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DNA and RNA can be used as scaffolds in a bottom-up approach
to arrange molecules in nanoarchitectures. Among nucleic acid-
based nanoobjects, spatially arranged sz-aromatic chromophores are
currently of interest because they provide an efficient medium for
excitation energy and electron migration, which would be usable
in functional nanomaterials, such as in photonic devices.'™'°

In order to develop DNA/RNA-based devices, as well as to
develop fluorescent nucleic acid probes, we focused on RNA
oligomers having multipyrenylmethyl groups at the 2'-O-sugar
residues. We found that pyrene-modified RNAs such as 5'-
(UOME)8X4(UOME)7U, P4 (Where UOME is 2'—0—methy1uridine and
X is 2'-O-pyrenylmethyluridine), can bind to rA to yield A-form
duplexes without loss of thermal stability. Crucially, the pyrenes
are helically assembled along the outside of duplex RNA that
exhibits strong excimer fluorescence.'’

We describe here a new type of multipyrene-modified RNA
sequence that can be used to produce a specific structure of a pyrene
aromatic array on an RNA duplex that can emit remarkably strong
excimer fluorescence.

The sequences of the pyrene-modified RNAs are shown in Chart
1. One RNA sequence (XS) contains five pyrene-modified uridines
(Upy), two of which are separated by an intervening ribonucleoside.
The other strand (YS5) has pyrene-adenosine (Apy) in the same way
as XS, and its sequence is complementary to the Uyy-containing
strand. With this design, during interstrand association between X5
and YS5, interactions between pyrenes will form an aromatic array
on the duplex. The process of pyrene array formation differs from
that of the first version (P4-rA,) and somewhat resembles zipper
formation. We therefore call this particular arrangement a “pyrene-
zipper array” (Figure 1).'?

Table 1 summarizes the melting temperatures (7},), the peak-
to-valley intensity ratios (P,) in the absorptions, and the ratios of
intensities of excimer and monomer fluorescence (Ix/Iy) of the RNA
duplexes. The Ty, values for Xn—Y0 and X0—Yn (n = 1 or 5)
containing pyrenes in one strand were lower than that for unmodi-
fied duplex X0—YO. Significantly, the 7}, values for X5—YS5 having
pyrenes in both strands were higher than those for Xn—Y0 and
X0—Yn, and they were very close to those for X1—Y1 and X0—Y0.
These binding experiments thus suggest that the interstrand pyrene
association occurs in the ground state for X1—Y1 and X5—YS5.

The interstrand interactions between pyrenes during the formation
of RNA duplexes (X1—Y1 and X5—Y5) were determined from the
absorption and fluorescence spectra shown in Figure 2. The duplex
X1—Y1 exhibited absorption bands at 336 and 351 nm that were 1—2
nm longer than those of X1 and Y1. In the fluorescence spectrum of
X1—Y1, pyrene excimer fluorescence was observed at 487 nm with
an I/l value of 0.38, whereas X1—Y0 and X0—Y1 duplexes did
not exhibit any excimer fluorescence. Therefore, these spectroscopic
observations strongly suggest that the two pyrenes located at the outside
of the duplex are able to interact with each other, producing the
characteristic emission. In a manner similar to that of the two-pyrene-
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Chart 1. Sequences of Pyrene-Modified RNAs

X0: 5”-rGUG UGU GUG UGU GUG-3’ ‘ f&
; A
X1: 5’-rGUG UGU GU,,G UGU GUG-3’ " ey
e’ ’ Py = o o
X5: 5"-1GUG U,,GU,, GU,,G U,,GU,, GUG-3 080
Y0: 5”-rCAC ACA CAC ACA CAC-3 (ﬂlﬁf;
N N’)
Y1: 5-rCAC ACA CA,,C ACA CAC-3’ =
Y5: 5"-rCAC A,,CA,, CA, C A, CA, CAC-3' AN I

modified duplex (X1—Y1), the pyrene absorption bands of X5—YS5
appeared at 336 and 351 nm, which are slightly longer than those of
X5 and YS. Crucially, the absorption intensity at 336 nm was stronger
than that at 351 nm, yielding a P4 value of 1.1, which is relatively
low compared to those of the other duplexes (X1—Y1 = 1.3, X5—Y0
= 1.5, and X0—Y5 = 1.5).!* The fluorescence spectrum of X5—Y5
exhibited extremely strong excimer fluorescence at 490 nm (¢ = 0.22),
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Figure 1. Schematic representation (a) of duplex formation between
multipyrene-modified RNA sequences (X5—Y5). Side view and top view
(b) of duplex structure of X5—YS5. The pyrenes of X5 are cyan and the
pyrenes of Y5 are magenta.

Table 1. Melting Temperatures (Tnm), Peak-to-Valley Intensity
Ratios (Pa), and Ratios of Intensities of Excimer and Monomer
Fluorescence (/e/lw) of RNA Duplexes

duplex T./°C? Py? Ie/ e
X0—-YO0 68
X1-Y0 65 1.3
X0—-Y1 62 1.6
X1-Y1 65 1.3 0.38
X5-Y0 47 1.5 0.11
X0-Y5 37 1.5 0.46
X5-Y5 68 1.1 6.7

“Tm was obtained from the first derivatives of the transition profiles
monitored by absorption changes at 260 nm in a buffer of pH 7
containing 0.1 M NaCl, 0.01 M NaHPOy, and 1 mM EDTA. P Pa was
calculated from the absorption intensity of the red edge band and that of
the adjacent minimum at shorter wavelengths. ¢ Ig/l\y was calculated
from the fluorescence intensity of the monomer (378 nm) and excimer
(490 nm).
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Figure 2. Absorption (a) and fluorescence (b) spectra of the RNA duplexes
(3.3 uM) in a buffer of pH 7 containing 0.1 M NaCl, 0.01 M NaHPO4, and
1 mM EDTA. Fluorescence spectra were measured with excitation at 350
nm.
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Figure 3. Melting and reverse-melting profiles (a) and CD spectrum (b)
of X5—Y5 (3.3 uM) in a buffer of pH 7 containing 0.1 M NaCl, 0.01 M
NaHPOy, and 1 mM EDTA. The CD spectra of single-stranded X5 and Y5
are shown for comparison.

with a high I/l value of 6.7. The intensity of the excimer fluorescence
of X5—Y5 was almost 10 times greater than that of X1—Y1. In
contrast, X5—Y0 and X0—YS5 duplexes exhibited weak excimer
fluorescence, with Ig/ly; values lower than 0.5. These observations
strongly suggest that the ground-state interactions of pyrenes in the
duplexes (X5—Y5) are significant relative to those of the single-strand
oligomers (X5 and Y5) and to those of the two-pyrene-modified duplex
(X1-Y1).

Figure 3a shows the thermal dissociation and association profiles
for a 1:1 mixture of X5 and Y5 (total strand concentration = 3.3
uM) obtained by temperature-dependent UV —visible spectra. The
duplex melting curves, both at 260 and 350 nm, displayed single-
phase transitions having shapes that are relatively broad but
resemble that of the unmodified RNA duplex (X0—Y0). From the
thermal melting and thermal back profiles, the dissociation and
association of X5—YS5 proceeded with only slight hysteresis. The
hyperchromic change observed at the pyrene absorption (350 nm)
during the duplex melting indicates that the interactions between
pyrenes occurred in a cooperative manner with the formation of
the RNA duplex.

Figure 3b shows the CD spectrum of X5—Y5 in the range of
the pyrene absorption. The CD spectra of single-stranded X5 and
Y5 are also given for comparison. The duplex X5—Y5 exhibited a
positive Cotton effect in the 'L, transition of pyrene, whereas no
such positive Cotton effect was observed for single-stranded X5

and Y5. The single-stranded pyrene-modified RNAs exhibited only
negative-induced CD signals in this region. The observed induced
CD of X5—YS5 is consistent with an arrangement of pyrenes along
the minor groove of a duplex RNA. A positive Cotton effect in the
CD at the pyrene absorption region has been observed for the four-
pyrene-modified RNA duplexes (P4-rAy)."!

In summary, our strategy of pyrene modification of RNA is useful
for constructing a pyrene-zipper array in which formation is
controllable by RNA hybridization. These results provide important
insights for the development of RNA architectures that conduct
excitation energy and charges.
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