1,
which involves four donor pyrenes. An increase in the
number of donors did not enhance the emission of the ac-
ceptor and the emission intensities of ODN2/C1 and ODN4/
C1 were almost identical. Note that no excimer emission of
pyrene was observed in ODN4/C1 although five chromo-
phores (one perylene and four pyrenes) were introduced
and thus absorption at 345 nm was increased (see Figure S1
in the Supporting Information). This result demonstrates
that each donor and acceptor is separated by an intervening
base pair according to the design. We also calculated the
FRET efficiencies (@) of these duplexes by using ODN2d/
C1-ODN4d/C1 as controls (see Table 1). The apparent @

Table 1. Spectroscopic properties of modified ODNs involving an
acceptor.

Sequence T, [°C]™ Relative @0l
intensity[!
Y Yy Y Y Y Y Yy
ODNI/C1 = e 45.0 1.0 -
AAAAASAANAAN
ODN2/C1 W 34.8 15.9 > 1
ODN3/C1 MMM‘J i 54.6 76 0.53
opnact KU ‘L ” 24.9 16.1 0.61

[a] [ODNn]=5.0 um, [C1]=5.0 um, [NaCl]=100mm, pH7.0 (10 mm
phosphate buffer). [b] [ODNn]=1.0 um, [C1]=1.2 um, [NaCl] =100 mwm,
pH 7.0 (10 mm phosphate buffer), 0°C. Excitation wavelength: 345 nm.
[c] Relative intensity at 460 nm relative to that of ODNI/C1. [d] Effi-
ciencies of FRET were calculated according to the method described in
the Experimental Section. [e] Apparent FRET efficiency was calculated
as 1.18.
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of ODN2/C1 was greater than 1 (1.18), which may have
been caused by a structural disturbance (see the Discussion
section). As expected from the fluorescence emission spec-
tra, @; of ODN3/C1 was lower than that of ODN2/CI1.
Moreover, ODN4/C1, containing twice as many pyrenes as
ODNZ2/C1, showed a similar @ to that of ODN3/C1. Thus,
the @, of ODN4/C1 was lower than that of ODN2/C1, al-
though the emission intensity was almost the same.

The melting temperatures (7y,s) of these modified ODNs
are listed in Table 1. The T, of ODN3/C1 was 54.6 °C, which
was 9.6°C higher than that of ODNI/C1, which indicates
that the introduced pyrene stabilized the duplex by a stack-
ing interaction. However, the 7,, of ODN2/C1 was about
20°C lower than that of ODN3/C1. Similarly, the T, of
ODN4/C1 was about 10°C lower than that of ODN2/C1.
These low T, values are attributed to distortion of the
duplex by alternately introduced chromophores and natural
nucleobases. Despite this destabilization, pyrenes were effi-
ciently separated by the intervening base pairs because no
excimer or exciplex emission was observed (see Figure 1).%

Spectroscopic behavior of probe-type ODNs tethering two
perylenes: We also investigated the spectroscopic behavior
of probe-type sequences (ODN5-ODN11, see the next sec-
tion for details), which tether two perylenes in the middle of
the sequence to evaluate the FRET efficiency of accumulat-
ed donor pyrenes near the perylenes, and effect of the dis-
tance between the fluorophores.™ Figure 2 shows the fluo-
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Figure 2. Fluorescence emission spectra of ODN5/C2-ODN11/C2 at 0°C.
The excitation wavelength was 345 nm. Spectra at 370-420 nm are magni-
fied in the inset. Solution conditions are as follows: [ODNn]=1.0 um,
[C2]=1.2 um, [NaCl] =100 mm, pH 7.0 (10 mm phosphate buffer).

rescence emission spectra of ODNS5/C2-ODN11/C2 excited
at 345 nm. The emission intensity of ODN6/C2, which has
one pyrene, was almost double that of ODNS/C2. Moreover,
ODN7/C2, which has two pyrenes showed much more in-
tense peaks than ODNS/C2. As the number of base pairs
between pyrene and perylene increased, (ODNS8/C2 and
ODNOY/C2), the emission intensity at 450-550 nm decreased.
In particular, the emission of an ODN9/C2 duplex with five
base pairs between pyrene and perylene was as weak as that
of ODNS5/C2, which has no pyrenes (compare the red solid
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line with the dotted blue line in Figure 2); this indicates that
the antenna effect of the pyrenes was almost nil. On the
other hand, emission at 370-430 nm showed a slightly com-
plicated behavior; the emission intensity of ODNS8/C2 was
higher than ODNY9/C2, although that of ODN7/C2 was
lower than that of ODN9/C2. Electron transfer between
pyrene and natural bases might affect emission intensity of
pyrene in these duplexes. Incorporation of four pyrenes
(ODN10/C2 and ODN11/C2) did not enhance the emission
of perylene (compare the green solid line with the green
dotted and purple solid lines in Figure 2). As the distance
between donors and acceptors decreased, more intense
emission of perylene was observed, which shows that energy
transfer from pyrene to perylene occurred.®™ The FRET
efficiencies of ODN7/C2, ODNS8/C2 and ODN10/C2 were
calculated by using ODN7d/C2, ODN8d/C2 and ODN10d/
C2, respectively, as listed in Table 2. The @ of ODN7/C2

/mdeg

Figure 3. CD spectra of ODN7/C2 at various temperatures. Solution con-
ditions are as follows: [ODN7]=1.0 um, [C2]=1.2 um, [NaCl]=100 mm,
pH 7.0 (10 mm phosphate buffer).

Table 3. Effect of the donor position on polymorphism-discrimination
ability.

Table 2. Spectroscopic properties of modified ODNs involving two ac- Sequence Lsso/Ligs™ T, [°C]®
ceptors. c1 c2u c1 2
. [ac] YYYYYY?’Y)’YYYYYY
Sequence Relative Py ODN5 ' 0.84 005 467 499
intensity!™"!
ODNG6 'u U 0.3911 0.06 40.3 453
ODNS/C2 1.0 -
ODN7 ‘ vy i 0617 0070 330 363
ODNG6/C2 22 nd! ‘
ODNS ‘ vy i 086 0050 427 464
ODN7/C2 37 0.36 opne 1T 021 0051 509 546
ODN8/C2 UL 33 027 ODN10 ‘ i §19 ‘ ‘ 0470 0190 210 257
ODNY/C2 1.0 ndd ODN11 W 0.9411 0.101 339 38.8
ODNI0/C2 | i ‘ o4 i ‘ | 36 0.14 [a] [ODNn]=1.0 um, [C1]=[C2]=1.2 pm, [NaCl]=100 mm, pH 7.0, 20°C
AIAI A A A ' ' (10 mm phosphate buffer). [b] [ODNnr]=5.0 um, [C1]=[C2]=5.0 um,
ODNI1/C2 I V} J [ 29 ndld! [NaCl] =100 mm, pH 7.0 (10 mm phosphate buffer). [c] One-base deletion

[a] [ODNr]=1.0 um, [C2]=1.2 um, [NaCl]=100mm, pH7.0 (10 mm
phosphate buffer), 0°C. Excitation wavelength: 345 nm. [b] Relative in-
tensity at 460 nm relative to that of ODNS/C2. [c] FRET efficiencies
were calculated according to the method described in the Experimental
Section. [d] Not determined.

was 0.36, which was much lower than that of ODN2/C1. In-
sertion of one more base pair between pyrene and perylene
decreased @ (ODNS8/C2). ODN10/C2, with four pyrenes
exhibited a much lower @; than ODN7/C2 with two pyr-
enes, although their emission intensities were almost the
same.

To investigate the orientation and position of chromo-
phores, circular dichroism (CD) spectra of ODN7/C2 at var-
ious temperatures were measured (Figure 3). At a tempera-
ture higher than the 7,,, no obvious CD was observed above
350 nm (The T, values are listed in Table 3). On the other
hand, as the temperature decreased below 20°C, an induced
CD was observed at 400-460 nm in which perylene has its
absorption. There are two positive peaks and two negative
peaks at this region, which indicates that the two perylenes
were oriented in a right-handed manner. A positive couplet,
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mutant. [d] Full match. [e] Excited at 425 nm. [f] Excited at 345 nm.

characteristic of B-form DNA, was observed at around
260 nm, although the couplet was not symmetrical, probably
due to the CD induced by perylene at this region. Although
ODN?7/C2 involves two pyrenes, no CD was observed at
around 350 nm at which pyrene has its absorption.¥

Potential application to the detection of a one-base deletion
with a FRET probe: We next used ODNS- ODNI11 to eval-
uate the discrimination ability of deletion polymorphisms
from full match. The probe design for a one-base deletion is
depicted in Scheme 2. Two perylenes and several donors
were introduced into ODN. When this ODN is hybridized

Excimer emission

Monomer emission

Wild type One-base deletion mutant

Scheme 2. Schematic illustration of the design of the FRET probe.

Chem. Eur. J. 2010, 16, 2479 -2486
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with a fully complementary strand (full match), all the chro-
mophores are, most likely, intercalated between base pairs
and monomer emission of perylene should be observed by
excitation at 345 nm at which the donor pyrene has its ab-
sorption due to efficient FRET between perylene and
pyrene. On the other hand, in a one-base-deletion mutant,
two perylenes should come close to each other by forming a
bulge-like structure so that an excimer of two perylenes
should be formed.™!

The fluorescence emission spectra of ODN7/C1 and
ODN?7/C2, excited at 345 nm, are shown in Figure 4. When
ODN?7 was hybridized with full-matched target (C2), strong

100
80
60+
401

20+

o ] P, I

400 450 500 550 600 650
Alnm——»

Figure 4. Fluorescence emission spectra of ODN7/C1 (—) and ODN7/

C2 (+++++) at 20°C. The excitation wavelength was 345 nm. Solution con-

ditions are as follows: [ODN7]=1.0 pM, [Cn]=1.2 pM, [NaCl] =100 mm,
pH 7.0 (10 mm phosphate buffer).

monomer emission of perylene was observed. In contrast,
monomer emission was significantly quenched upon hybridi-
zation with the deletion mutant C1. Concurrently, a new
shoulder peak appeared at 550 nm, which indicated that an
excimer of two perylenes was formed. The ratio of excimer
to monomer emission (Issy/I;) at 20°C was as high as 0.61
for ODN7/C1 corresponding to the deletion mutant due to
excimer emission and strong quenching of monomer emis-
sion. This value was eight-times larger than that of ODN7/
C2 (0.07) corresponding to full match.”>*! ODNS5, a probe
without pyrene as an antenna,” showed similar results: Is5/
L, was 0.84 for the deletion mutant C1, whereas it was 0.05
for full-match C2 when excited at 425 nm at which perylene
has its absorption maximum (see Table 3 and Figure S6 in
the Supporting Information for the actual fluorescence spec-
tra of ODNS5/C1 and ODNS5/C2). Note that the Stokes’ shift
of ODNS was as small as 35 nm, whereas that of ODN7,
which has pyrenes as an antenna was as large as 115 nm.
Thus, incorporation of pyrenes into the appropriate posi-
tions, such as those in ODN7, could efficiently enhance the
apparent Stokes’ shift without losing the ability to discrimi-
nate between the wild type and the deletion mutant.’”! We
also investigated sequence dependence on the discrimina-
tion ability by changing the intervening base. It was found

Chem. Eur. J. 2010, 16, 2479 -2486
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that base-deletions of other nucleotides (not only A but C,
G and T) could be detected by this method, although dis-
crimination abilities varied depending on the sequence (see
Tables S1 and S2 in the Supporting Information).*"!

The Is5/l4 ratios of other probes are summarized in
Table 3. The ratios of the ODN8 and ODN9 probes were
almost the same as that of ODN7. These results demon-
strate that incorporation of two pyrenes does not affect exci-
mer formation as long as the chromophores are separated
by intervening base pairs. Furthermore, an increase in the
number of pyrenes did not affect the ratio. The Isso/l of
ODN11 was evaluated as 0.94 for C1, which was nine-times
larger than that for C2 (0.10). On the other hand, the differ-
ence in Is5/l,; between ODN10/C1 and ODNI10/C2 was
smaller, because of the low melting temperatures of these
duplexes (the T,, values of ODN10/C1 and ODN10/C2 were
21.0 and 25.7°C, respectively (see Table 3)). Accordingly, at
0°C, which is far below the T, of ODN10/C1 or ODN10/C2,
L5/l of ODN10/C2 decreased to 0.06, whereas that of
ODN10/C1 was 0.38 (data not shown), demonstrating that
incorporation of multiple donors did not lower the poly-
morphism-discriminating ability. Thus, all the results pre-
sented in this section show that the apparent Stokes’ shift
was successfully enlarged by the introduction of multiple
donors without disturbing the polymorphism-discriminating
ability.

Discussion

Efficiency of energy transfer from pyrene to perylene: The
FRET efficiencies (®r) of various duplexes were evaluated
as listed in Table 1. The apparent @ was estimated as >1
(1.18) for ODN2/C1, which indicated that efficient energy
transfer occurred in this duplex. Sufficient proximity of the
donor to the acceptor contributed to this highly efficient
energy transfer. Thus, the separation of dyes by intervening
base pairs is an effective strategy for the accumulation of
chromophores in ODNs. However, a @ value that is larger
than 1 is not a reasonable value. One of the causes of this
discrepancy is a structural disturbance in ODN2/C1. Be-
cause three fluorophores and four natural base pairs were
alternately introduced into the centre of the duplex, the
double-helical structure is expected to be disturbed to some
extent. Thus, quenching by neighbouring bases may be re-
duced in the case of ODN2/C1 as compared with ODN1/C1,
which raised the emission from perylene (/,p5) and gave a
large @. Indeed, the melting temperature of ODN2/C1 was
only 34.8°C, which was 10.2°C lower than that of ODN1/
C1. These structural differences might affect the fluores-
cence intensity of perylene.[*’!

In our system, FRET efficiency strongly depended on the
distance between the acceptor and the donors. For example,
the @ value of ODN3/C1 was as low as 0.53, although
there are only three base pairs between pyrene and pery-
lene. The dependency of @ on the distance (r) is expressed
by using Equations (1) and (2):

2483
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Dr = Ry/(Ry+1°) (1)
Ry = 0.2108[J (A)1*n 4 ®p] /0 (2)

in which R, is the Forster radius, J(4) is the integral of spec-
tral overlap between the donor and acceptor, « is the orien-
tational factor, n is the refractive index of the solution and
@, is the quantum yield of the donor.*”) Masuko et al. esti-
mated R, as 22.3 A assuming x> to be 2/3.' In the present
study, R, should be shortened because a three-base separa-
tion strongly decreased the FRET efficiency as observed
with ODN3/C1.M"! Energy-minimized structures of ODN2/
C1 and ODN3/C1, calculated by using InsightII/Discover3,
are shown in Figure 5. In both duplexes, pyrenes and pery-

Figure 5. Energy-minimized structures of ODN3/C1 (left side) and
ODN2/C1 (right side). The relative orientations of the chromophores are
shown at the bottom. Pyrene and perylene moieties are coloured in blue
and yellow, respectively.

lenes were stacked within the duplex.[*¥! The relative orien-
tations of the chromophores are also shown at the bottom
of Figure 5. The angles between the transition dipoles of
pyrene and perylene were 13 and 70° in ODN2/C1, but were
2 and 55° in ODNB3/C1, which indicated that x* was not very
low in these duplexes.”) From these results, the relatively
short R, may be attributed to the low quantum yield of
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donor (pyrene) emission, although the quantum yield of
pyrene was not determined directly."***]

Since the ODNSs in the series ODN5-ODNI11 have two
acceptors, we expected that FRET efficiencies should de-
crease to one-half of the value of the ODNs of the series
ODNI1- ODN4 that have a single acceptor. However, @ of
ODN7/C2 was as small as 0.36, whereas that of ODN2/C1
was greater than 1. The relative intensity of ODN7/C2 with
respect to that of ODNS/C2 was only 3.7. Although the rea-
sons for this result are still not clear, the structural differen-
ces between ODN2/C1 and ODN7/C2 might affect the fluo-
rescence intensity. A comparison of the fluorescence intensi-
ty of ODNG6/C2 with that of ODN7/C2 indicates that two ac-
ceptors are required for efficient energy transfer. Since the
R, of pyrene is rather short, excited energy transfers only to
the nearest perylene and not to the distant perylene.*! Such
a short R, also inhibits the enhancement of fluorescence in-
tensity even if the number of donors increases from two to
four. Thus, the intensity of ODN10/C2 was almost the same
as that of ODN7/C2. Similarly, the intensity of ODN11/C2
was even lower than that of ODNS8/C2. On the basis of
these results, we concluded that two pyrenes are sufficient
for efficient energy transfer as long as one base pair is in-
serted between the donor (pyrene) and acceptor (perylene)
due to the short R, of the intercalated pyrene.

The ODN series of ODN6-ODN11 successfully discrimi-
nated the deletion mutant (C1) from the full match (C2)
based on the change in Is5y/l,;. By use of a FRET pair, the
apparent Stokes’ shift of these new probes was much larger
(115 nm) than that of the previous probe composed of only
perylene (35nm).”! As shown in Table 3, the Iss,/L, ratios
of ODNS5/C2-ODNY/C2 did not show much change, which
demonstrated that the polymorphism-discrimination ability
did not decrease despite the fact that many donors were in-
serted. Even exciplex emission, which should be observed
when a pyrene—perylene heterodimer is formed,"*”-*! was not
observed at all. These results demonstrate that one base
pair is enough to separate donor and acceptor or multiple
donors.

Duplex stabilities: The melting temperatures were strongly
influenced by the position of pyrene. As shown in Table 1,
insertion of pyrene in the nearest-neighbour base pairs
largely destabilized the duplex (ODN2/C1). On the other
hand, ODN3/C1, which has three base pairs between pyrene
and perylene, stabilized the duplex. The same tendency was
observed with ODN7-ODN9, in which, as the number of in-
tervening base pairs increased, the T, value increased. Note
that the 7, of ODN7/C2, which has one base pair between
pyrene and perylene, was much lower than that of ODNS8/
C2, which has two base pairs. This phenomenon is consistent
with the nearest-neighbour exclusion principle: free interca-
lators cannot be intercalated between the nearest-neighbour
base pairs.** The same is true for ODN10 and ODNI11,
both of which have four pyrenes. The T,, value of ODN10/
C2 was 25.7°C, which was 13.1°C lower than that of
ODN11/C2 (38.8°C).
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Conclusion

An efficient FRET system of pyrene and perylene interca-
lated inside a duplex was constructed. Chromophores can be
accumulated in close proximity by this design because base
pairs completely suppress their interactions. The apparent
Stokes’ shift of the FRET probe was successfully increased
by the introduction of multiple donors close to acceptors
without disturbing the excimer formation. In these probes,
chromophores were strictly arranged in a predetermined po-
sition and order in the duplex without undesirable interac-
tions so that energy transfer and excimer formation were
strictly controlled. This strategy is especially useful for the
monitoring of biological samples because autofluorescence
from the sample that often interferes with the detection is
minimized.

Experimental Section

Materials: All the conventional phosphoramidite monomers, CPG col-
umns, reagents for DNA synthesis and Poly-Pak II cartridges were pur-
chased from Glen Research. Other reagents for the synthesis of phos-
phoramidite monomers were purchased from Tokyo Kasei Co and Al-
drich.

Synthesis of the DNA modified with pyrene and perylene: All the modi-
fied ODNs were synthesized on an automated DNA synthesizer (ABI-
3400 DNA synthesizer, Applied Biosystems) by using phosphoramidite
monomers bearing dye molecules. Synthetic procedures for the perylene
monomer were reported previously.”” See Scheme S1 in the Supporting
Information for synthetic procedures and NMR spectroscopic assign-
ments of the pyrene monomer. The coupling efficiency of the monomers
corresponding to the modified residues was as high as the conventional
ones as judged from the coloration of the released trityl cation. After the
recommended workup, they were purified by reversed phase (RP)-HPLC
and characterized by MALDI-TOFMS (Autoflex II, BRUKER DAL-
TONICS). Purities of all the modified ODNs were >99% estimated by
RP-HPLC analysis.

MALDI-TOFMS data for the ODNs: ODN1: caled for [ODN1+H™]:
4118; found: 4118; ODN2: calcd for [ODN2+H*]: 4992; found: 4992;
ODN3: caled for [ODN3+H*]: 4992; found: 4992; ODN4: calcd for
[ODN4+H*]: 5866; found: 5866; ODNS: calcd for [ODNS+HT™]: 4904;
found: 4904; ODNG6: calcd for [ODN6+H™]: 5341; found: 5341; ODNT:
caled for [ODN7+H*]: 5778; found: 5778; ODNS: calcd for [ODN8+H™"
]: 5778; found: 5778; ODNY: calcd for [ODN9+H™*]: 5778; found: 5779;
ODN10: caled for [ODN10+H™]: 6653; found: 6654; ODNI11: calcd for
[ODN11+H™*]: 6653; found: 6652; ODN2d: calcd for [ODN2d+H]:
4519; found: 4518; ODN3d: calcd for [ODN3d+H*]: 4519; found: 4518;
ODN4d: calcd for [ODN4d+H™]: 5393; found: 5394; ODN7d: calcd for
[ODN7d+H™"]: 4832; found: 4832; ODN8d: calcd for [ODN8d+H™*]:
4832; found: 4832; ODN10d: calcd for [ODN10d+H™"]: 5706; found:
5705.

Spectroscopic measurements: CD spectra were measured on a JASCO
model J-820 with a 10 mm quartz cell that was equipped with pro-
grammed temperature controllers. A slight excess of complementary
strand was used to ensure that all the probe ODN formed duplex. The
sample solutions were as follows: [NaCl] =100 mm, pH 7.0 (10 mm phos-
phate buffer), [ODN7]=1.0 um, [C2]=1.2 pm.

Fluorescence spectra were measured on a JASCO model FP-6500 with a
microcell. The excitation wavelength was 345 nm. For FRET analysis, ex-
periments were conducted at 0°C to ensure sufficient hybridization. The
sample solutions were as follows (unless otherwise noted): [NaCl]=
100 mM, pH7.0 (10 mm phosphate buffer), [ODNn]=1.0 um, [Cn]=
1.2 pm.
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Measurement of the melting temperature: The melting curve of duplex
DNA was obtained with a Shimadzu UV-1800 by measurement of the
change in absorbance at 260 nm versus temperature. The melting temper-
ature (7,,) was determined from the maximum in the first derivative of
the melting curve. Both the heating and cooling curves were measured,
and the calculated 7,, values agreed to within 2.0°C. The temperature
ramp was 0.5°C min~'. The sample solutions were as follows (unless oth-
erwise noted): [NaCl]=100mm, pH7.0 (10 mM phosphate buffer),
[ODNn]=[Cn]=5.0 pm.

Calculation of FRET efficiencies: FRET efficiencies (&) were calculated
according to Equation (3):“

_ Aa (1ap
o= e (72 ®

in which A, is the absorbance at 345 nm of sequences which have only
acceptor(s) (ODN1/C1 or ODN5/C2). Ay, is the absorbance at 345 nm of
duplexes without acceptors (ODNnd/C1 or C2). I, and I, are the fluo-
rescence intensities at the acceptor emission wavelength (460 nm) of se-
quences in the presence (ODN2-4/C1 or ODN7, 8 or 10/C2) or absence
(ODN1/C1 or ODNS5/C2) of donors, respectively.

Molecular modeling: The Insight II/Discover 98.0 program package was
used for conformational energy minimization. ODNs modified by pery-
lene and pyrene were built from canonical B-form DNA by a graphical
program. The AMBERDYS force field was used for the calculation. All the
structures were energy-minimized to an RMS derivative of
<0.001 kcal A~!. Computations were carried out on a Silicon Graphics
O2+ workstation with the operating system IRIX64 Release 6.5.
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