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Abstract: A solvatochromic fluorophore, PRODAN, has been used as a microenvironment-sensitive reporter.
Based on the chemistry of PRODAN, we designed and synthesized four novel fluorescent nucleosides,
PDNX (X = U, C, A, and G), to which a PRODAN fluorophore was attached at pyrimidine C5 or purine C8.
The fluorescent nucleosides sensitively varied the Stokes shift values depending on the orientational
polarizability of the solvent. The PPNX incorporated into DNA also changed the Stokes shift values depending
on the DNA structure. In particular, the excitation spectrum of the PPNX-containing duplex shifted to a longer
wavelength and gave a smaller Stokes shift value when the base opposite PPNX could form a Watson—
Crick base pair with PPNX. A lower energy excitation of PPNX-containing DNA resulted in a strong fluorescence
emission selective to the Watson—Crick pairing base. This unique photochemical character was applicable
to the efficient typing of single-nucleotide polymorphisms of genes.
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ecules play important roles in mediating the interactions etV\’eenfluorophores and the orientational polarizabilities of the solvents,

biomolecules. In particular, monitoring the microenvironmental based on the dipole interaction theory of Lippert and Mataga
change in conformation, polarity, viscosity, and charge around The well-known solvatochromic fluorophore 6-propionyl-2-
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0o (o] o] NH, Results and Discussion
N 4 ~ i Synthesis and Photochemical Properties 6f°NU Nucleo-
']‘ HO N="0 ’\|' Ho N"70 side. Synthesis of the novel deoxyuridine-based fluorescent
') 0 nucleoside is outlined in Scheme 1. 6-Dimethylamino-2-
PNy \? PDNG \?‘ naphthaldehydel was prepared according to the method
H H reported in the literatur® Addition of lithium acetylide tol
/ / provided the corresponding coupling product, which was
—N —N subsequently deprotected with sodium methoxide to givk
C O 3,5 -protected 5-iodo-2deoxyuridine was condensed wRto
O NH, O 0 yield compound via Sonogashira coupling. Hydrogenation of
wa NfLNH 3 followed by oxidation with tetrapropylammonium perruthenate
© N |N/J © N IN/ANH produced4, which was then desilylated to afford the free
HO o HO o z nucleosides (PPNU).
PDNp - PDNG \%‘ We initially examined the photochemical properties@jfu

nucleosides in different solvents. The fluorescence excitation
spectra shifted depending on the nature of the solvent (Figure
2a and Table 1). From molecular orbital calculations, the first
absorption band of PRODAN has been characterized by three
different electronic transition. Excitation bands around 360
The inside of the grooves of the DNA helix is more and 380 nm of®NU correspond to the* — x transition and

hydrophobic than bulk water, and electron-rich heteroatoms of the€ 7* — n transition, respectively. The higher energy band
the natural bases are exposed to the surface of the major groove Predominates in nonpolar solvents, whereas the lower energy
We presumed that a heterogeneous environmental change at _Qand gontrlbutes progressively more to the excnatlon_spectra
specific site of DNA could be read out as fluorescent signals if " protic solvents. These spectral changes can be attributed to
the PRODAN is anchored to the surface of the major groove. SPecific interactions, such as hydrogen bonds, betv&&d

Therefore, we have designed novel fluorescent nucleosidesand solvent molecules. A series of emission spectra showed
possessing structures such that PRODAN is located at theSolvent-dependent shifts of the fluorescence emission. Thus, the

Figure 1. Structure of PRODAN-labeled nucleosic¥X.

of PRODAN derivatives are strongly influenced by heteroge-
neous environmental factors in contact with the chromophore
in the ground statg.

surface of the major groove of the duplex.

In this paper, we report the synthesis of a new type of
PRODAN-labeled nucleosid€{NX, X = U, C, A, and G) and
the photochemical properties of oligodeoxyribonucleotides
(ODNSs) containing them (Figure 1FPNX incorporated into
DNA exhibited unique photochemical behavior in sensitive
response to the nature of the complementary ba88"o. The
shift of the excitation spectra of PRODAN as a function of the
base oppositBPNX resulted in the base-selective fluorescence
emission by PRODAN as the result of lower energy excitation.

Stokes shift, the difference in wavenumbers between excitation
maximum and emission maximum, greatly changed with solvent
polarity (Figure 2b and Table 1). The change in the Stokes shift
(Av) was roughly proportional to the orientational polarizability
(Af) of the solvent, obeying the dipole interaction theory of
Lippert and Mataga (Figure 28f:PNU in protic solvents showed

a larger solvatochromic shift, suggesting the existence of specific
solute-solvent interactions, such as hydrogen bondiguch
solvatochromic behavior of®NU would make possible the
fluorometric detection of the microstructural changes in DNA

This unique photochemical character is applicable to the efficient through incorporation of’°®U into DNA and subsequent

typing of single-nucleotide polymorphisms in genes.
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a Reagents and conditions: (a) trimethylsilylacetylene, 1.6\BuLi, THF, —78 °C, 30 min, 92%; (b) 0.1 M sodium methoxide, methanol, room
temperature, 1 h, 97%; (c) 5-iodocB5 O-bis(tert-butyldimethylsilyl)-2-deoxyuridine, tetrakis(triphenylphosphine)palladium(0), copper(l) iodide, triethylamine,
DMF, room temperature, 5 h, 93%; (d) 10% Pd/C, methanglrébm temperature, 9 h, 72%; (e) tetrapropylammonium perruthenate, 4-methylmorpholine
N-oxide, 4 A MS, dichloromethane, room temperature, 1 h, 85%4l (¥l tetrabutylammonium fluoride, room temperature, 12 h, 82%; (d)dimethoxytrityl
chloride, pyridine, room temperature, 4 h, 93%; (#®rfN),PO(CH).CN, 1H-tetrazole, acetonitrile, room temperature, 30 min.
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(@) Table 1. Photochemical Properties of PPNU Nucleoside 5 in
1.0 - — 1 Different Solvents?
2
N solvents Aexmax (NM) Aemmax (NM) (o) Av (cm™) Afb
2 08 N ,
2 4 aprotic
£ HMPA 362 449 0.553 5373 0.260
= 06 - DMSO 371 465 0.413 5487 0.265
N DMF 363 462 0.361 5918 0.275
g 04 acetonitrile 360 472 0.417 6609 0.306
2 \ protic
02 2-propanol 371 481 0.325 6164 0.275
) glycol 382 508 0.168 6479 0.276
ethanol 371 491 0.281 6600 0.289
0 ; : . ; = water 380 524 0.033 7238 0.320
300 325 350 375 400 425 450
Wavelanath / nm aConditions: 2.5«M PPNU nucleosides in different solvents at 25C.
bOrientational polarizabilitiy £f) is defined byAf = (¢ — 1)/(2¢ + 1) —
®) (2 — 1)/2n2 + 1).
1.0 - 1 ) )
Table 2. ODNs Used in This Study
% 08 sequences
& ODNZ1(PPNU) 5'-d(CGCAAC’PNUCAACGC)-3
£ 46 | ODNZ1(PPNC) 5-d(CGCAAC’PNCCAACGC)-3
2 ODNZ1(PPNA) 5-d(CGCAAC’PNACAACGC)-3
T ODNZ1(PPNG) 5-d(CGCAAC’PNGCAACGC)-3
E 047 ODNZ'(N) 5-d(GCGTTGNGTTGCG)-3
= (N=A,G,T,orC)
02 - ODN2(PPNU) 5-d(CGCAATPPNUTAACGC)-3
ODN2'(N) 5-d(GCGTTANATTGCG)-3
0 / . (N=A,G,T,orC)
' i ' i i ODNwrHer (PPNU) 5-d(GAGPPNUCGATTTCAT)-3
350 400 450 500 550 600 650 ODNurier (PC) 5-d(GAGPCCGATTTCAT)-3
Wavelength / nm
(c) 7500 . )
R between the chromophore and surroundings in the ground state
in addition to interaction with water molecules. As described
’-5 6300 - above, the higher energy band around 380 nm in the excitation
= a . spectra corresponds to the — n transition with charge-transfer
Ty ‘4 character. Previous reports have suggested that this electronic
5 A transition band might be greatly stabilized by interactions
L:" . between the dimethylamino group or carbonyl group of the
» 5700 | PRODAN chromophore and specific functional groups, such
W as ester linkage, ether linkage, hydroxy residue, and amide
5100 linkage? In the duplex, the PRODAN chromophore that is
0.25 027 0.29 051 0.3 attached to the uracil base at the C5 position via a short linker
Orientational Polarizability (Af) could be anchored to the vicinity of the surface in the major

Figure 2. Photochemical behavior 6PNU nucleosides. (a) Normalized groove because of stable base pairing with an adenine base.

excitation spectra in different solvents. Signal 1, HMPA; signal 2, The bathochromic shift of the excitation spectra in the fully

acetonitrile; signal 3, ethanol; signal 4, ethylene glycol. (b) Normalized matched duplex might originate from the electronic interactions

emission spectra in different solvents. Signal 1, HMPA,; signal 2, acetonitrile;

signal 3, ethanol; signal 4, ethylene glycol. (c) Lippert plot of Stokes shift between the PRODAN chromophore and the heter(_)atoms

in wavenumbersAv) against the orientational polarizabilit{) of aprotic exposed on the surface of the DNA duplex. Althoghu in

(®) and protic &) solvents. the single strand would also interact with the heteroatoms of

. oON o ooN ) the DNA bases, a smaller bathochromic effect could result

Photochemistry of">"U-Containing DNA. "®™J nucleoside  pecause of the lack of a tight interaction by effective interchain

5 was incorporated efficiently into an ODN according to @ giffusion in the single-stranded state. The emission maxima of

conventional phosphoramidite method after protectiob aifid the free nucleoside, the single-strand@BN1(°P°NU), and the
conversion into the phosphoramidite fon(Scheme 1). We

examined the photochemical properties of the single-stranded (8) (a) Viard, M.; Gallay, J.; Vincent, M.; Meyer, O.; Robert, B.; Paternostre,
M. Biophys. J.1997, 73, 2221-2234. (b) Parasassi, T.; Krasnowska, E.

ODN1(°PNU), 5-d(CGCAACPNUCAACGC)-3, and the du- K.; Bagatolli, L. Gratton, E.J. Fluorescencel998 8, 365-373. (c)
plex formed by hybridization withODN1'(A), 5-d(GCGT- Bagatolli, L. A.; Parasassi, T.; Fidelio, G._D.; Grattoq, Photochem.
TGAGTTGCG)-3 (Table 2). Excitation maxima 6PNU were B oot 70, 2003204 Sre, O Alpert, B Royer, C. A

i i in si - (9) (@) Lamm, G.; Pack, G. R. Phys. Chenil997, 101, 959-965. (b) Young,
observed at 380 nm in the free nucleoside, at 389 nm in single M A Dayaram. B.. Beveridg. . L. Phys. Chem. B998 102 7666-

stranded ODN, and at 404 nm in the duplex form. The excitation 7660.
PDN| |. ini H (10) List, B.; Barbas, C. F., lll; Lerner, R. AProc. Natl. Acad. Sci. U.S.A.
spectra_ofPDNU gontammg ODNs_compared with the free 1008 95 1535L. 15355,
nucleosidePPMU in aqueous solution showed larger batho- (11) liich, P.; Prendergast, F. @. Phys. Chem1989 93, 4441-4447.
; ; ; i irr (12) (a) Jozefowicz, M.; Kozyra, K. A.; Heldt, J. R.; Heldt, Ghem. Phys.
_Chl’0m|C S_hlft_S (Flgure 3a and Tat_)le 3)' The _O.I’Igln Qf the Shlft 2005 320, 45-53. (b) Zurawsky, W. P.; Scarlata, S. F. Phys. Chem.
in the excitation spectra was ascribed to additional interactions 1992 96, 6012-6016.
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(a) spectra on emission wavelength suggests that the photochemical
1.0 1 behavior of the DNA-tethered chromophore would be affected
- by heterogeneous interactions not only with bulk water mol-
fa 08 ecules but also with other factors, such as the identity of the
£ 6 heteroatoms of the DNA bases.
E ' The effect on the Stokes shift of the heterogeneity in the
2 04| microenvironment aroun8° U may be increased by a large
s restriction in mobility due to stable base pair formatiof®fu
0.2 incorporated into a fully matched duplex. Therefore, we assumed
that when the complementary baseP8MNU is a mismatched
i} - - . - . T base (i.e., N= C, G, and T), an increase in the flexibility of
S00 350 400 450 500 S50 600 650 PDNY due to the failure of base pairing would result in a decrease
Wavelength /nm in heterogeneous interactions. Before measuring the excitation
(b) 406 and emission spectra, we examined the duplex stabilities of
ODNZ1(°PNU) hybridized with the complementary strand
200 | 3 . F ODN1'(N) (N = A, C, G, or T) (Table 3). The melting
E 3 temperatureT) of ODN1(PPNU)/ODN1'(A) (60 °C) was close
E 304 | 3 to the Ty, of the “native” T/A duplex (61°C), showing that the
E 3 2 PRODAN-labeled DNA formed a thermally stable duplex. On
= s s the other hand, th&,, values observed for mismatched duplexes
§ 3887 s = were 4 to °C lower than that o©ODN1(°PPNU)/ODN1'(A), and
g £ ; the stability of mismatched duplexes decreased in the order N
4 ey 1 =G, T, and C ofODNT'(N).
- The destabilization of duplexes due to the failure of base

pairing influenced the photochemical behavioQidN1(PPNU).
Measurements of the excitation spectra of 2/8 of the

. . . L ODN1(°PNU)/ODN1'(N) duplex in sodium phosphate buffer
Figure 3. Comparison of the fluorescence excitation and emission spectra _ .
of PPNU nucleosidePPNU in a single-stranded DNA, arftPNU in a duplex (pH __7'0) were perfor_me_d at the emission w_avelength of 520
DNA. (a) Fluorescence excitation (left) and emission (right) spectra of nm (Figure 4). The excitation spectra of the mismatched duplex
nucleoside5 (1, blue), single-stranded (2, black), and duplex (3, red). were changed significantly by the nature of the complementary

Excitation spectra were measured for emission at a wavelength of 520 nm, : P
and emission spectra were excited at 380, 389, and 404 nm for nucleoside,base' When the base opposiidU is C, G, and T, excitation

single-stranded, and duplex, respectively. (b) Blue edge effect. FluorescencéNaxima were observed at 390, 400, and 398 nm, respectively.
excitation maxima of nucleosidg(1, blue), single-stranded (2, black), and  These wavelengths were shorter than the excitation maximum

duplex (3, red) are plotted against the emission wavelength at the blue edgegf the matched duple@DNl(PDNU)/ODNl' (A). The unique
of the fluorescence spectra. . . A
spectral shifts in the excitation spectra are valuable for

duplexODN1(PPNU)/ODNI'(A) were observed at 524, 520, and discrimination of the nature of the base located at the opposite
522 nm, respectively, and thus their Stokes shift values showedSit€ Of F;DD’\:QU by use ,Of red-edge excitation. The absorbance of
great variation, corresponding to 7238, 6476, and 5559'cm ODN1(""NU)/ODNY' (A) at 450 nm was considerably larger

respectively. Smaller Stokes shifts might indicate that the than th%ie of othe,r duplexes. The fluorescence spectrum of
position of the PRODAN chromophore would be restricted to OPN1(°*"U)/ODN1'(A) exhibited a strong fluorescence at 522

the vicinity of the hydrophobic surface in the major groove. NM On excitation at 450 nmd = 0.201), whereas the
The restriction in mobility of the fluorophore upon binding to  fluorescence of single-strand@DN1(">"U) and mismatched
DNA gives rise to the viscosity effect in the photochemical OPNI1(PMU)ODNI(N) (N =C, G, or T) duplexes were much
properties In general, when the fluorophore positioned in rigid  Weaker (Figure 4). The emission maximum in mismatched
and viscous media can be stabilized by heterogeneous interacduPlexes was slightly affected by alteration of the complemen-
tions with the surroundings in the ground state, the excitation @y base of®"U (lem = 518-521 nm), and based on these
spectra measured at the blue edge of the fluorescence signal idata, the Stokes shifts of mismatched duplexes were calculated
shifted to shorter wavelengths as a function of emission @S 6373, 5806, and 5858 crfor N =C, G, and T, respectively.

wavelength Figure 3b shows a plot of excitation maximum The Stokes shift increased with an increase in the thermal
against each wavelength at the blue edge region of the Stability of the duplexes. This relationship indicates that the
fluorescence spectra. Excitation spectra of¥fJ nucleoside ~ formation of a stable base pair may be correlated with the
exhibited little change, whereas large bathochromic shifts of 9eneration of interactions between the PRODAN'®U and
the excitation maximum were observed in the cas€dU heteroatoms of the groove surface affecting the decrease in

incorporated into DNA lex = 5 nm in the single-stranded ~ Stokes shift.
state Adex= 11 nm in the duplex). The dependence of excitation ~ The Stokes shift of®™ U varied greatly depending on the
nature of the base opposfteNU. On the other hand, the effect

(13) (a) Okamoto, A.; Tainaka, K.; Nishiza, K.-i.; Saito,Jl. Am. Chem. Soc. H H N| i
5305 127 13108- 13150 (b) Balter AJ. Fliorasconcd 097 7. 890~ of the flanking base pair dPNU on the Stokes shift was small.

460 470 480 490 500 510 520
Emission Wavelength / nm

105. (c) Bajorek, A.; Pezkowski, JMacromolecule4998 31, 86— ODN's containing the-TPPNUT— sequence®QDN2(PPNU), were
95. L ;

(14) (2) Demchenko, A. RLuminescenc@002 17, 19-42. (b) Paviovich, V. prepared, and the fluorescence of duplexes hybridized with the
S.Zh. Prikl. Spekir1976 25, 480-487. complementary stran@DNZ2'(N) was measured. The photo-
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Table 3. Photochemical Properties? and Melting Temperatures (Tm)? of PPNU-Containing ODNs

entry ODN lex max (nm) lem. max (nm) Irelc (DF Av (Cmil) Tm (oc)

1 ODNZ1(°PNU) 389 520 0.273 0.179 6476

2 ODNZ1(°PNU)/ODN1'(A) 404 522 1 0.201 5559 60.0
3 ODN1(PPNU)/ODN1'(C) 390 518 0.289 0.115 6373 50.7
4 ODNZ(PPNU)/ODN1(G) 400 521 0.392 0.068 5806 56.3
5 ODNZ1(PPNU)/ODN1'(T) 398 519 0.290 0.073 5858 53.5
6 ODN2(PPNU) 389 517 0.243 0.077 6365

7 ODN2(PPNU)/ODN2'(A) 406 518 1 0.212 5326 50.6
8 ODN2(PPNU)/ODN2'(C) 395 518 0.346 0.143 6011 427
9 ODN2(°PNU)/ODN2'(G) 401 518 0.344 0.073 5634 46.1
10 ODN2(PPNU)/ODN2'(T) 399 516 0.406 0.091 5689 45.9

aConditions: The duplexes (2/8V) were measured in 50 mM sodium phosphate §H.0) and 0.1 M sodium chloride at 2&. The absorbance of
the samples was monitored at 260 nm from 10 t®G@0°Relative fluorescence intensities were monitored at 520 nm after excitation at 450 nm.

10 A L 10 1.0 1 F 1.0
= 3

z o z g
5 08 F 08 2 £ 08 r 08 2
: :
S 06 L 06 5 B 06 - 08 3
= o ] i =
g 04 L 0.4 g E 0.4 04 g
g 8 E 3
S 5 E o2 L 02 3
g 02 1 - 02 3 S z
=} o,
= = 0 0

0 0 350 400 450 500 550 600 650

350 400 450 500 550 600 650
wavelength / nm

Wavelength / nm

Figure 5. Fluorescence excitation and emission spectr@@N1(°PNC)/

Figure 4. Fluorescence excitation and emission spectr@DN1(PPNU)/ ODNZ'(N). Normalized excitation (left) and relative emission (right) spectra
ODNZ'(N). Normalized excitation (left) and relative emission (right) spectra  of 2.54M ODN1(PPNC) hybridized with 2.54M ODNZ1'(N) were measured

of 2.54M ODNZ1(PPNU) hybridized with 2.5«M ODNZ1'(N) were measured in 50 mM sodium phosphate (pH 7.0) and 0.1 M sodium chloride at 25

in 50 mM sodium phosphate (pH 7.0) and 0.1 M sodium chloride at 25  °C. “s.s.” denotes a single-strand®®N1(°PNC). Excitation spectra were

°C. “s.s.” denotes a single-strand@®N1(°PNU). Excitation spectra were measured for the 450 nm emission wavelength, and excitation spectra were
measured for the 450 nm emission wavelength, and excitation spectra weremeasured for the 520 nm emission wavelength.

measured for the 520 nm emission wavelength.

Oxidation of 8 with tetrapropylammonium perruthenate pro-

chemical properties of the duplexes are summarized in TableOluced PRODAN-labeled C derivati@ The protective group
. DN !
3. The melting temperature @DN2("®"U)/ODN2 (A) was 4 of 9 was converted from a labile formamidine grétipo an

to 8 °C higher than those of mismatched duplexes. The higher . . .

o .~ acetyl group, which was subsequently desilylated to di9e
thh(?frtma;l titab")'(t%tc’ftiths dupl(?r( was;c;lrllow(;ad t:y the :)namoc\k/]r?mm fThe deoxyribose 'shydroxy group of10 was protected with
fh Sot ke € ﬁif? ig Sp?ri”araf hi en tec tehase hot eh ?nlfe (IJ the 4,4-dimethoxytrityl group, and then the resulting nucleoside

e olokes s a similar 1ashion fo the pholochemical ¢ converted into the phosphoramidite ThePPNC-containing

i PDN 4 -
Es:sz?r:tg:;?rvoefdt;ﬂ?lw1r(nat(¥1)e/ggmzl (gﬁ%U)T/geDiluz(?(r/if ODN, ODN1(°PNC), was synthesized usintl, and then the
Y y excitation and emission spectra@DN1(*PNC) hybridized with

duplex was relatively highdr = 0.212) on excitation at 450 OODNl’(N) were measured (Figure 5). The excitation maxima

nm, whereas the fluorescence emissions of the single-strande . .
f . f single-strande@DN1(PPNC) and mismatched duplexes were
DN2(°PN he®DN2(PPNUYODN2Z(N) N = ° , W
© (""U) and mismatche® (PrU)yo (N) ( Pbserved at 388391 nm. On the other hand, the excitation

C, G, or T) duplexes were suppressed. The fluorescence behavio ; ,

of ODN2(°PNU) suggests that the effect of the nature of the maximum OfO_DN;(PDNC)/ODNl (G) was observed at 41.0 nm,

neighboring base pair on the photochemical behaviciede a shift to a significantly longer wavelength of approximately
20 nm. In addition, the bathochromic effect on the excitation

is not significant. . .
Photochemistry of PPNC-Containing DNA. Because the spectrum in a fully matched duplex resulted in the lowest value
. i o " . :
novel fluorescent deoxyuridif®NU displayed a sharp change of Stokes shift fv = 5522 cmr), while t_he_ Stokes shifts of
other duplexes were calculated to be within the range 6491 to

in the Stokes shift in response to the nature of the complemen- .
6762 cnTl. The melting temperature @DN1(PPNC)/ODN1'(G)

tary base, we assumed that the analogous C derivatiNeY - ,
would also exhibit a complementary base-dependent Stokes shiftVas 9 to 1I°C higher than that of mismatched duplexes (Table
4), suggesting that the base pair stability affects the variation

change in a similar fashion &NU. The synthetic route for ) . ;
PDNC s outlined in Scheme S1 (Supporting Information). The of Stok_es shift thr_ough heterogeneous microenvironmental
fluorophore precursa was coupled with 35-bissilyl-5-iodo- factors in contact with the PRODAN chromophore. The use of

2'-deoxycytidine under Sonogashira coupling conditions to
(15) (a) Zemlicka, J.; Chiek, S.; Holy, A.; Smrt, JCollect. Czech. Chem.

produce?. After hydrogenation of7, the C4 amino group of Commun1966 31, 3198-3211. (b) Vincent, S.; Mioskowski, C.; Lebeau,
cytosine was protected by a formamidine group to yigld L. J. Org. Chem1999 64, 991-997.
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Table 4. Photochemical Properties? and Melting Temperatures (Tm)? of PPNX-Containing ODNs

entry ODN lex max (nm) lem max (nm) het® (I)F Av (Cmil) Tm(oc)

1 ODNZ1(°PNC) 390 525 0.410 0.070 6593

2 ODNZ1(°PNC)/ODN1'(A) 391 525 0.328 0.053 6528 55.6
3 ODNZ1(PPNC)/ODN1'(C) 388 526 0.365 0.055 6762 54.5
4 ODN1(PPNC)/ODN1(G) 410 530 1 0.077 5522 65.3
5 ODNZ1(PPNC)/ODN1'(T) 391 524 0.471 0.065 6491 56.2
6 ODNZ1(PPNA) 3901 522 0.260 0.096 6418

7 ODNZ1(PPNA)/ODN1'(A) 382 526 0.179 0.080 7167 57.6
8 ODNZ1(PPNA)/ODN1'(C) 394 526 0.322 0.069 6369 55.8
9 ODNZL(°PNA)/ODN1'(G) 397 522 0.664 0.167 6032 56.7
10 ODNZ1(PPNA)/ODN1'(T) 405 517 1 0.202 5349 60.3
11 ODN1(PPNG) 391 524 0.290 0.121 6491

12 ODN1(PPNG)/ODN1'(A) 373 515 0.167 0.072 7392 57.5
13 ODNZ1(PPNG)/ODNI'(C) 406 519 1 0.128 5363 64.4
14 ODN1(PPNG)/ODN1'(G) 381 521 0.191 0.097 7053 60.3
15 ODNZ1(°PNG)/ODN1'(T) 398 524 0.750 0.113 6042 57.9

aConditions: The duplexes (2/8V) were measured in 50 mM sodium phosphate §H.0) and 0.1 M sodium chloride at 2&. PThe absorbance of
the samples was monitored at 260 nm from 10 to®G0°Relative fluorescence intensities were monitored at 520 nm after excitation at 450 nm.

excitation at a longer wavelengthe({ = 450 nm) gave a highly (a) 10 10
G-selective fluorescence emission fr@®N1(°°NC)/ODN1'(N) z Ta
(Figure 5). % 5
Photochemistry of PPNA- and PPNG-Containing DNA. £ 08 08 3
PRODAN tethered to pyrimidine C6 resided in a duplex major § g
groove and resulted in a base-selective decrease in the Stokes £ 06 06 3
shift. Therefore, because substituents attached at the purine C8 3 §
position are placed at the side of the major groove, the purine 3§ 04 - 04 8
derivatives,"PNA and PPNG, in which PRODAN was attached S =3
to the purine C8 position, should exhibit photochemical character g 02 02 %
in a similar fashion to those observed f&NU andPPNC. These = g
fluorescent purines were synthesized according to Scheme S2 0 . 0
(Supporting Information), and the fluorescence and thermal 350 400 450 500 550 600 650
denaturation experiments were conducted under the conditions Wavelength / nm
described above. The Stokes shift§®fA andPPNG were also
significantly changed depending on the nature of the opposite  (b)
base (Table 4 and Figure 6). The bathochromic effect on the > 1.0 - 10 2
excitation spectra in fully matched duplexes resulted in the @ Y
lowest value of Stokes shiftA¢y = 5349 and 5363 cri for £ o0s8 L 08 §
PDNA and PPNG, respectively). On the other hand, the maxima ¢ Z
of the excitation spectra and the Stokes shift values of % 0.6 L 06 %
mismatched duplexes varied widely. THeDN1(PPNA)/ E 8
ODNZI'(A) and ODN1(*°NG)/ODNZ1'(A) duplexes exhibited e 04 L o4 3
very large Stokes shifts, whereas the relatively small Stokes & ;
shifts of ODN1(°PNA)/ODN1'(G) andODN1(°PNG)/ODN1'(T) e 0.2 L o2 T
showed significantly high fluorescence intensities on excitation 23 ’ ' E
at 450 nm. Substitution at purine C8 may induce the formation 0 0

of wobble WatsorCrick base pairs or Hoogsteen base pairs
by a conformational transitiot¥,which modulates the interaction
between the chromophore and the microenvironment factors.

Figure 6. Fluorescence excitation and emission spectr@DN1(°PNX)/

Application to Multicolored Genotyping. These marked ODNZ'(N) (X = (a) A and (b) G). Normalized excitation (left) and relative

changes in the photochemical behavior F®NX-containing emission (right) spectra of 28\ ODN1(°PNX) hybridized with 2.5«M
DNAs that are dependent on the nature of the complementaryODN1'(N) were measured in 50 mM sodium phosphate ¢pH.0) and
base may play a key role in a facile genotyping assay. We have0-1 M sodium chloride at 28C. “s.s.” denotes a single-strand@®N1(FPNX).

. v d | db discriminating fi t | Excitation spectra were measured for the 450 nm emission wavelength,
p.reVIous y deve opg ase-discrimina ".19 uorescen rluc e(?- and excitation spectra were measured for the 520 nm emission wavelength.
sides (BDF nucleosides) that change their fluorescence intensity o o o
depending on the nature of the nucleoside pairing with the BDF cally identified with high accuracy. A DNA probe containing a
nucleosideée17 By hybridization of a probe containing a BDF  typical BDF nucleosid&C exhibits a strong fluorescence when
nucleoside with a target DNA, the type of single-nucleotide @ "/C/G base pair is formed by hybridization with a comple-

polymorphism (SNP) base in the target DNA was fluorometri-

350 400 450 500 550 600 650
Wavelength / nm

(17) (a) Okamoto, A.; Saito, Y.; Saito, J. Photochem. Photobiol. 2005 6,
108-122. (b) Okamoto, ABull. Chem. Soc. Jpr2005 78, 2083-2097.

(16) Bloomfield, V. A.; Crothers, D. M.; Tinoco, |., Jucleic Acids: Structures, (c) Okamoto, A.; Tainaka, K.; Ochi, Y.; Kanatani, K.; SaitoMol. BioSyst.
Properties, and Function&Jniversity Science Books: Sausalito, CA, 2000. 2006 2, 122-127.
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Figure 7. Structure ofYC and cluster diagram showing the genotype
assignment for an hMTHFR C677T SNP in 25 samples uShity- and
PYC-probes. The samples amplified by asymmetric PCR were added to a
solution of 2.5 mM probes in a 50 mM sodium phosphate ¢pH.0) and

100 mM sodium chloride on a 1536-well microtiter plate. Equipment
used: a 440+ 10 nm excitation band-pass filter and a 53010 nm
emission band-pass filter f@DNyrher (PPNU); a 3404 10 nm excitation
band-pass filter and a 41& 5 nm emission band-pass filter for
ODNwtHer (PYC); lamp energy= 7000 (x 75 x 2716 W); count time=
0.1s.

mentary strandAex = 329 nm,lem = 393 nm), whereas the
fluorescence is very weak whé&rC forms a base pair with A,

C, or T3¢ A mixture of probes that have different wavelengths
of excitation and emission would enable the use of multicolored
sensing of gene SNP sites. By addition of the mixturB®J-

and PYC-labeled probes to a single well containing a gene
sample, the type of base at a specific SNP site will be fluoro-
metrically determinable in a single cuvette. Usifij'U- and

(Figure 7). The SNP typing results obtained using the BDF
method were in good agreement with those obtained by direct
sequencing.

In conclusion, we have synthesized four PRODAN-labeled
nucleoside§PNX and examined their photochemical properties.
Their Stokes shift values significantly changed depending on
the solvent orientational polarizability and DNA structuteX
fixed on a fully matched duplex exhibited an excitation spectrum
at a longer wavelength and a smaller Stokes shift value,
compared with those ofPNX in a single-stranded state and
mismatched duplexes. The bathochromic shift of the excitation
spectrum ofPPNX and lower energy excitation resulted in
fluorescence emissions selective to the Watd0rick pairing
base. The base-selective emission”BfU facilitated multi-
colored SNP typing through the combination with BDF probes
with a shorter emission wavelength. The photochemical property
exhibited by PRODAN fixed on DNA is not only very unique
but also applicable to the design of new fluorescent DNA probes
for DNA sequencing, genotyping, monitoring of DNA structural
transition, and observation of microenvironmental change at-
tended by biomolecular interaction.

Experimental Section

General. NMR spectra were measured with Varian Mercury 400
and JEOL JNM-GX 400 spectrometers. Coupling constahtalue)
are reported in hertz. The chemical shifts are shown in ppm downfield
from tetramethylsilane, using residual chlorofodr= 7.26 in'H NMR,
6 = 77.0 in'3C NMR) and dimethylsulfoxided = 2.48 in'H NMR,
0 = 39.5in’3C NMR) as an internal standard. FAB mass spectra were
recorded on a JEOL JMS HX-110A spectrometer. Masses of ODNs
were determined with a MALDI-TOF MS (Perseptive Voyager Elite,
acceleration voltage 21 kV, negative mode) witkB24'-trihydroxy-
acetophenone as a matrix, using(fIM — H]~ 2370.61) and T ((M
— H]~ 5108.37) as an internal standard for ODNs. Calf intestine alkaline
phosphatase (Promeg@yotalus adamanteugenom phosphodiesterase
I (USB), andPenicillium citrinumnuclease P1 (Roche) were used for
the enzymatic digestion of ODNs.
6-Dimethylamino-2-(1-hydroxy-2-propyn-1-yl)naphthalene (2).
To a solution of trimethylsilylacetylene (453., 3.3 mmol) in THF
(10 mL) was added-butyllithium (1.6 M solution in hexane, 2.0 mL,

PYC-containing BDF probes, we tested a BDF genotyping assay 3.3 mmol) at—78 °C, and the reaction mixture was stirred at room

for a human methylenetetrahydrofolate reductase (hnMTHFR)
gene containing a C677T mutation, "&l(... ATGAAATCG-
PCTC...)-3 (P = G/A SNP site), which is associated with cor-
onary artery diseasé We prepared BDF prob&3DNyrrer (B)
5'-d(GAGBCGATTTCAT)-3 (B = PPNU or PYC) for typing of

an hMTHFR C677T SNP site. An SNP site containing a 109-
nt fragment of the antisense strand of h(MTHFR was amplified

by asymmetric PCR and was added to a mixture containing both

probes in 50 mM sodium phosphate (H7.0) and 100 mM
sodium chloride. The fluorescence fro@DNyhrr (PPNU)
was detected through a 44D 10 nm excitation filter and a
510 + 10 nm emission filter, and the fluorescence from
ODNwtHerR (FYC) was detected through a 34010 nm excita-
tion filter and a 410+ 5 nm emission filter. When the
fluorescence intensity of each probe was plotted ox-aynplot,

temperature for 30 min. After addition of 6-dimethylamino-2-formyl-
naphthalene (500 mg, 2.5 mmol) in THF (20 mL) -a78 °C, the
reaction mixture was stirred at°@ for 30 min. The resulting mixture
was diluted withsat. ag.NH4Cl at 0 °C, extracted with ethyl acetate.
The organic phase was washed with brine, dried over anhydrous
MgSQ,, filtered, and concentrateid vacua The crude product was
purified by silica gel column chromatography (hexamehyl acetate
= 5:1) to yield the adduct (683 mg, 2.3 mmol, 92%) as a yellow solid:
H NMR (CDCls, 400 MHz) 6 7.80 (s, 1H), 7.697.64 (m, 2H), 7.52
(dd, 1H,J=1.7, 8.5 Hz), 7.15 (dd, 1Hl = 2.5, 9.1 Hz), 6.91 (s, 1H),
3.03 (s, 6H), 2.33 (brs, 1H), 0.21 (s, 9H3C NMR (CDCk, 100 MHz)
0148.9, 134.8, 133.9, 129.0, 126.8, 126.3, 125.4, 125.1, 116.6, 106.4,
105.3, 91.4, 65.3, 40.9;0.1; FABMS (NBA/CHCE), m/z 297 (M"),
HRMS calcd for GgH230ONSi (M*) 297.1549, found 297.1550.

A mixture of the adduct (683 mg, 2.3 mmol) and sodium methoxide
(100 mM in methanol, 20 mL) was stirred at room temperature for 1

all the samples clearly separated into three clusters, which wereh. The reaction mixture was neutralized vit M HCI and extracted

identified as G-homozygotes, A-homozygotes, and heterozygotes

(18) (a) Girelli, D.; Friso, S.; Trabetti, E.; Olivieri, O.; Russo, C.; Pessotto, R.;
Faccini, G.; Pignatti, P. F.; Mazzucco, A.; Corrocher,BRod 1998 91,
4158-4163. (b) Brody, L. C.; Conley, M.; Cox, C.; Kirke, P. N.; McKeever,
M. P.; Mills, J. L.; Molloy, A. M.; O’Leary, V. B.; Parle-McDermott, A.;
Scott, J. M.; Swanson, D. AAm. J. Hum. GeneR002 71, 1207+1215.
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with ethyl acetate. The organic phase was washed with brine, dried
over anhydrous MgSgfiltered, and concentrated vacua The crude
product was purified by silica gel column chromatography (hexane
ethyl acetate= 3:1) to yield2 (500 mg, 2.2 mmol, 97%) as a yellow
syrup: *H NMR (CDCls, 400 MHz)6 7.85 (s, 1H), 7.72 (d, 1H] =

9.0 Hz), 7.68 (d, 1HJ = 8.6 Hz), 7.54 (dd, 1H) = 1.6, 8.4 Hz), 7.18
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(dd, 1H,J = 2.2, 9.0 Hz), 6.92 (s, 1H), 5.57 (s, 1H), 3.06 (s, 6H), 2.71
(d, 1H,J = 2.2 Hz), 2.25 (brs, 1H)*C NMR (CDCl, 100 MHz) 6

1H NMR (CDCls, 400 MHz) 6 8.33 (s, 1H), 8.16 (brs, 1H), 7.90 (dd,
1H,J = 1.7, 8.7 Hz), 7.78 (d, 1H) = 9.2 Hz), 7.63-7.59 (m, 2H),

149.0, 134.9, 133.5, 129.0, 126.9, 126.3, 125.3, 124.9, 116.7, 106.3,7.16 (dd, 1HJ = 2.5, 9.1 Hz), 6.86 (d, 1H] = 2.2 Hz), 6.31 (dd, 1H,

83.9, 74.6, 64.7, 40.8; FABMS (NBA/CHgIm/z 225 (M), HRMS
calcd for GsHisON (M) 225.1154, found 225.1150.
5-[3-(6-Dimethylaminonaphthalen-2-yl)-3-hydroxy-1-propyn-1-
yl]-3'0,5 O-bis(tert-butyldimethylsilyl)-2 '-deoxyuridine (3). To a
solution of 5-iodo-30,5 O-bis(tert-butyldimethylsilyl)-2-deoxyuridine
(2.9 g, 5.0 mmol)2 (915 mg, 4.1 mmol), and triethylamine (1.7 mL,
12 mmol) in DMF (20 mL) were added tetrakis(triphenylphosphine)-
palladium(0) (950 mg, 0.82 mmol) and copper(l) iodide (310 mg, 1.6
mmol) under nitrogen. The mixture was stirred at room temperature
for 5 h. The resulting mixture was concentraiadvacuoand diluted
with ethyl acetate. This solution was washed with 5% (w/v) EDTA
solution and 5% (w/v) sodium bisulfite solution, dried over.S@,
filtered, and evaporated. The crude product was purified by silica gel
column chromatography (toluerethyl acetate= 4:1) to yield3 (3.2
g, 4.65 mmol, 93%) as a yellow solidH NMR (CDClz, 400 MHz)6
8.59 (brs, 1H), 7.98 (d, 1H] = 3.3 Hz), 7.88 (s, 1H), 7.71 (d, 1H,
= 9.0 Hz), 7.64 (d, 1HJ = 9.6 Hz), 7.56 (dd, 1HJ = 1.6, 8.5 Hz),
7.15 (dd, 1HJ = 2.5, 9.1 Hz), 6.90 (d, 1H] = 2.0 Hz), 6.27 (dd, 1H,
J = 5.8, 7.6 Hz), 5.73 (s, 1H), 4.3%.37 (m, 1H), 3.973.96 (m,
1H), 3.85 (ddd, 1H, = 2.6, 5.4, 11.4 Hz), 3.743.71 (m, 1H), 3.04
(s, 6H), 2.69 (brs, 1H), 2.30 (ddd, 1H,= 2.5, 5.8, 13.1 Hz), 2.04
1.96 (m, 1H), 0.89-0.83 (m, 18H), 0.080.02 (m, 12H);3*C NMR
(CDClz, 100 MHz)6 161.2, 149.0, 142.5, 134.9, 133.7, 129.1, 126.8,

J=05.9, 7.7 Hz), 4.42 (dt, 1H) = 2.7, 5.7 Hz), 3.94 (q, 1H] = 3.0
Hz), 3.84 (dd, 1HJ = 3.6, 11.3 Hz), 3.78 (dd, 1H, = 3.3, 11.2 Hz),
3.41-3.24 (m, 2H), 3.10 (s, 6H), 2.79 (t, 2Hd,= 7.3 Hz), 2.23 (ddd,
1H,J = 2.7, 5.8, 13.1 Hz), 2.02 (ddd, 1H,= 5.9, 7.7, 13.4 Hz),
0.92-0.90 (m, 18H), 0.130.07 (m, 12H);**C NMR (CDCk, 100
MHz) ¢ 198.3, 163.2, 150.2, 150.0, 137.6, 137.2, 130.7, 130.3, 130.0,
126.1, 125.1, 124.4, 116.3, 113.8, 105.3, 87.8, 84.9, 72.3, 63.1, 40.9,
40.4, 36.9, 25.9, 25.7, 22.7, 18.4, 18:64.7, —4.8, —5.3, —5.4,
FABMS (NBA/CHCL) m/z 682 ([M + H]*), HRMS calcd for
CseHs606N3Si; (M + H]™) 682.3708, found 682.3704.
5-PRODAN-2-deoxyuridine (5). To a solution o#4 (343 mg, 0.50
mmol) in THF (5 mL) was added tetrabutylammonium fluoride (1 M
solution in THF, 1.1 mL, 1.1 mmol). The mixture was stirred at room
temperature for 12 h. The resulting mixture was evaporated and purified
by silica gel column chromatography (chloroforimethanol= 20:1)
to yield 5 (186 mg, 0.41 mmol, 82%) as a lemon yellow solith
NMR (DMSO-ds, 400 MHz) 6 11.4 (brs, 1H), 8.46 (s, 1H), 7.89 (d,
1H,J = 9.2 Hz), 7.82 (dd, 1H) = 1.7, 8.7 Hz), 7.79 (s, 1H), 7.67 (d,
1H,J = 8.8 Hz), 7.27 (dd, 1HJ = 2.6, 9.2 Hz), 6.94 (d, 1H] = 2.4
Hz), 6.17 (t, 1HJ = 6.9 Hz), 5.27 (brs, 1H), 5.09 (brs, 1H), 4.24 (m,
1H), 3.76 (q, 1H,J = 3.5 Hz), 3.61-3.53 (m, 2H), 3.273.22 (m,
2H), 3.05 (s, 6H), 2.57 (t, 2H] = 7.6 Hz), 2.14-2.03 (m, 2H);1*C
NMR (DMSO-ds, 100 MHz)¢ 198.2, 163.4, 150.3, 150.1, 137.2, 136.7,

126.43, 126.42, 125.52, 125.46, 125.12, 125.07, 116.6, 106.3, 99.6,130.6, 129.9, 129.6, 125.9, 124.5, 123.8, 116.4, 112.7, 104.7, 87.3,
94.2,88.4, 85.91, 85.88, 77.6, 77.5, 72.4, 65.3, 63.0, 42.0, 40.8, 25.9,83.9, 70.3, 61.2, 39.9, 39.4, 36.6, 21.8; FABMS (NBA/DMS@y

25.7,18.3, 18.0-4.8,—4.7,—5.4,—5.6; FABMS (NBA/CHCE) m/z
679 (M"), HRMS calcd for GeHs30eN3Si, (M) 679.3473, found
679.3475.

5-PRODAN-3 0,5 O-bis(tert-butyldimethylsilyl)-2 '-deoxyuri-
dine (4). A mixture of 3 (673 mg, 0.99 mmol) and 10% Pd/C (180

454 ([M + H]*), HRMS calcd for GsH2s06N3 (M + H]*) 454.1978,
found 454.1978.

5-PRODAN-50-(4,4-dimethoxytrityl)-2 '-deoxyuridine 30-(2-
cyanoethyl)N,N-diisopropylphosphoramidite (6). To a solution of
5 (166 mg, 0.40 mmol) in pyridine (5 mL) was added'4#methoxy-

mg) in methanol (10 mL) was stirred under hydrogen atmosphere at trityl chloride (174 mg, 0.51 mmol). The mixture was stirred at room

room temperature for 9 h. The mixture was filtered through Celite,

temperature for 4 h. The resulting mixture was evaporated and purified

washed with methanol, and evaporated under reduced pressure. Thdy silica gel column chromatography (ethyl acetate) to yield the

crude product was purified by silica gel chromatography (hexane
ethyl acetate= 3:1) to yield the corresponding reduction product
(diastereomeric mixture, 488 mg, 0.71 mmol, 72%) as a yellow solid:
H NMR (CDCl;, 400 MHz) 6 8.41 and 8.40 (x 2, total 1H), 7.67
(d, 1H,J = 9.0 Hz), 7.63 (s, 1H), 7.62 (d, 1H,= 8.6 Hz), 7.431 and
7.428 (sx 2, total 1H), 7.37 and 7.34 ¢ 2, total 1H,J = 1.8 Hz),
7.16 and 7.14 (& 2, total 1H,J = 2.4 Hz), 6.904 and 6.898 (s 2,
total 1H), 6.30 (dd, 1H) = 5.7, 8.1 Hz), 4.784.72 (m, 1H), 4.37 (dt,
1H,J = 2.6, 8.2 Hz), 3.92 (g, 1H) = 2.5 Hz), 3.79 (ddd, 1HJ =
2.9,4.4,11.4 Hz), 3.72 (dt, 1H,= 3.0, 11.4 Hz), 3.03 (s, 6H), 2.84
and 2.75 (brsx 2, total 1H), 2.56-2.41 (m, 2H), 2.222 and 2.216
(quintetx 2, total 1H,J = 2.6 Hz), 2.09-1.90 (m, 3H), 0.89 (s, 9H),
0.86 (d, 9H,J = 4.8 Hz), 0.08-0.02 (m, 12H)*C NMR (CDCk, 100

MHz) 6 163.6, 163.5, 149.93, 149.89, 148.7, 137.84, 137.75, 136.21,

tritylated product (278 mg, 0.37 mmol, 93%) as a lemon yellow solid:
IH NMR (DMSO-ds, 400 MHz) 6 11.39 (brs, 1H), 8.31 (s, 1H), 7.83

(d, 1H,J = 9.2 Hz), 7.71 (dd, 1H) = 1.6, 8.6 Hz), 7.63 (d, 1H] =

8.8 Hz), 7.53 (s, 1H), 7.36 (d, 2H,= 7.5 Hz), 7.27-7.21 (m, 7H),

7.12 (t, 1H,J = 7.3 Hz), 6.93 (d, 1HJ = 2.4 Hz), 6.82 (d, 4H,) =

8.6 Hz), 6.22 (t, 1HJ = 6.8 Hz), 5.30 (d, 1H) = 4.2 Hz), 4.32-4.27

(m, 1H), 3.88 (q, 1H, = 3.8 Hz), 3.64 (s, 6H), 3.20 (d, 2H,= 4.0

Hz), 3.05 (s, 6H), 3.03 (t, 2H] = 7.7 Hz), 2.34-2.16 (m, 4H);3C

NMR (DMSO-ds, 100 MHz)6 197.7, 170.2, 163.2, 158.1, 158.0, 150.2,
150.1, 144.6, 137.1, 136.4, 135.4, 135.3, 130.5, 129.7, 129.5, 127.8,
127.6, 126.6, 125.8, 124.5, 123.7, 116.3, 113.1, 113.0, 104.7, 85.7,
85.5, 83.9, 70.5, 63.8, 54.9, 39.9, 39.3, 36.8, 21.6; FABMS (NBA/
DMSO0) mvz 755 ([M + H]*), HRMS calcd for GsHssOeN3 ([M +

H]*) 755.3207, found 755.3212.

136.16, 134.5, 128.7, 126.6, 124.4, 124.3, 124.2, 116.7, 114.6, 106.5, To a solution of the tritylated compound (30.2 mg, 40rfol) and
87.9,84.99,84.96, 73.4,73.3,72.41, 72.36, 63.1, 63.0, 41.2, 40.9, 38.39tetrazole (3.08 mg, 43,/mol) in anhydrous acetonitrile (4Q.) was

38.36, 25.90, 25.88, 25.7, 23.9, 23.8, 18.4, 18:0,5, —4.8, —5.40,
—5.43,—5.5; FABMS (NBA/CHCE) m/z 681 (M*), HRMS calcd for
CasHss06N3Si, (M*) 681.3629, found 681.3632.

To a solution of the previous reaction product (104 mg, 0.15 mmol)
and molecular sieves (4 A, 100 mg) in dichloromethane (4 mL) were
added 4-methylmorpholinil-oxide (26.4 mg, 0.23 mmol) and tetra-
propylammonium perruthenate (11 mg, 0.03 mmol) &C0 and the
mixture was stirred at room temperature for 1 h. After dilution with
diethyl ether (10 mL), Florisil (66100 mesh, 100 mg) was added to

added 2-cyanoethyl tetraisopropylphosphorodiamidite (18.,140.0
umol) under nitrogen. The mixture was stirred at room temperature
for 30 min. The mixture was filtered and used with no further
purification.

ODN Synthesis and Characterization ODNs were synthesized by
a conventional phosphoramidite method by using an Applied Bio-
systems 392 DNA/RNA synthesizer. Commercially available phos-
phoramidites were used for dA, dG, dC, and dT. The crude mixture
after phosphoramidite synthesis was used®K. Synthesized ODNs

the solution and the resulting mixture was stirred at room temperature were purified by reversed phase HPLC on a 5-ODS-H column (10 mm

for 15 min. The mixture was filtered through Celite, washed with diethyl

x 150 mm, elution with a solvent mixture of 0.1 M triethylamine acetate

ether, and evaporated under reduced pressure. The crude product wa§TEAA), pH 7.0, linear gradient over 30 min from 5% to 30%

purified by silica gel column chromatography (hexawm¢hyl acetate
= 4:1) to yield4 (88 mg, 0.13 mmol, 85%) as a lemon yellow solid:

acetonitrile at a flow rate of 3.0 mL/min). ODNs containing modified
nucleotides were fully digested with calf intestine alkaline phosphatase

J. AM. CHEM. SOC. = VOL. 129, NO. 15, 2007 4783



ARTICLES

Tainaka et al.

(50 U/mL), snake venom phosphodiesterase (0.15 U/mL), and P1

nuclease (50 U/mL) at 37C for 3 h. Digested solutions were analyzed
by HPLC on a CHEMCOBOND 5-ODS-H column (4.6 mm 150
mm), elution with a solvent mixture of 0.1 M TEAA, pH 7.0, flow
rate of 1.0 mL/min. The concentration of each ODN was determined
by comparing peak areas with a standard solution containing dA, dC,
dG, and dT at a concentration of 0.1 mM. MALDI-TOF

ODN1FPNU): (M — H]7) caled 4098.81, found 4098.23.
ODN2(FPNU): ([M — H]") calcd 4128.83, found 4129.04.
ODN1(F°NC): (M — H]") caled 4097.83, found 4097.97.
ODN1(PNA): (M — H]7) caled 4121.85, found 4121.57.

ODN1(°°NG): (M — H]7) calcd 4137.85, found 4137.95.
Fluorescence SpectraThe fluorescence spectra were obtained using
a Shimadzu RF-5300PC spectrofluorophotometer &28sing a cell
with a 1 cmpath length. The excitation and emission bandwidths were
1.5 nm.
The fluorescence quantum yield§) was determined using 9,10-
diphenylanthracene as a reference, with a kndwr= 0.95 in ethanol.

Multicolored SNP Typing. The amplification reaction of an
MTHFR target DNA sample was performed using a BioRad MyCycler
thermal cycler 96-well sample-loading tray. A 109-mer MTHFR gene
antisense fragment containing a C677T sitel & CCTTCACAAAG-
CGGAAGAATGTGTCAGCCTCAAAGAAAAGCTGCGTGATGA-
TGAAATCG(A/G)CTCCCGCAGACACCTTCTCCTTCAAGTGCT-
TCAGGTCAGCCTCAAAGC)-3 (10 ng), Primer 1 5d(GCCTTCA-
CAAAGCGGAA)-3 (400 nM), and Primer 2'5d(GCTTTGAGGCT-
GACCTG)-3 (400 nM) were added to 50L of the reaction mixture
containirg 7 U HotStarTaq DNA polymerase and HotStarTaq master
mix (Qiagen). The thermal cycling program consisted of an initial
incubation at 95°C for 15 min, followed by 40 cycles of 30 s at 95
°C, 30 s at 55°C, and 60 s at 72C. After thermal cycling and
subsequent cooling, 1aL aliquots of the amplified DNA mixtures
were used to carry out a second asymmetric PCR. Primer 1 (400 nM)
and Primer 2 (80 nM) were added to . of a reaction mixture
containirg 7 U HotStarTag DNA polymerase and HotStarTaq master
mix (Qiagen). The thermal cycling program consisted of an initial

The area of the emission spectrum was integrated using the instru-incubation at 95°C for 15 min, followed by 40 cycles of 30 s at 95
mentation software, and the quantum yield was calculated according "C» 30 s at 55°C, and 60 s at 72C. After thermal cycling and

to the following equation:

Dr(sf Pery = [AsfAr)] x [(AbS)gy(AbS)s] x [Ns//ngy] (1)

Here, ®rs)andPgr) are the fluorescence quantum yields of the sample
and the reference, respectively. The terfgg and Ag) are the areas

subsequent cooling, the amplified DNA was purified using Qiagen Min
Elute. The DNA was mixed with 2.5(M fluorescent probes '5
d(GAGBCGATTTCAT)-3 (B = PPNU or »C) in a buffer solution (pH

= 7.0) consisting of 25 mM sodium phosphate and 50 mM sodium
chloride at room temperature on a 1536-well microtiter plate, and the
fluorescence was measured with a fluorescence reader (Berthold Mithras
LB940). The fluorescence was measured through a #400 nm

under the fluorescence spectra of the sample and the referenceexcitation filter and a 516 10 nm emission filter for the fluorescence

respectively; (Abs})and (Absp, are the optical densities of the sample

and the reference solution at the wavelength of excitation, respectively;

andne) andng, are the values of the refractive index for the solvents
used for the samplengsy = 1.333) and the referenceg) = 1.383),
respectively.

Melting Temperature (Tm) Measurements All T,'s of the ODNs
(2.5uM, final duplex concentration) were measured in 50 mM sodium
phosphate buffers (pH 7.0) containing 100 mM sodium chloride.

Absorbance vs temperature profiles were measured at 260 nm using a Supporting Information Available:
Shimadzu UV-2550 spectrophotometer equipped with a Peltier tem-

perature controller usghna 1 cmpath length cell. The absorbance of
the samples was monitored at 260 nm frofitso 90°C with a heating
rate of 1°C/min. From these profiles first derivatives were calculated
to determine thd, value.
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from aPPNU probe and through a 348 10 nm excitation filter and a
410+ 5 nm emission filter for the fluorescence fron?"& probe. The
count time was 0.1 s, and the lamp energy was 70005 x 276 W).
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