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between stilbene derivatives; the duplex pre-organizes the substrates avoiding the need for an
DOI: 10.1039/x0xx00000x association step. Unmodified stilbenes were first introduced at base-pairing positions on

complementary DNA strands. The duplex was then irradiated with 340 nm UV light. HPLC analyses
www.rsc.org/ revealed that [2+2] photodimerization proceeded rapidly without side reactions. Thus, it was
confirmed that the DNA duplex could be used as an ideal scaffold for [2+2] photodimerization of
stilbenes. Next, we examined homo-photodimerization abilities of various stilbene derivatives.
Homo-photodimerization of p-cyanostilbene, p-methylstilbazolium, and p-stilbazole occurred
efficiently, whereas homo-photodimerization of p-dimethylaminostilbene and p-nitrostilbene did
not proceed at all, probably because the reaction was quenched by dimethylamino and nitro groups.
Time-dependent density functional theory calculations revealed that excitation energy was
correlated with quantum yield. We further investigated hetero-photodimerization. These reactions
were made possible by use of two complementary oligodeoxyribonucleotides tethering different
stilbene derivatives. Reactivities in hetero-photodimerization were highly dependent on the
combination of derivatives. A high correlation was observed between the quantum yields and
energy gaps of HOMO and LUMO between reactive derivatives. Unexpectedly, nitrostilbene, which
was non-reactive in homo-photodimerization, cross-reacted with p-methylstilbazolium and p-
stilbazole, both of which had close HOMO or LUMO with nitrostilbene. Evaluation of the intrinsic
reactivity of homo- and hetero-photodimerization of stilbene derivatives was made possible by use
of DNA as a scaffold.

Introduction interaction&!* reactivites remain dependent on dimel
h hotodi L ¢ stilb has beé aggregate formation. Furthermore, to the best otkaowledge,
T_ € [2+_2] p _oto |m§r|zz1t|on Oh sti en_esd ZS e_ rnnt.efrest it has not been possible to evaluate hetero stlben

smce C|§m|C|an an _Slver ¢ farac'_[erlz_e .|mem1mto E- photodimerization (i.e. cross-reaction betweentte different
stilbene in 1902. This photodimerization is used for thederivatives)
_synthes§ of cycalobutane derivatives, in pglymeﬁbgses, agd Previously we developed a unique method for prar
in crosslinking® ° The effects of concentratichand solvents

hotodimerizati ¢ <tilb h b P of a dye assembly within a DNA dupléx.t® we utilize D-
on p. (_)FO imerization o St'_ enes ave_ gen evatian threoninol as a scaffold for the functional moleguand this
reactivities of several stilbene derivatives haveserb

. ) ) . residue can be introduced at any position and ynrarmber in
investigated. However, since most photo-cycloadditions arg. oligodeoxyribonucleotide (ODN) or an oligoribaientide
cpnducted.under conditions in which stilbene monsmare using standard solid-phase synthesis techniquesdurction of
dispersed |_n solvent, molecules must form an aggfae_(;or 2 the base surrogates at base-pairing positions mpEmentary
clgster) prlo.r t(_) the photoreaction. Hence, rgm of strands allows controlled dimer aggregate formatiathin the
stilbene derivatives are dependent on the abilitythese duplex. Heterodimers are prepared by hybridizing strands
derivatives to aggregate. Furthermore, monomeilizeste also each of which involves a different dye. We demaatstl that
undergoes  transto-cis  photoisomerization, SUbSequen&zobenzene dimer formation occurs in an anti-paratlanner
cyclization and irreversible phenanthrene formatioia scaffolded by ODN duplexes using NMR structural lgsia.
oxidation. Accordingly, it was very difficult to skinguish That the duplex containing dimers or higher ordggragates

||ntr|n3|chreactt|)vmes from prdoper]sny to aggragaAlthou_gh were unwounded relative to an unmodified duplex slagwn
clusters have been prepared using nanocages attvégtive by circular dichroism analyses.
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photocrosslinking and photoligation that will be eds in
mﬁﬁm biotechnology-*%°
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Scheme 1. Schematic illustration of [2+2] photodimerization inside a DNA duplex.
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Here, we utilized an ODN duplex as a scaffold fc o1

systematic investigation of [2+2] photodimerizatiol o . ;

between stilbene derivatives whose photoreacts/iiave 300 mwm 360 380 4% 00 30 380 360 380
K . . A . avelength / nm Wavelength / nm

not yet been examined in detail. Introduction dfbene Figure 2. UV-vis spectra of Sa/Sb (blue) and Sa/N (red). (b) Sa/Sb before and

derivatives into base-paring positions of ODNs Wia after indicated duration of UV irradiation (340 nm). Solution conditions were 5.0

threoninol allowed us to firmly fix homo- and heidimer *M DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 20 °C.

aggregates before photo-irradiation. Upon 340 nm UV

|rrald|at.|on, the [2+2] photodllmerlzatllon of stilen Results and discussion

derivatives occurs and duplex is crosslinked (Sahdm

Recently, we examined photodimerization m&tilbazole Photochemical Properties of Stilbene-Modified ODN ad

derivatives to demonstrate that the surrogate Bia Analysis of [2+2] Photodimerization of Homodimer Agregate.

threoninol can orthgggnally pair .W'th the sar.ne.sgate Figure 1 show the chemical structures of the sibete

and serve as an a;tlflmal base pair for photosi'mbn.g of derivatives studied.

an ODN dupleX! We found that photodimerization

In the present study, in aolditto the
o ) i previously reported stilbazole derivativgsstilbazole B) and
proceeds very efficiently in the duplex scaffoldtivaut , \oyhvistilbazolium Z), we have newly synthesized stilbene

other side reaFt'of‘S sugh as photmsomgrlz’atlon and p-cyanostilbene ¢y), the stilbene derivatives that are
subsequent cyclization. This result strongly intésathat | |\ +5 dimerize upon UV photo-irradiation. Moreoywe
photodimerization of these surrogates reflectsinistc . synthesized p-nitrostilbene 54) and p-

reactio.n ab.ility.. In thg pres.ent. St“‘?'y' we investigl the dimethylaminostilbene §p); these derivatives have not been
photodimerization of six derivatives in DNA duplexe previously characterized. These derivatives warkelil toD-
threoninols and introduced into an ODN via phosphadite
chemistry. Sequences of the ODNs are also shoviigure 1.
First, we prepared the homodimer aggregate of uifiedd

Xa: 5 -GCATCXAGTC-3' (X=S, S, Z, B, S,, S,)
Yb: 3 -CGTAGYTCAG-5' (Y=S,S,,,Z B,S,, S,)
N: 3 -CGTAGTCAG-5'

cN stilbene §) that has been conventionally used for examinirg
_E . O X O -E .y O S O photodimerization and investigated its intrinsicactvity.
s | 5\” s | 5\\“ Figure 2a shows UV-vis spectra of the ho®aSb duplex.
0° N 0° Before photo-irradiationSa/Sb had an absorption maximum at
= e 322 nm, which was 13 nm shorter than that of a@uplith a
. 7z lﬁ/ . AN single S moiety SaN; 335 nm). This hypsochromic shift
ro N ro SN indicates thatS moieties inSal'Sb form an H aggregate before
z j‘\“No B A j\“ photo-irradiation. Similar hypsochromic shifts wewsbserved
i o=‘g_o. L O;}’_ with all the homodimers examined in this study (Ff#fl),
: \os : | demonstrating all derivatives formed a dimer aggteg
: « O . « O > scaffolded by the DNA duplex before photo-irradiati The
B R O { M O absorption band rapidly decreased as a functioimradliation
S, ioo S, T 50 time, and after 1 min, the absorption bandSdfad completely
L o=p-0° L o=p-o disappeared (Fig. 2b). This disappearance ofat band

Figure 1. Sequences of ODNs synthesized in this study_and chemical structures of strongly indicated that the [2+2] photodimerizationcurred
stilbene derivatives. between the two stilbene residues.

The photodimerization reaction was further anadytsy
Their intrinsic  reactivities in  homo- and heteroHPLC (Fig. 3). Before photo-irradiation, two peakkat
photodimerizations were systematically investigatedidentify corresponded to the single-strandg&aand Sb were observed.
those factors that affect reactivity. We believattthe results After 3 min irradiation, the two peaks completeigappeared
reported here complement theoretical investigatfbasd will and a new single peak appeared at a shorter mtetithe.
contribute to better understanding of [2+2] phoyotocaddition MALDI-TOF MS analysis confirmed that this new peaks a
reactions. This strategy will also provide new $odior crosslinkedSa/Sb duplex (Fig. S2). This result unambiguously

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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demonstrates that the duplex was crosslinked via2][2 irradiation ofSya/S,b did not cause any change in the spectrum
photodimerization ofS without any side photoreaction. TheFig. 4b), indicating thap-nitrostilbene did not photodimerize.

peak may involve two diastereomers, derived fromation of o ] ) )

stilbenes as we previously reporfgd. Photodimerization of p-Dimethylaminostilbene.

We then investigated photodimerization of a stibbeerivative

Cross-linked Sa/Sb Sb modified with an electron donating groupsp; the

/ Sa photodimerization behavior of this derivative hast been

\ / previously analyzed. Thekp of the dimethylamino group &

is around 7; therefore, we investigated the photedization of

Sp in both deprotonated (pH 9) and protonated (pldt&bes. At

180 sec pH 9, the absorption maximum appeared at 370 nm, the
0'sec JVL peak shifted to 321 nm at pH 5 due to deconjugatésulting
12 14 16 18 20 22 24 26 28 30 from protonation of the dimethylamino group. Aftermin of
Rt/ min 340 nm irradiation oBpa/Spb at pH 9, no change was observe -
Figure 3. HPLC chromatograms of Sa/Sb under conditions that denature the N the band (Fig. 5a), demonstrating  thatp-
duplex before and after 180 sec UV photo-irradiation (340 nm). dimethylaminostilbene, like p-nitrostilbene, did not

] _ N photodimerize. In striking contrast, when the pnat@d
We also investigated thermal stability of the DNAptex Spa/Spb duplex (pH 5) was irradiated, the band at 321 nrn
before and after photodimerization. Before photadration, rapidly decreased (Fig. 5b). Photodimerization walso
the Ty, of SaSb was 42.4 °C (Fig. S3). And after photoxonfirmed by HPLC and MALDI-TOF MS analyses; no
irradiation, theT,, increased to more than 80 °C, confirminghqesired photoreaction products were observed (5§, S7).
that the duplex is crosslinked. From these reswliésconcluded Thus, p-dimethylaminostilbene does not undergo [2+2]
that [2+2] photodimerization of stilbene occurredthin the photodimerization in the deprotonated state buiciefitly
ODN duplex scaffold and thatans-to-cis photoisomerization photodimerizes in protonated state.
and subsequent cyclization were completely suppdess
(a) (b)
@) (b) 04 04
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300 320 340 360 380 400 300 340 380 420 460 Wavelength / nm Wavelength / nm

Wavelength / nm Wavelength / nm Figure 5. UV-vis spectra of (a) Spa/Spb at pH 9.0 (10 mM Tris buffer) and (b)
Spa/Spb at pH 5.0 (10 mM MES buffer) before and after indicated duration of UV
irradiation (340 nm). Solution conditions were 5.0 uM DNA, 100 mM Nacl, 20 °C.

Figure 4. UV-vis spectra of (a) Scna/Scnb and (b) Saa/Sab before and after
indicated duration of UV irradiation (340 nm). Solution conditions were 5.0 pM
DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 20 °C. Note that UV

spectra in (b) after O sec and 1800 sec overlap with that after 3600 sec almost o . o .
completely. Quantitative Comparison of the Reactivities of Homdimer

Aggregates by Quantum Yield

Photodimerizations of Homodimer Aggregates op- In order to compare intrinsic reactivities of thestibene
Cyanostilbene andp-Nitrostilbene. derivatives quantitatively, we evaluated quantunelds of
Next, we investigated [2+2] homo-photodimerizaticof homo-photodimerization by using the chemical actietry
stilbene derivativesScy and S, with electron-withdrawing Method (Fig. 6 and Table 1). Quantum yields pf
substituents. The UV-vis spectra of the duplexéseting these Methylstilbazolium Z) and p-stilbazole B) are also shown.
moieties,Scna/Scnb and Saa/Sab, are shown in Fig. 4. BeforeAmong the six stilbene derivatives, unsubstitutadbene
photo-irradiation, absorption maximum at 329 nm 864 nm Showed the highest quantum yield, = 0.15. This quantum
were observed forSey and Sa, respectively. Upon photo- yield was lower than that of stilbbene monomer imzmne
irradiation of Scna/Scab, the band at 329 nm rapidly decreasetPlution reported previouslyb& 0.33). The lowered quantum
and the band completely disappeared after 5 minvadiation Yield in the duplex may be attributed to the diéiece of the
(Fig. 4a), which indicates that [2+2] photodimetiaa of Scy,  Solvents or to the quenching by adjacent nuclestifede
occurred. This photodimerization was further canéid by infra). Protonateds, (H") showed the second highest quantum

HPLC and MALDI-TOF (Figs. S4, S5). In contrast, pho Yield (0.036);B, Z, andScy showed almost the same quantun
yields (0.024, 0.017 and 0.022, respectively).dntrast,

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Table 1. Photochemical properties and quantum yieldhomodimers of stilbene derivatives.

Sequence Ama/NF To/"C HOMO/eV* LUMO/eV* AE/e\V° ® (*109)
Sa/Sb 322 42.4 -6.05 -1.72 433 15
Scnva/Senb 329 53.8 -6.28 -2.16 412 2.2
ZalZb 342 51.5 -6.81 -2.98 3.83 1.7
Ba/Bb 322 46.4 -6.39 -1.99 4.40 2.4
Spa/Spb(H+)° 321 37.5 -6.33 -2.05 4.28 3.6
Spa/Spb’ 370 36.7 -5.17 -1.51 3.66 N/A
Spa/Sab 364 58.1 -6.37 -2.61 3.76 N/A

Absorption maximum in UV-vis spectruriMelting temperature of duplex before photo-irraidiat°TD-DF T calculation values from pbelpbe/6-31G*,
solvent; water.’Difference in energies between LUMO and HOMKleasured at pH 3Measured at pH 9.

homodimer aggregates of bo®, and Sy did not undergo
photodimerization reaction at all; their quanturalgs were nil.
Thus, quantum yields of homo-photodimerization highly

dependent on substituents.

In order to elucidate the factors that determieactivities
of homo-photodimerization of stilbene derivativesye
measured or calculated several photochemical ptiepewhich
are listed in Table 1. There was no correlationwken
quantum yields and,,s of duplexes. For instanc8gna/Scnb
had a highefT,, (53.8 °C) tharSaSb (42.4 °C), likely due to
facilitated stacking interaction by the electrorthdrawing
cyano group; however, the quantum yieldsgf,a/Scnb was far

lower than that oSalSh. Since the photodimerization reaction

Sy and Sy did not undergo photodimerization within the
DNA duplex scaffold, which can be explained by cqehléng of
the excited state by nitro and dimethylamino suibstit
groups® In the case ofp, an electron on the dimethylamino
group would be intramolecularly transferred to foram
intramolecular charge transfer state after photatation, and
this would suppress the dimerization reaction.amtolecular
electron transfer quenches fluorescence of dyestisuted with
the dimethylamino groupt Consistently, protonation of
dimethylamino group % (H"), see Fig. 6) allowed
photodimerization (quantum yield increased fromtaiD.036),
which strongly supports our hypothesis.
According to Rulliere et al.,

photo-excited 4-

was conducted at 2tC, T,, may not affect the reaction as aldimethylamino-4'-nitrostilbene undergoes fast liotatof nitro
duplexes should have been stable at this temperatgroup, which facilitates non-radiative decay of ieedt state®

Interestingly, however, we did observe a distinotrelation
between quantum yield and excitation energi & LUMO-
HOMO); the derivatives with highetdE showed higher
quantum vyields, except f@, andSy (vide infra). For example,

In the case 08,, which has a nitro group at tipara-position,
similar fast rotation of nitro group likely resultein non-
radiative decay from an excited state and suppdess~
photodimerization. For other stilbene derivativegjantum

the S moiety, which had the highest quantum vyield ofields of photodimerization correlated strongly wWAE values,

derivatives evaluated, also had among the higdEsvalues.
Caldwell predicted that high singlet energies aeofable for

although further theoretical investigations are uiezd to
validate the proposed mechanism.

photodimerizatiort® 2’ Our experimental results agree with this

prediction except for derivativB: the quantum yield oBa/Bb 16 5.0

was lower than that cda/Sb, whereas its4E was higher than 15 4 L 47

that of S. Protonation of pyridine ring d8 at pH 7 may affect _

the photodimerization efficienc¥. = - r 44 3>
As we noted above, quantum yield of photodimeitrabf X 4 L 4 E

unmodified stilbene in the duplex was lower thaattm the o '

benzene solution. We hypothesize that the lowecieffcy in 2 - - - 3.8

the duplex is due to quenching by the adjacent dase l

quenching of fluorophores by electron transfer from 0 - s ' s ' Z ' B 's (H’)' s ' s 35

nucleobases, especially guanine, has been preyiousl N ° A °

observe&.g In order to investigate effects of the bas@gure 6. Quantum vyields of homo-photodimerizations (bar graph) and

neighboring the stilbene derivatives, ODNs tethgen B, and
Z moieties flanked by AT pairs were synthesized. Ghantum
yields for these modified duplexes were higher ttreose from
duplexes with GC pairs neighboring the stilbeneivdgives
(Table S1), indicating that neighboring guanine ropied the
excited state and inhibited the photodimerizatibhough this
quenching might affect the photochemical reactiaonDNA
duplex, quantum yields remained in the same oiglerg > Z),
irrespective of neighboring nucleobase. So, weckmted that
the qualitative analysis of the photoreactivitiemswot affected
by the flanking native base pairs.

4 | J. Name., 2012, 00, 1-3

calculated excitation energies (line graph). AE=E_umo-Enomo-

Cross-photodimerizations of Heterodimer Aggregates.

Next, we investigated hetero [2+2] photodimerizatithat is,
photodimerization between different stilbene detxes, using
the DNA duplex as a scaffold to place differentiaives in
proximity (Scheme 2). Cross-photoreactivity betwetme

different stilbene derivatives has not yet beeroregu due to
the difficulty in preparing the pre-organized hetimer
aggregate. With our ODN strategy, heterodimer aggpes can
be easily prepared by hybridization of complemgntiNA

This journal is © The Royal Society of Chemistry 2012
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strands tethering different dyes. Here, reactigitef hetero correlated with higher cross-reactivities. The tie&y high
[2+2] photodimerization of combinations of the sklbene reactivity of S may result from a high excitation energy®br
derivatives were systematically investigated by bimimg two from less electron transfer from native nucleobaseshis
complementary ODNs, each of which tethered a differ derivative.

stilbene derivative. We monitored photodimerizatioetween In striking contrast toS and Scy, Z showed the lowest
different derivatives using UV-vis spectroscopy n@@0 nm quantum yield withS, althoughS showed the highest reactivity
UV irradiation (Figs. S10-S16); calculated quantyi@lds are among homo combinations (Figure 7g).showed the highest

summarized in Table 2. quantum yield withZz in complementary strand. The reactivities
of Z also correlated with energy gaps. Derivatidi@sand

Hetero Hetero Sp(H+) showed similar correlations between quantum yielcs
Mﬁmﬁ aggregate dimerization and energy gaps (Figs. S17, S18). These resuleighyr

hv “"” (L indicate that the energy gap between the two stdbe
= A = N0 ‘"" derivatives is an important factor determining tidty of
QMQ@QQ heterodimerizations. Small energy gap is favoréleffective
photodimerization, andce versa.

Scheme 2. Schematic illustration of hetero [2+2] photodimerization using DNA

duplex as a scaffold. (a) 18— 0.0
16 - | o
- P 14 A —A
Table 2.Quantum yields of homo- and hetero-photodimerizetio . - L 0.4
& 10 L 0.6
D(x10) b 2 10 o E
b X S SN z B S S So(H) s 31 [ —=—AHomo [ 08
6 4
S 15 79 008 24 NA NA 6.0 4 | o
SN 8.9 2.2 089 20 N/A N/A 2.8 2 + . { r12
z N/A 0.14 1.7 1.4 0.02 N/A 0.18 0 - T T T T 14
B 28 13 16 24 001 N/A 0.28 SIS SIS S/IZ /B S/SplH)
Sa N/A N/A 0.08 0.04 N/A N/A N/A - _
(b) 9 0.0
Sp° N/A N/A N/A N/A N/A N/A - 8 4 L o2
Sp(H)® 45 1.1 036 031 NA - 3.6 7 '
0.4
6 4
3Measured at pH $Measured at pH 5. g 5 | - 06 >
. L . - X 4 4wmo 1 ge o
Cross-photodimerization among the Reactive Derivaties. e .| - oMo | 2
. - N . L 1.0
Cross-dimerization proceeded for all combinatiohsreactive” 2 r
derivatives §, Scn, B, Z, Sp(H+)), although their reactivities 1 - } . | 12
significantly depended on the counterpart. For aneg, 0 A T T T 14

reactivity with S was in the order o&/S > S/Scy> YSp(H*) > SafS  SafSon Saw/Z  Scw/B S SolH*

SB > S/Z (see first column and first row of Table 2). ©) 2 ot 0.0
Interestingly, the order was completely differemthe series of 18 4 ALUMO L 0.2
Z combination: The order of reactivity w@¢Z > Z/B > Z/Scy L6 1 s AHomo | os
> Z/Sp(HY) > Z/S. This tendency was entirely different from — 12 )
the reactivities in homo combinations, in whists showed the f '1 i 06 3
highest reactivity (Table 2). The reactivity ordeof S 0.8 - 08 E
photodimerizaton was highly correlated with therggegap of 0.6 - 1 ’ - 1.0
the frontier orbitals between the derivatives buaswnot 04 1 1 e
correlated withT,,s (Table S2). Figure 7a shows the quantum 0‘3 _- | 1
yields of photodimerizations and energy gaps ofntiey 25 2se, oz 'zls,,(w) ’

molecular orbitals betwee_ﬁ and each derlva_ltIVMHOMo or Figure 7. Quantum yields of photodimerizations of (a) Sa/Yb, (b) Scna/Yb, (c)
ALUMO). There were significant correlations betwe#Te za/vb (x, Y=S, Z, Sy B, So(H')) duplexes (bar graphs) and energy gaps of HOMO
quantum yields anddAHOMO and ALUMO. The S/S homo or LUMO (line graphs). The energy gaps are displayed in absolute value and the
combination with no energy gap showed the highesingum s "verted:

yield, whereas th&Z pair with the largest energy gap showed

. . Contributions of these frontier orbitals to thectvity of
the smallest quantum vyield. Similar trends wer® albserved . R
. L L . . photodimerization seem reasonable, because both Gl@Nd
in the reactivities ofScy combination as shown in Fig. 7b.

Except for the Sey/S combination, lower energy gaps wereLUMO_Of ez_ich.stllbsene may interact intermoleculédy [2+2]
photodimerizationg?®

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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Cross-reactivity of Non-reactive § or Sy with Other Reactive provide important clues to understanding these réstag
Derivatives. phenomena.

Neither S, nor Sy underwent homo-photodimerizaiton.
Surprisingly, however, botB andZ cross-reacted with inactive
Sa (Fig. 8), although the quantum yield was below’#nd \ye hayve successfully developed a new methodology " o
very small amounts of side products were obseryetiBLC o\ aiuate the [2+2] photodimerization reactivitiet various

(Figs. S19, S20). In contrasy did not cross-react with any ofgijihene derivatives by using a DNA duplex as dfelth When
the stilbene derivatives. These cross-reactivittesnot be 4 duplex tethering a stilbene pair at its centes weadiated

explained simply by the energy gap of HOMO or LUMO. with 340 nm UV light, photodimerization occurredpigly.
UV-vis and HPLC analyses revealed that photodination
(@) (b) proceeded selectively and no side reactions oaodurre
o4 0 sec Protonatedp-dimethylaminostilbene ang-cyanostilbene also
e 03 | e dimerized upon .photo-irragliatiqn, wherq&mitrpstilpene apd
deprotonatedp-dimethylaminostilbene were inactive. Time-

Conclusions

0sec

04 |

03 ——3600 sec

——7200 sec ——7200 sec

Absorbance

‘g o2 | —— 10800 sec 02 ——10800sec dependent density functional theory calculatiordidated that
< excitation energy is correlated with efficient homo
o1 T photodimerization. Homo-photodimerization of p-

0 0 " - s - dimethylaminostilbene ang-nitrostilbene probably did not
300 330 360 390 420 450 300 330 360 390 420 450 proceed due to quenching by dimethylamino and mjtaups,
Wavelength / nm Wavelength / nm

Figure 8. UV-vis spectra of (a) Saa/Zb and (b) Saa/Bb before and after indicated rgspe.ctlvgly. We also mvestlg.at.eq the reactlvnfy h@te.ro-
duration of UV irradiation (340 nm) time. Solution conditions were 5.0 pM DNA, dimerization controlled by hybrldlzmg DNA stranmbstherlng
100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 20 °C. different derivatives. The quantum vyields of hetero
dimerization showed excellent correlation with greergy gaps
Irradiation with 340 nm light excites the stilbederivative of frontier molecular orbitals. Furthermore, we &av
either in strand “a” or “b” in the heterodimer aggate because unexpectedly found that non-reactive nitrostilbeseuld
all the derivatives absorb at 340 nm. For exanipiadiation of photodimerize with stilbazole or methylistilbazoliunThis
X/ISp excites eitherX or Sp, but not both simultaneously, toobservation will lead to further experimental armkdretical
afford eitherX*/Sp or X/Sp*. In both cases, the excited statghechanistic studies and this strategy should preseful for
should be quenched by inter- or intra-moleculargbdransfer photocrosslinking and photoligation in  biotechnglog
from dimethylamino group. Accordingly, the hetenoé@r applications. Although photocycloadditions are asteely
aggregate with S, does not undergo photodimerizatiompplied in biological fields such as crosslinking rucleic
irrespective of the energy gap of HOMO or LUMO. Butthe acids® ¥ their detailed reactivities between nucleobase$ a
case of &, heterodimer aggregate, the decay patX#6, is crosslinkers are still not known. Our results ontehe
different from that ofX/Spy*. In the X/Sy* state,Sp* should photodimerization might illustrate their reactieii by focusing
non-radiatively decay in the same manner as it waulaSy, on energy gaps of HOMO or LUMO between nucleobases
homodimer aggregate; fast rotation of the nitraugrwill result crosslinkers.
in non-radiative decay from an excited state anppsessed
photodimerization. However, excited* in X*/S, cannot be Experimental Section
quenched by the fast rotation of nitro group. Resme energy
transfer (i.e. the energy transfer from the excipdcies to the Materials
unexcited one) might facilitate rapid migration\weenX*/Sx  A|| conventional phosphoramidite monomers, CPG «ols,
andX/S,*, and some oK*/S, may be decayed non-radiativelyang reagents for DNA synthesis were purchased f@ien
via conversion toX/Sa*. In the X*/S, state, however, Research. Other reagents for the syntheses of pbrspidite
formation of the cyclobutane ring can occirandB were both ,onomers were purchased from Tokyo Chemical Inglustr

reactive withS, because either HOMO or LUMO levels wergyako, and Aldrich. Unmodified ODNs were purchaseatrf
close; 4HOMO of B/Sy and ALUMO of Z/S, were 0.02 and |ptegrated DNA Technologies.

0.37 eV, respectively. Accordingly,B and Z cross-

photodimerized withS, although their intrinsic reactivities Synthesis of ODNs

were far smaller than that &f All the modified ODNs were synthesized on an autmma
At present, we cannot propose a clear intermedaate pNA  synthesizer (H-8-SE, Gene World) by using

pathway for the photodimerization reactions of ehesilbene phosphoramidite monomers bearig Scy, Z, B, Sa, Of So.

derivatives. The intermediate electronic statehef tadical ion gyntheses of phosphoramidite monomeBs and Z were

pair as depicted in Fig. S21 is also possiBle® Theoretical reported previously’ S, Scy, Sa, andSp were synthesized as

calculations and ultrafast spectroscopic measuresnevill  gescribed in the Supporting Information. Samplesevimndled

under dark to avoid photoreaction in ambient ligAfter

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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workup, ODNs were purified by reversed phase HPLfd a24104005) from the Ministry of Education, Culturgports,
characterized using a matrix-assisted laser désarfanization Science and Technology, Japan. Partial supporthey Qanon
time-of-flight mass spectrometer (MALDI-TOF; Auteft II, Foundation (to H.A.) is also acknowledged.

Bruker Daltonics). MALDI-TOF MS data for the syn#ieed

ODNSs: Sa, obsd 3071 (calcd forSa + H], 3072); Sb, obsd Notes and References
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[Scna + H], 3097); Senb, obsd 3137 (caled forSkyb + H, Grgduate School of Engineering, Nagoya University, Furo-cho,
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