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Abstract: Planar perylene- and naphthalene-based diimide linkers can be employed to tether the Watson-
Crick and the Hoogsteen strands of a DNA triplex, thus providing conjugates capable of targeting single-
stranded nucleic acids with the formation of hairpin triplexes. The planar linkers are designed to bridge the
terminal base triplet of the three-stranded complex and provide base-stacking interactions with all three residues.
Sixteen complexes have been prepared, eight with each linker, half with RNA (R) targets and half with DNA
(D) targets. The conjugate sequences are composed of two strands of DNA, tix0-ofi&hyl RNA (M), or

one of each. In comparison to similar complexes formed with a hexa(ethylene glycol) linker, the planar linkers
enhance th@y values for the complexes by as much as°28with AG values indicating as much as 12.3
kcal/mol of stabilization relative to the simple glycol linker. All sixteen complexes have been characterized by
Tuw measurements ariG determinations. That-stacking interactions are present between the linkers, and

the nucleobases can be inferred from the quenching of the perylene fluorescence upon complex formation,
and the observation of an absorbance vs temperature transition for the naphthalene-based linker at 383 nm and
for the perylene-based linker monitored at 537 nm.

Introduction tribute to an increased lifetime for the antisense or antigene
complexes designed for gene-specific regulation of protein

Ligands have been used in numerous studies to targetexpression.
macromolecules such as proteins and nucleic acids. Site-specific Conventional DNA triplexes are formed from a target duplex
binding by a ligand permits it to compete effectively with and a third single-stranded sequefice.Single-stranded se-
biological targets and thereby interfere with specific biological duénces themselves can also be targeted by the triplex motif
processes; nucleic acid therapeutics based upon an antisense §¥ith sequences that can hybridize to the target by Watson

an antigene approach are examples of such targeted interferencé-"ick base pairs and Hoogsteen base peiinssuch complexes
A number of small-molecule ligands are known to bind to he two hybridizing arms are tethered either by a short

S . ) ; P
nucleic acid structures either by intercalation, groove binding, nonbinding stretch of nucleotidésor by a simple linkef:

or other less well-characterized formats. In many cases such_ (1) Cooney, M.; Czernuszewicz, G.; Postel, E. H.; Flint, S. J.; Hogan,
bindi int fi h fi t tabili dupl tripl M. E. Sciencel988 241, 456—-459.

Inding Interaclions funcuon to over-sia "Z_e. UP €x, trpiex, (2) LeDoan, T.; Perrouault, L.; Praseuth, D.; Habhoub, N.; Decout, J.
or tetraplex structures, and such over-stabilization may con- L.; Thoung, N. T.; Lhomme, J.; Helene, Glucleic Acids Resl987, 15,
7749-7760.

(3) Moser, H. E.; Dervan, P. BSciencel987 238 645-650.
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When both termini of the hybridizing sequence are connected,

circular oligonucleotides restilthat can very effectively bind
single-stranded target sequengeSnhanced stabilization of

related complexes also results when two independently hybrid-

izing sequences are tethered by a short lifker.

Enhanced triplex stabilization can also be achieved through
additional binding interactions from a ligand that is covalently
tethered to one of the macromolecular members of the DNA
triplex.2~12 Such covalent attachment usually results in signifi-
cant proximity effects and provides, in part, entropic-based
stabilization of the complex. A variety of ligands have been
tethered to nucleic acids, and these include intercafatdrs
and groove-binding agent3!-1%as well as metal complexés:1®
Although the nature of the linker tethering the ligand to the

vdde et al.

intercalated into a DNA duplex and preferred to intercalate into
steps containing at least one G:C base fair.

Earlier work with perylene derivatives has largely concen-
trated on spectral and fluorescence characterizations of the
molecule?8-20 Spectral characteristics of the naphthalene and
perylene chromophores have been compétédiRed pig-
mentary polyimides have been synthesized fi¢d'-diamino-
3,4,9,10-perylenetetracarboxylic acid bisimfd&heN,N'-bis-
[3,3-(dimethylamino)propylamine]-3,4,9,10-perylene tetracar-
boxylic diimide (a dicationic dye) has been used for precipitation
and quantitation of DNA&? and recently a related perylene
tetracarboxylic diimide-based ligand was shown to bind G-
tetraplex and to inhibit human telomera8e.

In preliminary communications we have reported that tethered

nucleic acid sequence varies considerably, the site of attachmenglerivatives of naphthalene and perylene diimides can function

is usually one of the two nucleic acid termini, a nucleobase
residue, or the backbone of the oligomer.

Previous studies have shown that naphthalene diimide chro-

mophores function as effective intercalatéd even polyinter-
calators for DNA. For example,-lysine has been derivatized
at it's e-amino group, by attachment of a 1,8-naphthalimide
moiety; this conjugate functions as a site specific DNA-cleaving
agent?223 Naphthalene diimide derivatives have additionally
been studied for properties related to their redox acti##y.

A 1,4,5,8-naphthalene tetracarboxylic diimide chromophore
attached in a head-to-tail arrangement by peptide linkers
was suggested to be fully intercalated into DNA through the
major groove® Binding studies of aN-[3-(dimethylamino)-
propylamine]-1,8-naphthalene dicarboxylic imide &hi'-bis-
[3,3-(dimethylamino)propylamine]-naphthalene-1,4,5,8-tetracar-
boxylic diimide indicated that both of these compounds

(5) Wang, S. H.; Booher, M. A.; Kool, E. TBiochemistry1994 33,
4639-4644.

(6) Rumney, S.; Kool, E. TJ. Am. Chem. S0d.995 117, 5635-5646.

(7) Kool, E. T.J. Am. Chem. S0d.99], 113 6265-6266.

(8) Prakash, G.; Kool, E. T. Chem. Soc., Chem. Comm@@91, 1161~
1163.

(9) Collier, D. A.; Thuong, N. T.; Helene, . Am. Chem. Sod.991
113 1457-1458.

(10) Lukhtanov, E. A.; Podyminogin, M. A.; Kutyavin, I. V.; Meyer, R.
B.; Gamper, H. BNucleic Acids Resl996 24, 683-687.

(11) Robles, J.; McLaughlin, L. WI. Am. Chem. So02997, 119, 6014
6021.

(12) Silver, G. C.; Sun, J. S.; Nguyen, C. H.; Boutorine, A. S.; Bisagni,
E.; Helene, CJ. Am. Chem. S0d.997 119 263-268.

(13) Sun, J.-S.; Francois, J. C; Montenay-Garestier, T.; Saison-Beh-
moaras, T.; Roig, v.; Thuong, N. T.; Helene,R¥oc. Natl. Acad. Sci. U.S.A.
1989 88, 6023-6027.

(14) Stonehouse, T. J.; Fox, K. Biochim. Biophys. Actd994 1218
322-330.

(15) Silver, G. C.; Sun, J. s.; Nguyen, C. H.; Boutorine, A. S.; Helene,
C.J. Am. Chem. S0d.997, 119, 263-268.

(16) Rajur, S. B.; Robles, J.; Wiederholt, K.; Kuimelis, R. W.; McLaugh-
lin, L. W. J. Org. Chem1997, 62, 523-529.

(17) Lewis, F. D.; Helvoigt, S. A,; Letsinger, R. . Chem. Soc., Chem.
Commun.1999 327—-328.

(18) Wiederholt, K.; McLaughlin, L. WNucleic Acids Resl999 27,
2487-2493.

(19) Connors, P. J.; Tzalis, D.; Dunnick, A. L.; Tor, Y. lBorg. Chem.
1998 37, 1121-1123.

(20) Gabbay, E. J.; DeStefano, R.; Baxter, CB®chem. Biophys. Res.
Commun1973 51, 1083-1089.

(21) Yen, S. F.; Gabbay, E. J.; Wilson, W. Biochemistry1982 21,
2070-2076.

(22) saito, I.; Takayama, M.; Sugiyama, H.; NakataniJKAm. Chem.
Soc.1995 117, 6406-6407.

(23) Saito, I.; Takayama, Ml. Am. Chem. Sod995 117, 5590-5591.

(24) Lewis, F. D.; Zhang, Y. F.; Liu, X. Y.; Xu, N.; Letsinger, R. 0.
Phys. Chem. B999 103 2570-2578.

(25) Matsugo, S.; Kawanishi, S.; Yamamoto, K.; Sugiyama, H.; Matsuura,
T.; Saito, l.Angew. Chem., Int. Ed. Engl991, 30, 1351-1353.

(26) Lokey, R. S.; Kwok, Y.; Guelev, V.; Pursell, C. J.; Hurley, L. H.;
Iverson, B. L.J. Am. Chem. S0d.997, 119 7202-7210.

to stabilize DNA duplexée$ and triplexes®38 In the present
work we report on the synthesis and stability of sixteen different
hairpin triplexes containing either tethered naphthalene or
perylene conjugates, as well as the fluorescence characteristics
of perylene-based DNA conjugates.

Experimental Section

NMR spectra were determined on Varian spectrophotometers. Mass
spectra were obtained using FAB ionization from the Mass Spectrom-
etry Laboratory, School of Chemical Sciences, University of lllinois,
Urbana, IL. MALDI-TOF mass spectral analyses of the oligonucleotides
were performed by Dr. D. J. Fu, Sequenome, San Diego, CA. Rotary
evaporations were performed under reduced pressure with Buchi
systems. Thin-layer chromatography (TLC) was performed on Silica
Gel 60 k54 precoated on aluminum sheets (EM Separations Technol-
ogy), in CHOH:CH,Cl, (1:19) unless otherwise specified. All phos-
phitylation reactions were monitored with aluminum oxide IBF TLC
sheets from JT Baker Inc. Flash column chromatography was performed
on Silica Gel 60, Particle size 0.040.063 (EM Separations Technol-
ogy), using a CHOH gradient in CHCI, unless otherwise specified.
CHCIl, and diisopropyl ethylamine were dried by heating over calcium
hydride under reflux for several hours followed by distillation. Other
anhydrous solvents and starting materials were purchased from Aldrich
Chemical Co. and used without further purification unless otherwise
specified. UV scans and absorbances were obtained using a Beckman
DU 640 spectrophotometer. Oligodeoxynucleotides were synthesized
on an Applied Biosystems 381A DNA SynthesizerO2oxynucleotide
phosphoramidites and’-8erminal nucleoside-controlled pore glass
support (CPG) were purchased from Glenn Research (Sterling, VA).
The hexaethylene glycol linker, prepared as a-dithethoxytrityl
p-cyanoethyl phosphoramidite derivative was synthesized as described
elsewheré® High performance liquid chromatography (HPLC) was
performed on a Beckman HPLC system using C-18 reversed-phase
columns (ODS-Hypersil, 5 mm particle size, 120A pore) with detection
at 260 nm. Oligonucleotides were desalted with Econo-Pac 10DG
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(30) Langhals, H.; Jona, WAngew. Chem., Int. EAL998 37, 952—
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14240-14246.
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33, 1633-1639.
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(34) Liu, Z. R.; RIill; R. L. Anal. Biochem1996 236, 139-145.

(35) Fedoroff, O. Y.; Salazar, M.; Han, H.; Chemeris, V. V.; Kerwin, S.
M.; Hurley, L. H. Biochemistryl998 37, 1236712374.
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Res.200Q 28, 2128-2134.
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disposable chromatography Columns (Bio Rad, Hercules, T4).
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overnight. TLC analysis indicated the absence of starting material and

measurements were performed on an AVIV Spectrophotometer, modelformation of new products. Pyridine was removed in vacuo. The mixture

14DS UV/vis.
N,N'-Bis 2-(2-hydroxyethoxy)ethyl-1,4,5,8-naphthalenetetracar-
boxylic diimide (1). To 1.0 g (3.7 mmol) 1,4,5,8-naphthalenetetracar-

was dissolved in dichloromethane (50 mL) and was washed with an
aqueous solution of saturated sodium bicarbonate & mL). The
organic layer was dried over anhydrous sodium sulfate. The mixture

boxylic dianhydride suspended in anhydrous pyridine (25 mL) was was then vacuum filtered, and the filter was washed with dichloro-
added 1.6 g (15 mmol) 2-(2-aminoethoxy)ethanol and 1.0 g (4.6 mmol) methane. The product was purified by flash chromatography to yield
zinc acetate dihydrate. The mixture was refluxed overnight. TLC 3.5 g (16 mmol) of4 as a brown oil (36% yield)R (MeOH:CH,Cl,,
analysis indicated the absence of starting material and the presence ofl.:9) = 0.80.1H NMR (CDCl): ¢ = 0.00 (s, 6H, SiCH), 0.83 (s, 9H,
a new product. Pyridine was removed in vacuo. The residue was —CHs), 2.77 (m, 2H,—CH,—), 3.44 (t, 2H,—CH,—), 3.70 (m, 4H,
suspended in dichloromethane, and a small amount of methanol was—CHz—) ppm.*C NMR (CDCI3): ¢ = 3.3, 27.0, 34.4, 34.5, 50.4,
added until the solids dissolved. Silica gel was added to the solution, 71.3, 81.0, 81.8 ppm. HRMS: calcd for;El2sNO.Si (M + H')
and the solvents were removed in vacuo. The silica-absorbed material220.1733, found 220.1734.
was poured onto a short column of silica gel dissolved in dichloro- N,N’-Bis-2-[(2-O-tert-butyldimethylsilylethoxy)ethyl]-3,4,9,10-
methane and eluted with-L5% methanol. The fastest moving band perylenetetracarboxylic diimide (5). To 2.0 g (5.1 mmol) perelyne-
corresponded to the diimide product, and 1.16 g (2.6 mmol) whs tetracarboxylicdianhydride suspended in anhydrous pyridine (25 mL)
obtained (70% yield)R: 0.14.*H NMR (DMSO-ds) 6 = 3.67 (m, 8H, was added 3.4 g (15 mmol) 2-@-tert-butyldimethylsilylethoxy)-
—CH;—), 4.22 (t, 4H,—CH2-) 4.56 (t, 4H,—CHy), 8.60 (s,4H of Ar ethylaming(4) and 1.1 g (5.1 mmol) zinc acetate dihydrate. The reaction
H) ppm.*3C NMR (DMSO-ds) 6 49.4, 69.3, 81.2, 134.8, 135.1, 138.9, mixture was refluxed overnight. TLC analysis indicated the absence
171.5 ppm. UV (dichloromethane:methanol, 9/2)a 377, 359, 241 of starting material and the formation of products. Pyridine was removed
nm. HRMS: calcd for @H2N,Os (M + HT) 443.1454, found in vacuo. The mixture was suspended in chloroform and loaded onto
443.1454. a large silica column. The product was purified by flash chromatography
N-2-[(2-O-4,4-dimethoxytritylethoxy)ethyl]- N'-2-(2-hydroxyethoxy)- to yield 3.4 g (4.4 mmol) o6 as a dark red solid (86% yieldR
ethyl- 1,4,5,8-naphthalenetetracarboxylic diimide (2)To 1.1 g (2.5 (methanol:dichloromethane, 1:8)0.90.'H NMR (CDCl): ¢ = 0.00
mmol) of N,N'-bis-2-(2-hydroxyethoxy)ethyl-1,4,5,8-naphthalenetetra- (s, 12H, SiCH), 0.83 (s, 18H~CHj), 3.61 (t, 4H,—CH,—), 3.68 (t,
carboxylic diimide(1) dissolved in anhydrous pyridine (25 mL) was 4H, —CH,—), 3.83 (t, 4H,—CH,—), 4.44 (t, 4H,—CH,—), 8.60 (q,
added 0.89 g (2.6 mmol) 4:4limethoxytrityl chloride. The reaction ~ 8H of Ar H) ppm.3C NMR (CDCk): o0 = —4.2, 19.7, 27.0, 40.5,
mixture was stirred for 3 h. TLC analysis at this time indicated the 63.8, 69.0, 73.3, 123.6, 123.9, 126.8, 129.0, 131.8, 134.7, 163.9 ppm.
disappearance dfand the presence of two products. The reaction was UV (chloroform): Amax 524, 489, 457, 265, 243. HRMS: calcd for
stopped by adding several drops of methanol followed by the removal CasHsaN20gSi> (M + H*) 795.3490, found 795.3500.
of solvents in vacuo. The mixture was dissolved in dichloromethane  N-2-[(2-O-tert-Butyldimethylsilylethoxy)ethyl]- N'-2-(2-hydroxy-
(50 mL) and was washed with an aqueous solution of saturated sodiumethoxy)ethyl-3,4,9,10,-perylenetetracarboxylic diimide (6)To 3.4
bicarbonate (2« 50 mL). The organic layer was dried over anhydrous g (4.2 mmol) N,N'-bis-2-[(2-O-tert-butyldimethylsilylethoxy)ethyl]-
sodium sulfate. The mixture was then vacuum filtered, and the filter 3,4,9,10-perylenetetracarboxylic diimid8) dissolved in anhydrous
was washed with dichloromethane. The mono(dimethoxytrityl) product pyridine (50 mL) was added HF/pyridine (70%) until approximately
was purified by flash chromatography using 1% triethylamine/dichlo- half of the starting material had lost one silyl-protecting group as
romethane and a methanol gradient. After evaporation of appropriate monitored by TLC analysis (loss of both silyl-protecting groups resulted
fractions, this material was precipitated into cold hexane to remove in an insoluble precipitate). Pyridine was removed in vacuo. The mixture
residual triethylamine. The precipitate was filtered and washed with was resuspended in chloroform and was purified by flash chromatog-

cold hexane. The product was rinsed from the filter with dichloro-

raphy to yield 0.69 g (1.0 mmol) & as a dark red solid (24% yield).

methane and was concentrated to a yellow foam to yield 0.61 g (0.82 R (methanol:dichloromethane, 1:8) 0.43.'H NMR (CDCl): 6 =

mmol) of 2 (32% yield).R = 0.37. A faster moving compound was

0.00 (s, 6H, SiCk), 0.83 (s, 9H, —CHs), 3.60-3.80 (m, 8H,

also obtained, and it appeared to be the bis(dimethoxytrityl) product. —CH,—), 3.90 (m, 4H,—CH,—), 4.44 (m, 4H,—CH,—), 8.0-9.0 (m,

R = 0.71."H NMR (CDCl) 6 = 3.18 (t, 2H,—CH,—), 3.66 (m, 6H,
—CH,—), 3.75 (s, 6H, OCH), 3.88 (t, 4H,—CH,—), 4.49 (m, 4H,
—CH,—), 6.69 (d, 4H, Ar H), 7.27.4 (m, 9H, Ar H), 8.7 (s, 4H, Ar
H) ppm.13C NMR (CDCk) 6 48.5, 48.6, 63.8, 70.4, 71.6, 76.5, 76.8,

8H of Ar H) ppm. UV (chloroform): Amax 525, 489, 458, 263, 241.
HRMS: calcd for GgH4oN2OsSi (M + H*), 681.2632, found 681.2634.
N-2-[(2-O-4,4-Dimethoxytritylethoxy)ethyl]- N'-2-[(2-O-tert-bu-

tyldimethyl-silylethoxy)ethyl]-3,4,9,10,-perylenetetracarboxylic di-

79.1,80.9,94.4,121.5, 135.0, 135.2, 135.2, 135.3, 136.3, 136.8, 138.6,imide (7). To 0.67 g (1.1 mmolIN-2-[(2-O-tert-butyldimethylsilylethoxy)-
139.7, 144.8, 153.4, 166.8, 171.5, 171.8 ppm. UV (dichloromethane: ethyl]-N'-2-(2-hydroxyethoxy)ethyl-3,4,9,10,-perylenetetracarboxylic

methanol, 9/1):Amax 379, 359, 241 nm. HRMS: calcd for&140N2010
(M + H*) 744.2683, found 744.2682.
N-2-[(2-O-4,4-dimethoxytritylethoxy)ethyl]- N'-24{[2-O-(2-cyano-
ethyl diisopropyl phosphino)ethoxy]ethy}-1,4,5,8-naphthalene-
tetracarboxylic diimide (3). To 30 mg (0.040 mmol) oN-2-[(2-O-
4,4-dimethoxytritylethoxy)ethylN'-2-(2-hydroxyethoxy)ethyl-1,4,5,8-
naphthalenetetracarboxylic diimid@) dissolved in anhydrous di-
chloromethane (1 mL at 0C) was added 0.036 mL (0.20 mmol)
diisopropylethylamine followed by 0.018 mL (0.080 mmol) 2-cyano-
ethyl diisopropylchlorophosphoramidite. The reaction was slowly
brought to 25°C and stirred for 30 min. TLC analysis indicated the

diimide (6) dissolved in anhydrous pyridine (10 mL) was added 0.58
g (1.7 mmol) 4, 4dimethoxytrityl cholride. The reaction was stirred
for 3 h. TLC analysis indicated the absence of starting material and
the formation of a new product. The reaction was stopped with 1 mL
of methanol. The solvents were removed in vacuo. The mixture was
dissolved in chloroform to which 2 drops of triethylamine had been
added. The mixture was purified by flash chromatography in 1%
triethylamine/chloroform with a methanol gradient to yield 0.75 g (0.76
mmol) of 7 as a dark red solid (69% yieldR: (methanol:dichloro-
methane, 1:9% 0.87.'H NMR (CDCl): 6 = 0.00 (s, 6H, SiCH),

0.83 (s, 9H,—CHj), 3.60-3.80 (m, 8H,—CH.—), 3.80 (s, 6H, OCH),

absence oR and the presence of a new product. The reaction was 3.90 (m, 4H,—CH,—), 4.44 (m, 4H—CH,—), 6.72 (d, 2H, ArH), 6.83

stopped with 2-3 drops of methanol, and the phosphitylated product
was precipitated in cold hexane0). The product was filtered, washed
with cold hexane, and rinsed from the filter with dichloromethane. The
product was concentrated to yield 0.026 g (0.028 mmaB & a yellow
foam (70% yield).R = 0.90. 3P NMR (CDCk, HsPO, external
reference) 148 ppm.

2-(2-O-tert-Butyldimethylsilylethoxy)ethylamine (4). To 5.0 g (48
mmol) of 2-(2-aminoethoxy)ethanol dissolved in anhydrous pyridine
(50 mL) was added 7.2 g (48 mmdBrt-butyldimethylsilyl chloride
and 4.9 g (72 mmol) of imidazole. The reaction mixture was stirred

(d, 2H, ArH), 7.1-7.4 (m, 9H, ArH), 8.25 (m, 4H, Ar H), 8.45 (m,
4H, Ar H) ppm.*3C NMR (CDCk): 6 = —4.1, 19.7, 27.0, 40.7, 56.2,
56.3, 63.9, 64.3, 69.0, 69.3, 71.5, 73.3, 86.5, 86.8, 114.0, 114.2, 123.5,
123.5, 123.8, 123.8, 127.6, 128.7, 128.8, 128.9, 129.3, 130.2, 131.1,
131.7, 131.7, 134.5, 137.4, 137.4, 146.1, 159.3, 163.9 ppm. UV
(chloroform): Amax525, 489, 458, 263, 243. MS: calcd fogg83dNOs-
Si (M%), 982, found 619 (M — DMT—-OCH,CH,0—), 807 (M" —
tBDMS—OCH,CH,0—), 444 (MY — DMT—-OCH,CH,O and —
tBDMS—OCH,CH,0O—), 303 (DMT).
N-2-[(2-O-4,4-Dimethoxytritylethoxy)ethyl]- N'-2-(2-hydroxy-
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ethoxy)ethyl-3,4,9,10,-perylenetetracarboxylic diimide (8)To 0.75

g (0.82 mmol)N-2-[(2-O-4,4-dimethoxytritylethoxy)ethyl[N'-2-[(2-
O-tert-butyldimethylsilylethoxy)ethyl] 3,4,9,10,-perylenetetracarboxylic
diimide (7) dissolved in anhydrous pyridine (20 mL) was titrated HF/
pyridine (70%) until the starting material had been transformed as
monitored by TLC analysis. Pyridine was removed in vacuo. The
mixture was resuspended in chloroform and was purified by flash
chromatography in in 1% triethylamine/chloroform with a methanol
gradient to yield 0.36 g (0.41 mmol) & as a dark red solid (50%
yield). Rr (methanol:dichloromethane, 1:19F 0.25. 'H NMR
(CDClg): 6 = 3.10 (m, 2H, CH) 3.19 (t, 2H, CH) 3.68 (m, 4H,
—CH,—), 3.78 (s, 6H, OCh), 3.92 (t, 4H,—CH,—), 4.50 (m, 4H,
—CH,—), 6.72 (d, 2H, ArH), 6.83 (d, 4H, ArH), 7:27.4 (m, 9H, ArH),

8.45 (m, 4H of Ar H), 8.60 (m, 4H of Ar H) ppnt3C NMR (CDCE):

0 = 40.7, 40.9, 56.2, 63.0, 64.3, 69.3, 69.4, 71.5, 73.5, 86.8, 123.5,
123.6, 123.7, 123.8, 126.3, 127.6, 128.7, 129.3, 129.6, 129.7, 131.1,
131.8, 131.9, 134.4, 134.74 137.4, 146.0, 159.3, 163.9, 164.3 ppm.
UV (chloroform): Amax 525, 489, 458, 263, 243. HRMS: calcd for
Cs3HaaN2010 (M + HY) 869.3074, found 869.3071.

N-2-[(2-O-4,4-Dimethoxytritylethoxy)ethyl]- N'-24{[2-O-(2-cyano-
ethyl diisopropylchlorophosphino)ethoxylethyl -3,4,9,10,-perylene-
tetracarboxylic diimide (9). To 40 mg (0.055 mmolIN-2-[(2-O-4,4-
dimethoxytritylethoxy)ethyl]N'-2-(2-hydroxyethoxy)ethyl-3,4,9,10-
perylenetetracarboxylic diimidgdissolved in anhydrous dichloromethane
(2 mL at 0°C) was added 0.048 mL (0.28 mmol) diisopropylethylamine
followed by 0.025 mL (0.11 mmol) 2-cyanoethyl diisopropylchloro-
phosphoramidite. The reaction was slowly brought t6@%nd stirred
for 30 min. TLC analysis indicated the absence of starting material
and the presence of a new product. The reaction was stopped-with 2
drops of methanol, and the phosphitylated product was precipitated
into cold hexane (0C). The product was filtered, washed with cold
hexane and rinsed from the filter with dichloromethane. The product
was concentrated to yield 0.035 g (0.036 mmol)9adis a red solid
(65% vyield).R = 0.67.3'P NMR (CDCE, H3PQ, external reference)
149 ppm.

Synthesis of Oligonucleotides Containing LinkersDNA sequences
were assembled using standard phosphoramidite protocols. The hexa:
ethylene glycol and naphthalene linkers were incorporated on the DNA
synthesizer by increasing the coupling time of the corresponding
phosphoramidite from 30 s to 10 min. Oligonucleotides containing the
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cleaved from oligonucleotides containing the hexaethylene glycol linker.
These oligonucleotides were purified by HPLC in 50 mM triethyl-
ammonium acetate buffer (pH 7) with a gradient of acetonitrile. The
DMT group was then removed by treatment with acetic acid for 30
min. All oligonucleotides were desalted on columns of Sephadex G-10
prior to use.

Tm Values. Ty values were obtained for duplexes or complexes
containing a 1:1 mixture of oligonucleotide-linker-oligonucleotide and
single stranded target each at various concentrations from 0.5 to 20
uM in 50 mM NacCl, 10 mM MgC} and 10 mM buffer: (pH 6.4 and
7.0) or Ty values in the tables are reported for oligonucleotide
concentrations of kM. Solutions were heated in 1C steps, and
absorbances were recorded after temperature stabilization using an
AVIV 14DS spectrophotometer. Absorbance and temperature readings
were plotted using Igor Pro softwarBy values were determined from
first-order derivatives as well as graphically from absorbance vs
temperature plots. Differences greater thiah °C were not observed
when using the two procedures. Histeresis experiments were performed
by cooling the solutions in 2C steps with corresponding absorbance
readings. Thermodynamic parameters were obtained using a van't Hoff
analysis from plots of Ty vs log C for the concentration range of 0.5
to 20 uM.39:40

Fluorescence DataFluorescence spectra were obtained for single-
stranded conjugates or triplex conjugates at concentrationgbf i
50 mM NaCl, 10 mM MgC} and 10 mM PIPES, pH 6.4 at ambient
temperature. Excitation occurred at 500 nm and emission was observed
in the range of 526570 nm.

Results

The design of the hairpin triplexes relied upon a DNA or
RNA sequence that binds to the single-stranded target by both
Watson-Crick (W—C) hydrogen bonding as well as by Hoogs-
teen hydrogen bondintf This format requires that the probe
sequence bind in an antiparallel manner for the @Vinterac-
tions and then make a 18@urn in order to bind in a parallel
manner to the Hoogsteen face of the target strand. In previous
studies this turn is facilitated by the use of five T residues

perylene linker were assembled on the synthesizer up to the site of the(Figure 1a) or by the replacement of the T residues by simple

linker. The final 4,4-dimethoxytrityl (DMT)-protecting group was
removed from the Bhydroxyl of the base ‘3o the linker and at this
point the synthesis was interrupted. The CPG containing the oligo-
nucleotide was removed from the synthesizer, dried in vacuo, and
poured into a small flask. To the CPG was addeduB@l of the
perylene linker phosphoramidit)(dissolved in 0.50 mL of anhydrous
dichloromethane and 0.50 mL of 0.5 M tetrazole in acetonitrile. The
reaction was mixed in an argon atmosphere for 1 h. The CPG was
then filtered and rinsed with dichloromethane to remove unincorporated

linker such as hexa(ethylene glycéif We opted to design a
simple linker tethering the two different binding sequences that
could itself contribute to enhancing complex stability. The
design recognized that at the hairpin turn, the triplex structure
provides a terminal base triplet that is largely planar in nature
and could be envisaged as a target for hydrophobic base stacking
or intercalative interactions by an appropriate planar linker
(Figure 1b). To take advantage of such targeting we have

phosphoramidite. The CPG was replaced in the column which was €x@mined both naphthalene diimide and perylene diimide
reattached to the synthesizer and the synthesis was resumed at thélerivatives as potential planar hydrophobic linkers. These simple
capping step. This procedure was necessary owing to the moderatearomatic molecules were more readily available than others
solubility characteristics of perylene derivative in acetonitrile. The base reported in the literatuté to be specific for triplex binding.

5' to the perylene linker was dissolved in anhydrous dichloromethane The design of the nucleic acid conjugates employed either a
and incorporated by increasing the coupling time from 30 s to 10 min. pNA or an RNA target sequence, a DNA/RNA strand for
The remaining bases were added on by standard methods withyyatson-Crick base pairing, an internally tethered naphthalene

phosphoramidites dissolved in acetonitrile. _ ~or perylene linker followed by a second DNA/RNA strand for
The terminal DMT groups were removed from the oligonucleotides Hoogsteen base pairing (Figure 1c)

containing the naphthalene and perylene linkers. The sequences were . .
deprotected in concentrated methanolic ammonia &tGbvernight Synthesis The linkers were prepared as DMT-protected

(perylene-based conjugates were typically deprotected in concentrated®N0Sphoramidites such that they could be used in conventional
aqueous ammonia at 5% overnight). The oligonucleotides were ~ SOlid-phase DNA synthesis. The synthesis of the various
purified by denaturing polyacrylamide gel electrophoresis using 20% perylene intermediates was complicated by low solubility in
polyacrylamide/1% bisacrylamide/7 M urea gels in 89 mM tris-borate most solvents. A significant improvement resulted when at least
buffer containing 2 mM NgEDTA, pH 8 (1x TBE buffer). The bands ~ one of the tBDMS- or DMT-protecting groups remained
were visualized by UV shadowing (and by the obvious colored attached to at least one of the linker arms throughout the

properties of the linkers) and excised. The pure oligonucleotides were synthesis. Solubility of the perylene chromophore was no better
electroeluted in 0.5 TBE buffer using a Schleicher and Schuell (Keene,

NH) Elutrap. In contrast, after deprotection in concentrated aqueous
ammonia at 55°C overnight, the Sterminal DMT group was not

(39) Petersheim, M.; Turner, Biochemistryl983 22, 256-263.
(40) Marky, L. A.; Breslauer, K. JBiopolymersl987 26, 1601-1620.
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Figure 1. (a) Hairpin triplex with five dT residues tethering the two pyrimidine binding sequences. (b) Complex illustrated in (a) with a non-
nucleoside linker tethering to two binding sequences. (c) A BMAphthalene diimide conjugate. (d) A DNAerylene diimide conjugate.

Scheme 1 remainingtBDMS-protecting group) could be obtained with a
o o limited HF/pyridine reaction. The mon®DMS-protected

O Q product @) could then be converted to the DMT-protected

9 Q.Q o derivative?7. The secondBDMS-protecting group was then be
K > removed, and the resulting producB) (converted to the

phosphoramidite derivative9).

The naphthalene linker was prepared in a similar but more
straightforward manner. After incorporation of the ttBDMS
linkers, thetBDMS-protecting groups were both removed, and
the product was converted successively to the mono-DMT

205"(:1 HN__~ 0/\/0~(IBDMS) 4

O, O

YL o pas
(BDMS-O O—/_NN
O [¢]

5

2. DMT-CI

derivative and then to the corresponding phosphoramidite.
Sequences of DNA or'2-methyl RNA, or appropriate

chimeric sequences were prepared in the conventional manner

on CPG solid-phase supports. At the site of the linker, the

naphthalene-based phosphoramidite was incorporated in much
that same manner as a nucleoside derivative. The perylene
derivative continued to exhibit poorer solubility characteristics,
and to avoid clogging the lines of the DNA synthesizer, the
coupling was performed with the CPG in a small flask. After
this coupling reaction, further elongation in the normal manner
was also not effective. The first coupling after incorporation of
the perylene diimide needed to be performed in a 50:50
dichloromethane:acetonitrile solution. Presumably the solubility
_( of the tethered perylene was problematic in acetonitrile. After

J 1. Limited rxn. HF/py— 6

O, O O (o]
_/—0 O-tBDMS
.m_mf:z -

1. nBBuyN'F —= 8
2. (iPr),;NP(OCH,CH,CN)CI/DIEA

_< the coupling reaction, and the removal of the excess linker, the
treated with concentrated methanolic ammonia (naphthalene)
or concentrated aqueous ammonia (perylene) overnight. After

into sequences of DNA, the polyanionic nature of the DNA "M (peryle_n_e). All of the cpnjugates eluted as single peaks under
resulted in a significant improvement in aqueous solubility of POth conditions of detection.

00_/_0\_/0_},{" support became yellow (naphthalene) or burgundy (perylene)
/\ —/'—N N OCH,CH,CN
DMT-0O [¢]
OO
isolation by PAGE, each complex was analyzed by HPLC with
the conjugates. We were concerned about the stability of the diimide linkages

in color. After completion of the synthesis, the CPG beads were
in aqueous solutions (quite likely worse), but after incorporation d€tection at 260 nm and either 383 nm (naphthalene) or 537
A suspension of 3,4,9,10-perylene tetracarboxylicdianhydride and after isolation subjected the conjugates to conditions of

(Scheme 1) was treated with 2-(2tert-butyldimethylsilyl- concentrated aqueous ammonia at”60 The perylene conju-
ethoxy)-ethylamine4) at elevated temperature in the presence 9dates were essen_tlally insensitive to _these conditions, but the
of zinc acetate to generate the target diimidén principle it naphthalene conjugates were readily degraded. After ap-

was only necessary to remove tthS_protecting groups proximatey 4 h under these conditions, little intact conjugate
and convert this compound to the DMT-protected phosphor- remained. Owing to this sensitivity, we performed the depro-
amidite. However, upon removal of thBDMS-protecting tection of the naphthalene linkers in methanolic ammonia.
groups (TBAF) an insoluble solid precipitated. Similar results  Effects of Naphthalene and Perylene Linkers on Hairpin
were obtained in attempting to do a limited deprotection with Triplex Stability . In our initial contributio¥® we reported only
TBAF. An appropriately soluble produ@ (containing one on the Ty values for triplexes composed entirely of DNA
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Figure 2. Eight hairpin triplexes formed with a DNA (D) target (upper § 60
grouping) or an RNA (R) target (lower grouping) and binding sequences g
that are both DNA (D), both'20-methyl RNA (M) or one strand of 2 50 -

each. T
20

Temp (O

sequences and either linker. These represent perhaps the simplest
of the possible complexes. Although the hairpin triplexes are Figure 3. (a) Absorbance vs temperature plot (at 260 nm) for the

composed of only two sequences, there are still three strandsD—DP—D hairpin triplex containing a perylene diimide-based linker.

of nucleic acid involved in the complex. The nonconjugated Inset shows hysteresis for the heating and cooling experiments. (b) The

sequence can be considered as the “target’ strand, and thésame temperature vs absorbance plot as in (a) monitored at 537 nm.

conjugate binds to the target with two strands, one a Watson as a single event. The observed transitions were monitored in
Crick strand (antiparallel) and the second a Hoogsteen strandboth “heating” and “cooling” experiments with only a moderate
(parallel). It is then possible to study two groups of complexes, hysteresis effect present (Figure 3a, inset). We additionally
those that have a DNA target strand (D) and those that have anmonitored the transitions at 383 nm (naphthalene) or 537 nm
RNA target strand (R) (Figure 2). Within those two groups eight (perylene) and observed very similar transitions with midpoints
complexes were generated (four with the naphthalene linker andessentially identical with those monitored at 260 nm (see Figure
four with the perylene linker), one contains DNA for both the 3b). These data further suggested that the denaturation of these
Watson-Crick and Hoogsteen strands, while a second contains conjugate triplexes could be approximated by a two state model.
RNA (in this case the '20-methyl analogue) for both strands. For the conditions of pH 6.4 we employed a van't Hoff
Additional complexes were formed with one DNA strand and analysig®3°to obtain free energy parameters for the transitions
one 2-O-methyl RNA strand (M). In total eight conjugated of sixteen different complexes.
triplexes were prepared for each linker (Figure 2). The first group of eight complexes described (Table 1) are
The triplexes studied contained a target strand of 19 residuesthose containing a DNA target strand. For comparative purposes
and the polypurine target site occupied the central 9 residues.we have also prepared a hairpin triplex with a simple hexa-
This target sequence contained twe-G base pairs and seven (ethylene glycol) linker. Th&)y values for the all DNA triplex
A—T base pairs. We employed T (or U) in the third strand for formed with this nonplanar simple linker were 24 and°&l,
A—T base pair targets, and C for<& base pair targets. Inthe at pH values of 7.0 and 6.4, respectively, and th&s;
latter case protonation is necessary to permit bidentate bindingdetermined at pH 6.4 was-7.7 kcal/mol. When the hexa-
to the target G, so we obtaindg values at pH values of 6.4  (ethylene glycol) linker was replaced with naphthalene diimide
and 7.0. In all cases a single thermally induced transition was [and two tri(ethylene glycol) chaifhs 6 kcal/mol change in
observed for the conjugated triplexes (Figure 3a), and the AGsz;was observed. With the perylene diimide present, a further
cooperativity observed suggested that the transition could bel.3 kcal/mol of stabilization results, some 7.3 kcal/mol more
approximated by a two state model. While triplexes formed from stable than the complex containing the simple glycol linker. As
a target duplex and a third single strand commonly result in the nature of the backbones (DNA vs RNA) of the Watson
two transitions (triplex— duplex and duplex> random coil) Crick and Hoogsteen strands were varied, notable changes in
hairpin triplexes formed from a single strand target and a hairpin stability were observed. The most dramatic difference occurred
second/third strand more commonly result in a single transi- when both strands weré-©-methyl RNA. This complex, with
tion#67In the present case this observation likely results from a Ty increase of 28C, exhibited 21 kcal/mol of stabilization,
the fact that the WatsernCrick and Hoogsteen strands are some 13.3 kcal/mol more stable that the complex containing
tethered to one another so denaturation of both strands occurgdhe simple glycol linker. The mixed DNA/RNA complexes
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Table 1. Stability of Triplexes Containing Naphthalene- and Table 2. Stability of Triplexes Containing Naphthalene- and
Perylene-Based Linkers with a DNA Target Strand Perylene-Based Linkers with an RNA Target Strand
Sample Triplex/19-mers (DNA targets): Sample Triplex/19-mers (RNA targets):
> T o ¥ e M St o it | M
51 d(CTCCCAGAARAGAA—E—CTCCC) 3' D 5' d(CTCCCAGARAAGAA-E-CTCCC) 3' D 5 CUCCCAGAMAAGRA—E-CUCCC 3' R 5' CUCCCAGARARGAA: 3R
5 D 5 UCUUUUCUUJ M 5T D 5" UCUUK M
Complexb Complexb
—I W-CSrand — D D M M —I W-CStrand —> D D M M
Linker = L Target Strand — D D D D Linker = L Target Strand — R R R R
_J Hoogsteen Str. — D M D M J Hoogsteen Str. — D M D M
pH 7.0 (°C) 24 pH 7.0 (°C) nde
Of Of
-O(CH,CH,0)5CH,CH,0- pH 6400 31 PH 64(°C) ~10d
AGgy (keal/mole) 7.7 -O(CH,CH,0)5CH,CH,0- AGg7 (keal/mole) -
AH (kcal/mole -70 AH (kcal/mole -
45 (calMK) -203 AS (cal/M°K) -
-OCH,CH;OCH,CH, -OCH,CH,0CH,CH
oo N0 pH 70(°C) 3 48 37 46 SR pH 70(°0) 21 39 37 a1
OO pH 6.4 (°C) 45 50 39 51 OO pH 64 (°C) 22 40 40 42
AG37 (keal/mole) -13.7  -143 99 -15.4 AG37 (keal/mole) 7.8 -9.6 9.7  -10.0
fe) 1;; [o) AH (keal/mole -162 -115 -118 -172 o” N0 AH (keal/mole .34 .54 .35 -55
-OCH,CH,OCH,CH, 45 (calMK) -480  -326  -351  -505 VOCHZCHZOCHZC;[Z AS (cal/MPK) 87 143 .82 -144
-OCH,CH;0CH,CH,
Oy N0 -OCH,CH,0CH,CH,
pH 7.0(°C) 44 49 37 56 Ox.N_O

pH 7.0(°C) 28 38 38 45
pH 6.4 (°C) 48 55 43 59 OO

‘ AG37 (kcal/mole) -15.0 477 -103 -21.0 ‘ pH 64 (°C) 29 39 43 46
OO AG37 (keal/moie)

AH (kcal/mole <153 -161 -94 -179 OO 7.9 99  -103 -10.8
o> N0 AS {cal/M°K) -4485 -461 -268 -509 AH (kcal/mole -47 -73 -47 -63
! NTOo AS (cal/M°K; -126 -204 -117 -170
-OCH,CH,0CH,CH, 0 { )

L}
-OCH,CH,0CH,CH,

2 Tw values were obtained for duplexes or complexes containing a
1:1 mixture of oligonucleotidelinker—oligonucleotide and single-
stranded target in PIPES at the noted pH at oligonucleotide concentra-
tions of 1uM. Solutions were heated in °C steps, and absorbances | lthe | | link ffective th
were recorded after temperature stabilization using an AVIV 14Ds 1 g€neral the larger perylene linker was more eriective than
spectrophotometer. Absorbance and temperature readings were plottedn€ naphthalene in enhancing the stabilization of the three
using Igor Pro softwareTy values were determined from first-order ~ stranded complexes. The largest difference between the two
derivatives as well as graphically from absorbance vs temperature plOtS.p|anar linkers was 5.6 kcal/mol observed for the Comp|ex formed

Tw values are the average of at least two determinations reproducible : .
to +1 °C. AGs; values were calculated for the data at pH 6.4 from from a DNA target and a conjugate containing two RNA strands

aSee footnotea of Table 1.° See footnoteb of Table 2.°No
transition detected! Transition begins<0 °C, Ty is approximated.

1/Tm vs log C plots.? D = oligodeoxynucleotide, M= 2'-o-methyl- (Table 1). By comparison, all of the complexes containing an
oligoribonucleotide. RNA target had very similaAG values regardless of the linker
employed.

exhibited 17.7 and 10.3 kcal/mol of complex stabilization, the ~ Fluorescence PropertiesPerylene derivatives have well-
more stable complex occurring when both strands of the targetdocumented fluorescence properties that were useful in char-
duplex were DNA and the Hoogsteen strand was RNA. acterizing some of the conjugated triplex properties. Neither

The second group of eight complexes (Table 2) are those the perylene tetraacetic dianhydride, nor any of the linker-only
containing an RNA target strand. In these cases the triplex wasderivatives prepared, could be used to obtain usable fluorescence
much less stable. For the complex containing a hexa(ethylenespectra in aqueous solution. Either the solubility of these
glycol) linker, no transition was observed at pH 7.0, and at pH derivatives was so poor that no significant amounts of material
6.4 a very early transition was observed with an estimdigd were solubilized, or material in solution underwent self-
of about 10°C. However, this transition was not sufficiently —aggregation and resulted in self-quenching of any fluorescence
distinct to permit thermodynamic characterization. The stabiliz- emission properties. However, upon conjugation to the charged
ing effect of the planar linkers resulted in much more stable nucleic acids, the DNA/RNAperylene linkers could be dis-
complexes that could be effectively characterized. In the best solved in water and fluorescence spectra were obtained. With
case (the all RNA triplex) théy value was increased by roughly — an excitation wavelength of 500 nm, the perylene conjugates
36 °C with 10.8 kcal/mol of stabilization. By comparison, when exhibited an emission maximum at 546 nm. The quantum yields
two DNA strands were used with the RNA target, a more for various conjugates exhibited significant variations (Figure
moderate increase if\y of about 12°C was observedXGz7; = 4a). The conjugate containing two RNA strands (as th@-2
—7.8 kcal/mol). With both linkers, those complexes containing methyl derivatives) resulted in the highest quantum yield, while
at least one RNA strand were more effective in stabilizing the that containing two DNA strands the lowest (reduced some
triplex with the RNA target than the conjugate containing two 6-fold). The conjugate containing one RNA and one DNA strand
DNA strands. was intermediate in effect.
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Figure 4. Fluorescence spectra of various perylene conjugates obtained at concentratioiid ahdl pH 6.4. (a) Fluorescence emission spectra
for (i) the 3-RNA—perylene-RNA conjugate, (ii) the SRNA—perylene-DNA conjugate, (iii) the 5DNA—perylene-DNA conjugate, all obtained
at concentrations of &M. (b) Fluorescence emission spectra for (i) tHeDBIA—perylene-DNA conjugate, (ii) the 5SDNA—perylene-DNA
conjugate with the DNA 19-nucleotide target, and (iii) tHeCBNA —perylene-DNA conjugate with the purine-only 9-nucleotide target, all obtained
at concentrations of M.

Upon complexation to the target strand the emission of the Quenching of the perylene excited state by aromatic pi systems
perylene linker in the all DNA complex was quenched to some has been observed previouély.
14% of its initial value (Figure 4b). Some variation in the
qguenching effects were observed for the other seven complexe
(Figure 5). During the course of these studies we also prepared The goal of this study was to target the base triplet at the
a smaller triplex complex, one composed of the shortest possibleterminus of the three-stranded complex formed from a hairpin
target, a 9-mer. Th&y values obtained for the all DNA complex triplex as a site to enhance hydrophobic base-stacking interac-
with this 9-mer were similar to those obtained with the 19-mer tions and thereby provide additional overall stabilization to the
target, but the fluorescence effects were quite different. with complex. The design of both linkers employed was based upon

this complex almost complete quenching of the emission signal @fomatic diimides, one a derivative of naphthalene and the
was observed. Both of these experiments, with either the 19- Second originating from perylene. The synthetic scheme for the
mer or the 9-mer target, are consistent with energy transferformer was relatively straightforward, while that for the latter

between the perylene and stacked base residues of the triplexes. (41) Icli, S.; Icil, H.; Gurol, I. Turk. J. Chem1997, 21, 363—368.

@iscussion
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Figure 5. Bar graph illustration of the relative fluorescence quantum yields for the simple uncomplexed DNA/RNA conjugates containing a
perylene-based linker (black) in comparison with the corresponding triplexes (gray) obtained by titrating the perylene-based conjugates with one
equivalent of the DNA or RNA target strand. For example; D represents the WatserCrick*Hoogsteen complex with an RNA (R) target and
two DNA (D) strands from the perylene conjugate.
was complicated by the poor solubility characteristics of the  Base-stacking interactions between the planar linkers and the
perylenes in general. However, appropriate selection of protec-nucleic acid triplexes are further indicated in that (i) absorbance
tion groups permitted us to convert the perylene diimide into vs temperature plots obtained at 383 or 537 nm for duplexes
the desired phosphoramidite, and appropriate choice of couplingcontaining the naphthalene- or perylene-based linkers, respec-
procedures permitted the preparation of the complexes intively, also exhibited identical cooperative increases in hyper-
sufficient quantities. Isolation by HPLC methods of the perylene- chromicity with a midpoint in the transitions that corresponded
based conjugates was complicated by the hydrophobic natureto those obtained at 260 nm (see Figure 3a and 3b). (ii)
of the linkers, but PAGE isolation eliminated these complica- Additionally, absorbance vs temperature plots obtained in
tions and was an effective alternative. solutions containing 1:630% ethanol, resulted ifiy reductions

The perylene-based linker is more likely to be effective in from 3 to 7°C as we described in our initial contributié.
triplex stabilization since modeling studies suggest that it can While these experiments suggest that stacking interactions
potentially provide more effective stacking interactions with all between the linkers and the nucleic acids bases are present,
three base residues of the terminal base triplet (Figure 6). Thisethanol can also destabilize nucleic acid complexes in the
expectation was observed for those complexes involving a DNA absence of any aromatic linkers by interfering with base-stacking
target. Less differentiation was present with complexes contain- interactions.
ing an RNA target suggesting the possibility that in these latter Ty and AG values varied for the complexes, and were
complexes the perylene linker was not positioned in such a dependent on the nature of the DNA or RNA composition of
manner to maximize stacking interactions. With the described the complexes. For the DNA target, with both conjugate strands
19-mer the linker must “cross” the target strand at some point containing 2-O-methyl RNA (i.e., M—-D*M = Watson-
in order for both WatsonCrick and Hoogsteen interactions to  Crick*Hoogsteen strands), tig, was increased by as much as
take place. With the described complexes there is the possibility 12 °C for the naphthalene linker and as much asC6or the
that the first residue extending beyond the triplex complex may perylene linker (relative to conjugates in which one or both
be stacked onto either the naphthalene- or perylene-based linkestrands are DNA).AG values for the M-D*M complex
at the point in which the linker crosses the target strand in such containing the naphthalene- and perylene-based linkers were
a manner that the linker would effectively be intercalated —15.4 and—21.0 kcaimol™?, respectively. By comparisoG
between the last base triplet and the first single-stranded basevalues for the M-D*D complexes were—9.9 (naphthalene
of the target. In the complex illustrated here the first single- linker) and—10.3 (perylene linker) kcainol™t. TheTy andAG
stranded base beyond the last triplet is a cytosine residue, whichdata therefore suggest that the complexes in which both probes
typically has the poorest of base-stacking interactions of the are 2-O-methyl RNA are the most stable. One mixed probe
four common bases. By comparison, adenine has demonstratedtrand containing the naphthalene linker{D*M) had a Ty
the strongest base-stacking interactions. As we reported in oursimilar to that of the M-D*M complex with the same linker.
initial contribution3® when the target sequence was changed to This trend has been observed previously where it was regdérted
effect a substitution of dA for dC at this site, an additional 3 that R—-D*R and D—D*R followed by D—D*D were the most
°C increase iy was observed. This result suggests a complex stable complexes formed. In other studies, and in the presence
with the naphthalene or perylene derivative sandwiched betweenof 2'-O-methyl RNA, the following relative stabilities: MD*M
the terminal base triplet and the next single-stranded base. (42) Roberts, R. W.; Crothers, D. Msciencel992 258 1463-1466.
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Naphthalene Linker

Perylene Linker

Figure 6. lllustration of the approximate relationships of the naph-
thalene linker (upper) and perylene linker (lower) linkers to the terminal
base triplet of the hairpin triplex.

> D—D*M > D—-D*D > M—D*D were reported?® Other
studie$* have suggested much different relative orders, and these
differences may be due to variation in the sequences employe
or in the experimental conditions. Previous studies determined
the AG values for similar complexes containing the hexa-
(ethylene glycol) linkef.For the hexa(ethylene glycol) sequence
illustrated in Table 1 (with an all DNA conjugate) theGs;

was determined to be7.6 kcatmol™. This value is comparable

to that previously determined for a similar complex and is
consistent with our finding that complexes containing this simple
glycol linker are less stable than those containing the naphtha-
lene- and perylene-based linkers.

Tables 1 and 2 also indicate that the values for complexes
containing a perylene-based linker are81°C higher than the
corresponding complex with a naphthalene-based linker (at pH
6.4). The corresponding G values correlate well with these
data in that for each type of complex thé& values were slightly
more negative for the complexes containing the perylene-base
linkers. Complex formation appears to be enthalpy-driven in
all cases, but the differences in stability between the naphthalen
and perylene complexes for the DNA target arise in part from
a slightly less unfavorable entropy term for the perylene

e

vdlBe et al.

able to stabilize complexes containing the DNA target than the
naphthalene linker. We also note that Tgevalues at pH values

of 6.4 and 7.0 do not differ much for the RNA target series.
Since we were unable to obtain effective transitions for those
complexes containing the hexa(ethylene glycol) linker, the
presence of the planar linker appears to be a dominating force
in the formation of this series of complexes.

For complexes with a RNA target the results are less dramatic.
The Ty values obtained for the BR*D complex were 22 and
28 °C for the naphthalene- and perylene-based linkers respec-
tively (the lowestTy values observed in this studyGs; values
for the DR*D complexes were-7.8 and—7.9 kcal/mol (the
lowestAGs; values observed in this study). A general rule for
DNA/RNA mixed triplexes seems to be that if the duplex
contains the R purine strand, only the R third strand will bind.
Twu values for the M-R*M complexes were 1720 °C higher
than those for the BR*D complexes, consistent with this
observation. Again, théGs7 values correlated well with the
Twm values (2.2-2.9 kcatmol~! more negative than those for
the D—R*D complexes), which indicates that the all-RNA probe
is significantly more stabilizing when the target is RNA than
the all-DNA probe. The mixed probes demonstrated intermediate
values ofTy; andAG. The order of stability previously reported
from most stable to least isRR*R > R—R*D > D—R*R,
D—R*D; and if 2-O-methyl made up one or two of the
pyrimidine strands, the order was MR*M > M—R*D >
D—R*M > D—R*D.% This pattern seems similar to the pattern
observed in these experiments; however, in that previous work,
circular oligonucleotides were used in which the loop portions
were penta-nucleotides.

In comparing the naphthalene-based and perylene-based linker
complexes containing the RNA probe, again in each case the
Twu values for the complexes containing a perylene-based linker
are only slightly higher than those for the corresponding complex
with a naphthalene-based linker. The correspondi@g; values
are also quite similar regardless of the linker. These results
suggest that with the RNA target the perylene linker may be
less optimally positioned, or that the terminal base triplet is less
coplanar, such that effective stacking interactions with the larger
perylene-based conjugate are not maximized.

g Nearly all effective DNA intercalators are not only planar in

geometry but also contain a positive charge. The former property
permits the agent to “slide” between base pairs, while the latter
may be important for chargecharge interactions with neighbor-
ing phosphates and necessary to lock the intercalator into
position. Other types of planar molecules lacking a positive
charge, most notably psoralen and the diol-expoxide derivatives
of benzopyrene, have not been observed in fully intercalated
states until they are covalently tethered to the duplex. After
alkylation, the intercalated mode of binding appears to pre-
dominate?®46 Such ligands can be considered to be transient
intercalators in the absence of covalent bond formation. The
planar linkers described in this study also lack any positive
charge; however, the presence of significant binding interactions
with the tethered WatserCrick and Hoogsten pyrimidine

ds'[rands will certainly position the planar intercalating linkers

In position to be effectively stacked on the terminal base triplet,

and intercalated between the triplet and the next base of the
single-stranded target. The energetics of binding by selected
positively charged intercalators has been determined, and for

complexes. The data indicate that the perylene linker is better

(43) Wang, S.; Kool, E. TNucleic Acids Resl995 23, 1157-1164.
(44) Han, H.; Dervan, P. BProc. Natl. Acad. Sci. U.S.A993 90, 3806
3810.

(45) Tomic, M. T.; Wemmer, D. E.; Kim, S. HSciencel987, 238
1722-1725.

(46) Cosman, M.; Delossantos, C.; Fiala, R.; Hingerty, B. E.; Singh, S.
B.; Ibanez, V.; Margulis, L. A.; Live, D.; Geacintov, N. E.; Broyde, S;
Patel, D. JProc. Natl. Acad. Sci. U.S.A992 89, 1914-1918.
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two quite different agents, ethidium bromide and daunomycin, sive for the 19-mer target (Figures 4b and 5). Although
the free energies for intecalative binding are essentially identical quenching was observed in all cases, significant variations were
at —9 kcal/mol4” With the present complexes, the difference present. Within the RNA target series, the smallest quenching
between the hexa(ethylene glycol) linker and the planar linkers effects were observed for the MR*D complex (46% of
can be roughly compared. And although it is unlikely that the conjugate), and this is also the least stable triplex (see Table
energetic effects are strictly additive, this comparison (for the 2). The most dramatic quenching effects were observed for the
D—D*D complex) suggests that the intercalating linkers provide all-M—R*M triplex (18% of conjugate); this complex is also
roughly 6 kcal/mol (naphthalene) and 7.3 kcal/mol of stabiliza- the most stable of the four triplexes formed from RNA target
tion energy. These values are probably not unreasonablystrands. The remaining two triplexes have intermediate quench-
different from the ethidium bromide and daunomycin values, ing effects and exhibit intermediateG values (compare Figure
given that those agents when intercalated experience 1 with Figure 5). The results with the DNA target are less
interactions to both planar surfaces, while with the present conclusive. The smallest quenching effects were observed for
complexes ther—sx interactions largely occur to one of the the M—D*D triplex (48% of conjugate), and this complex also
aromatic faces. exhibited the lowesAG value for the DNA target series (Table
The large increase in complex stability between the control 1). However, the most significant fluorescence quenching was
complex containing the hexa(ethylene glycol) linker and those observed for the BD*D and D—D*M triplexes (14 and 17%
containing the naphthalene and perylene linkers appears to beof conjugate, respectively), while the most thermodynamically
largely due to the stacking interactions afforded by the latter stable triplex is the M-D*M complex (with 25% fluorescence
planar derivatives. However, other aspects may also contributerelative to the conjugate). This inconsistency may simply reflect
to this enhanced stability. The planar linkers have fewer rotatable some preference for stacking on the DNBNA Watson-Crick
bonds, relative to hexa(ethylene glycol) so that fewer unfavor- duplex that is only present in these two complexes. With the
able conformations may be present for the planar linkers. DNA—DNA duplex present, the fluorophore stacks onto a dA-
Additionally, while the planar linkers are designed to interact dT base pair. Since the quantum yield for the single-stranded
favorably with the target strand, the simple hexa(ethylene glycol) conjugates is most dramatically reduced for the DNitvker—
linkers offers no favorable interactions, and may in fact be DNA sequence, the presence of the dT residues likely stack
presented with unfavorable steric challenges as it must crossmore effectively with the linker and result in more dramatic
the target strand in its role of tethering the Wats@rick and guenching whether in simply the single-stranded conjugate or
Hoogsteen binding oligonucleotides. Other parameters clearly the corresponding three-stranded complex. Such an effect would
affect complex stability, the most obvious being the mixture of skew the relationship between triplex stability, which is the result
DNA/RNA within the complexes. Regardless of the target strand of both the nature of the three nucleic acid strands and of the
(DNA or RNA) the most stable complexes in each series resulted stacked ligand, while the fluorescence quenching data only
when both the WatsenCrick and Hoogsteen strands were RNA  reflects the nature of the interaction of the perylene with,
or 2-O-methyl RNA (M—D*M and M—R*M complexes). By presumably the terminal base triplet.
comparison, the least stable complexes in each series were While variations in the fluorescence quenching effects are
generally those in which a WatselCrick heteroduplex was  likely to reflect some slight differences in the nature of the
formed with a third strand of DNA (MD*D and D—R*D hydrophobic stacking interactions between the fluorophore and
complexes). Although the structures of these various triple the planar aromatic bases, the most likely structure consistent
helices have eluded formal explanation by X-ray analyses, it is with the observed data is that in which the planar chromophore
clear that basebase interactions alone cannot explain these stacks on top of the terminal base triplet of the three-stranded
differences. complex (see Figure 6). That the complex with the shorter 9-mer
The quantum yields from the fluorescence experiments for target is largely non-fluorescent is likely a result of dimerization
the perylene-based conjugates are dependent upon the nucleiabout the perylene linkers occurring between two triplexes. The
acid composition. The all-RNA conjugate is likely the most polar additional peryleneperylene stacking as the result of dimer-
of the conjugates, owing to the presence of th®R on each ization likely contributes to additional self-quenching effects.
sugar residue and the absence of the methyl group on the uracils, .
In the RNA-DNA conjugate, the uracils of the DNA strand Conclusions
are methylated as thymines. The presence of the methyl groups The use of planar naphthalene and perylene diimide linkers
and the absence of the 2-OH at each site results in a moreto bridge the WatsonCrick and Hoogsteen hydrogen bonding
hydrophobic sequence, and one that is likely more capable ofstrands in a hairpin triplex imparts significant additional stability
stacking or otherwise interacting with the hydrophobic perylene to the three-stranded complex. These types of conjugates can
linker. Any kind of base-stacking event will likely result in  be used effectively to target single-stranded nucleic acids and
energy transfer, and as observed, the conjugate with two DNA could be effective modulators of genetic expression by com-
strands is much less fluorescent than that with two RNA strands. plexing to single-stranded mRNA or single-stranded portions
The quenching observed upon complex formation is most of DNA actively involved in transcriptional processes.
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