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Abstract: Therapeutic bifunctional alkylating agents generate interstrand cross-links in duplex DNA. As
part of our continuing studies on DNA duplexes that contain alkyl interstrand cross-links, we have synthesized
a cross-link that bridges the N2 positions of a mismatched thymidine base pair. This cross-link, which is
similar to the N3C-alkyl-N3C cross-link that has been observed between mismatched cytosine base pairs,
was introduced by first incorporating a cross-linked phosphoramidite unit at the 5'-end of an oligonucleotide
chain. Fully cross-linked duplexes were then synthesized using an orthogonal approach to selectively remove
protecting groups, thus allowing construction of the cross-linked duplex via conventional solid-phase
oligonucleotide synthesis. Short DNA duplexes with alkyl cross-links of various lengths (two, four, and
seven methylene units) were prepared, and their physical properties were studied via UV thermal
denaturation and circular dichroism spectroscopy. These linkers were found to stabilize the duplexes by
37, 31, and 16 °C for the two-, four-, and seven-carbon linkers, respectively, relative to a non-cross-linked
duplex. Circular dichroism spectra suggested that these lesions induce very little deviation in the global
structure relative to the non-cross-linked duplex DNA control. Molecular models show that the two-carbon
cross-link spans the distance between the N3 atoms of the T—T mismatch without perturbing the helix
structure, whereas the longer linkers, particularly the seven-carbon linker, tend to push the thymines apart,
creating a local distortion. This perturbation may account for the lower thermal stability of the seven-carbon
versus two-carbon cross-linked duplex.

Introduction a number of repair pathways, including homologous recombina-
tion and nucleotide excision repair, have been implicated in
cross-link repair in bacteria and mammalian cells, an under-
standing of the molecular mechanisms that are involved is still
lacking8~1° Since development of resistance is one of the
primary reasons for treatment failure, a better understanding of
the processes by which interstrand cross-links are recognized
and repaired could lead to the development of more effective

Covalent DNA lesions play important roles in the etiology
and treatment of cancer. Therapeutic alkylating agents include
monofunctional and bifunctional agents. The latter category in-
cludes platinum agents, nitrogen mustards, chloroethylnitro-
soureas, and cyclophosphamidé The major cytotoxic lesion
introduced by the latter three agents are interstrand cross-
links, which if left unrepaired, prevent DNA strand separation ; :
and normal mitosis, interfere with transcription, and induce Pifunctional alkylating agents and/or treatment protocols.
apoptosis. To carry out biological and structural |nvest|galt|0ps, it is

A problem presented in cancer treatment is the developmentn€cessary to have access to duplexes that contain interstrand

of resistance to the effects of antitumor agents, which is often cross-links of well-defined structure. There are two general
due to enhanced repair of interstrand cross-IfksAlthough strategies employed in producing such duplexes. The first
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(_:urrent ad_dress. Department of Chemistry and Biochemistry, Con D. Friedman, H. SCancer Chemother. Pharmacdl996 37, 242246,
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approach involves treatment of duplex DNA with an excess of and ChemGenes, respectively. All other chemicals and solvents were
bifunctional alkylating agent to produce the interstrand cross- purchased from Aldrich Chemical Co. (Milwaukee, WI). 2-lodoethyl
link.12-16 This methodology suffers from poor yields because Phenoxyacetate was prepared from 2-iodoethanol and phenoxyacetyl
of the production of numerous monoalkylated and other side chloride. Both 4-iodobutyl phenoxyacetate and 7-iodoheptylphenoxy-
products that must be separated from the desired cross-linkec?Cetat€ Were prepared by a two-step reaction: the corresponding 1,4-

L . L and 1,7-diols (50 equiv) were reacted with phenoxyacetyl chloride (1
product and the low efficiency of the cross-linking reaction itself. equiv), followed by the conversion of the free alcohol to an iodide.

The second and more attractive approach involves de nNovOgy ong anion exchange (SAX) HPLC was carried ot using a Dionex
synthesis of a cross-linked duplex employing a solid-phase pyapAC PA-100 column (0.4 cnx 25 cm) purchased from Dionex
synthesis approacH. Corp, Sunnyvale, CA. Reversed-phase HPLC was carried out using a
We recently described the syntheses and characterization ofMicrosorb-C-18 column (0.46x 15 cm) purchased from Varian
short DNA duplexes that contain a@Gethyl-N*C interstrand Associates, Walnut Creek, CA. The SAX column was eluted with a
cross-link using either a phosphoramidite reagent to introduce 30 mL linear gradient of sodium chloride in a buffer that contained
the cross-link during automated synthesis of the cross-linked 100 mM Tris (pH 7.8) in 10% acetonitrile at a flow rate of 1.0 mL/
duplex or a convertible nucleoside approa&t?! This meth- min. The_ C_—18 column was eluted with a 20 mL linear gradient of
odology has allowed the solid-phase syntheses of a number of2c€tonitrile in 50 mM phosphate buffer (pH 5.8) at a flow rate of 1.0
novel cross-linked duplexes of well-defined structure that have mL/min. The columns were monitored at 260 nm for analytical runs

. B . . or 290 nm for preparative runs. Denaturing polyacrylamide gel
been engineered to contain an interstrand cross-link between Blectrophoresis was carried out on 20 &m20 cm x 0.75 cm gels

mismatched €C base pait] a “staggered” interstrand cross- containing 20% acrylamide drv M urea in TBE, which contained 89
link at a —CG— or —GC— step?® as well as 1,3 interstrand  mm Tris, 89 mM boric acid, and 0.2 mM ethylenediaminetetraacetate
—CNG— cross-links containing alkyl linkages of various buffered at pH 8.0. The running buffer was TBE2M]-Labeled
lengths?! The latter are of particular interest because they share oligonucleotides were detected by autoradiography. Mass spectra were
similarities to the interstrand cross-links formed by reaction of obtained at the John Hopkins University School of Medicine Mass
duplex DNA with bifunctional alkylators, such as mechlor- Spectrometry Facility (MALDI) or from the Scripps Research Institute
ethamine, which forms a-alkyl-N’G cross-link in sequences ~ Mass Spectrometry Facility (ESI). B
containing a~GNC— sequence motif. ’ 5’-O_—D|methoxytr|tyl-3’-O-phenquacetyl-2—deoxythym|d|ne, 2?5_

As part of our investigation of interstrand cross-linked DNA, 5-O-Dimethoxytrityl-2-deoxythymidine (4.0 g, 7.36 mmol) was dis-

h develoned traichtf d thesis of | solved in THF (20 mL) and allowed to cool to €. Triethylamine
yve ave deveioped a stralg _orwar _Syn _eS'S_ 0 .a. nove (1.19 g, 11.72 mmol) followed by phenoxyacetyl chloride (1.89 g, 11.0
interstrand NT-alkyl-N3T cross-link. This lesion is similar

' ) mmol) was added dropwise. After 14 h, the solvent was removed in
to the recently discovered38-alkyl-N*C cross-link formed vacuo, the crude product was taken up in dichloromethane (50 mL),
when duplex DNA containing a-€C mismatch is treated with  and the solution was washed with three portions of sodium bicarbonate
mechlorethaminé?231n this report, we describe the syntheses (3 x 50 mL). The organic layer was dried over sodium sulfate and

of short DNA duplexes that containdR-alkyl-N°T interstrand concentrated to give a yellow gum. The crude product was purified by
cross-links and preliminary characterization of their physical column chromatography using dichloromethane/methanol (49:1) to

properties. afford 3.95 g (79.3%) of product as a colorless fod&n(SiO, TLC):
0.31 dichloromethane/methanol (19'H).NMR (400 MHz, DMSO-
Experimental Section ds, ppm): 1.41 (3H, C5CHj), 2.32-2.52 (2H, H2 and H2'), 3.18-

3.34 (2 H, H5 and H5'), 3.71 (6H,—OCH;), 4.10-4.11 (1H, H4),
4.80 (2 H,—CH,OPh), 5.38-5.40 (1H, H3), 6.19-6.23 (1 H, H1),
6.84-7.38 (18 H, DMT, Ph), 7.51 (1 H, H6). ESI-MS (M- Na"):
701 (calcd 701).

N3-[2-(Phenoxyacetyl)ethyl]-53-O-dimethoxytrityl-3 '-O-(tert-bu-
tyldimethylsilyl)-2 '-deoxythymidine, 3a.5'-O-Dimethoxytrityl-3-O-
(tert-butyldimethylsilyl)-2-deoxythymidinel (5.0 g, 7.59 mmol) was
dissolved in acetonitrile (200 mL). Then, 2-iodoethyl phenoxyacetate
(4.7 g, 15.35 mmol) was added, followed by the addition of 1,8-
(11) Ojwang, J. O.; Grueneberg, D. A.; Loechler, EQancer Res1989 49, diazabicyclo[5.4.0]unde_c-?-ene (2.36 g, 15.51 mmol). After 24 h, th?

6529-6537. solvent was removed in vacuo, the crude product was taken up in

(12) Rink, S. M.; Solomon, M. S.; Taylor, M. J.; Rajur, S. B.; McLaughlin, L. H H i
W.: Fopking, P. B, Am. Chem. S04993 115 25512557, dichloromethane (200 mL), and the solution was washed with three

(13) Tsarouhtsis, D.; Kuchimanchi, S.; Decorte, B. L.; Harris, C. M.; Harris, T. portions of sodium bicarbonate (3 200 mL). The organic layer was

Materials and General Methods.5'-O-Dimethoxytrityl-2-deoxy-
thymidine was purchased from ChemGenes Inc., Ashland, MA&-5
Dimethoxytrityl-3-O-tert-butyldimethylsilyl-2-deoxythymidine {) was
prepared as previously describéd’-O-Dimethoxytrityldeoxyribonu-
cleoside-30-(3-cyanoethylN,N'-diisopropyl) phosphoramidites’-8-
dimethoxytrityldeoxyribonucleosideé-B-(5-cyanoethyIN,N'-diisopropyl)-
phosphoramidites, and protected deoxyribonucleoside-controlled pore
glass supports were purchased from Glen Research, Inc. (Sterling, VA)

M. f( Am. Chem. 50(19_95"117, 110}}11814- _ dried over sodium sulfate, and the crude compound was purified by
14 s;g_’%x'i\ga"iggéag‘ Rolaey S. C.; Hopkins, P. B.; Tomasz, Ghem. silica gel column chromatography using hexanes/ethyl acetate (4:1) to
(15) Warren, A. J.; Hamilton, J. WChem. Res. Toxicol996 9, 1063-1071. afford 5.51 g (87.5%) of the product as a colorless fo&n(SiO,

(16) Fischhaber, P. L.; Gall, A. S.; Duncan, J. A.; Hopkins, PCBncer Res. . . .
1009 50, 4363-4368. TLC): 0.66 hexanes/ethyl acetate (1:i NMR (400 MHz): 0.00

(17) Harwood, E. A.; Sigurdsson, S. T.; Edfeldt, N. B. F.; Reid, B. R.; Hopkins, (3H, SiCH), 0.05 (3H, SiCH), 0.83 (9H, Si-C(CH)s), 1.61 (3H,
P. B.J. Am. Chem. 504999 121 5081-5082. C5-CHs), 2.20-2.41 (2H, H2 and H2'), 3.22-3.38 (2 H, H5 and

(18) 1'3\1%'5—%4'\]{'1 Noronha, A. M.; Miller, P. SJ. Am. Chem. So2001, 123 H5u)’ 3.79 (6H, —OcHa). 3.81-3.92 (1H, H4), 4.15-4.18 (2H,

(19) Noronha, A. M.; Noll, D. M.; Miller, P. SNucleosides Nucleotides Nucleic ~ CH,—N?8), 4.37-4.41 (2H, CH—OPac), 4.49-4.53 (1H, H3), 4.72 (2

Acids2001, 20, 1303-1307. H, —~CH,OPh), 6.24-6.27 (1 H, H1), 6.94-7.46 (18 H, DMT, Ph)
20) N ha, A. M.; Noll, D. M.; Wilds, C. J.; Miller, P. Biochemistry200 ! . . ! T ) ! ! !
(20) Noronha, £y M- Noll. D. M.. Wilds, C. J.; Miller, P. Biochemistn2002 7.70 (1 H, H6). ESI-MS: 837 (calcd 836.4).
(21) é\leolrgnha, A.M.; Wilds, C. J.; Miller, P. Biochemistry2002 41, 8605~ N3-[4-(Phenoxyacetyl)butyl]-3-O-dimethoxytrityl-3 '-O-(tert-bu-

(22) Roméro, R. M.; Rojsitthisak, P.; Haworth, I. Stch. Biochem. Biophys tyldimethylsilyl)-2'-deoxythymidine, 3b. Compound3b was synthe-
2001, 386,143-153.
(23) Romero, R. M.; Mitas, M.; Haworth, I. ®iochemistryl999 38, 3641~ (24) Garegg, P. J.; Samuelsson, B. J. CC8em. Communl979 978-980.
3648. (25) Nikiforov, T.; Connolly, B. A.Tetrahedron Lett1992 33, 2379-2382.

9258 J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004



Mispair-Aligned N°T-Alkyl-NT Cross-Linked DNA

ARTICLES

sized via the procedure outlined f8a using 4-iodobutyl phenoxy-
acetate to afford the desired product in 82.2% yi&d(SiO, TLC):
0.69 hexanes/ethyl acetate (1:3#4 NMR (400 MHz, DMSOsl,
ppm): 0.00 (3H, S+-CHj), 0.06 (3H, Si-CH), 0.83 (9 H, Si-C(CHg)s),
1.52-1.70 (7H,—CH,—CH,— and C5-CHj), 2.19-2.41 (2 H, H2
and H2'), 3.20-3.33 (2 H, H3 and HY'), 3.78 (6H, —OCH),
3.82-3.86 (2H,—CH,—N3-), 3.87-3.90 (1H, H4), 4.15-4.18 (2H,
—CH,—OPac), 4.56-4.54 (1H, H3), 4.82 (2H, OCHOPh), 6.26 (1H,
H1'), 6.92-7.67 (18 H, DMT, Ph), 7.67 (H6). ESI-MS (M- H™):
866 (calcd 865.09).

N3-[7-(Phenoxyacetyl)heptyl]-5-O-dimethoxytrityl-3 '-O-(tert-bu-
tyldimethylsilyl)-2 '-deoxythymidine, 3c.Compound3c was synthe-
sized via the procedure outlined f8a using 7-iodoheptyl phenoxy-
acetate to afford the desired product in 80.0% yi®d(SiO, TLC):
0.52 hexanes/ethyl acetate (1:1)

'H NMR (400 MHz, DMSO#és, ppm): 0.00 (3H, SiCHs), 0.06
(38H, Si—CHs), 0.83 (9 H, Si-C(CHg)s), 1.29 (4H, —CH,—CH.—),
1.52-1.62 (9H,—CH,—CH,— and C5-CHj), 2.20-2.41 (2 H, H2
and H2'), 3.21-3.35 (2 H, H3 and H%'), 3.77 (6H, —OCH),
3.81-3.85 (2H,—CH,—N3-), 3.88-3.91 (1H, H4), 4.13-4.16 (2H,
—CH,—OPac), 4.534.55 (1H, H3), 4.82 (2H, OCHOPh), 6.25-6.28
(1H, HY), 6.92-7.46 (18 H, DMT, Ph), 7.67 (H6). ESI-MS (M-
H*): 907 (calcd 906.4).

N3-(2-lodoethyl-)-5-O-dimethoxytrityl-3 '-O-(tert-butyldimethyl-
silyl)-2'-deoxythymidine, 4a.Compound3a (5.51 g, 6.58 mmol) was

—CH,—N3-), 3.86-3.89 (1H, H4), 4.49-4.53 (1H, H3), 6.23-6.26
(1H, HY), 6.92-7.45 (13 H, DMT), 7.65 (1H, H6). ESI-MS (M-
H*): 883 (calcd 882.3).

1-{N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] } -2{ N3-[5'-O-(dimethoxytrityl)-3 '-O-(phenoxyacetyl)-
2'-deoxythymidylyl] } ethane, 5a.Compound2 (3.68 g, 5.44 mmol)
was dissolved in acetonitrile (100 mL). Compoud (4.42 g, 5.44
mmol) was added, followed by the addition of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (0.83 g, 5.44 mmol). After 24 h, the solvent was removed
in vacuo, the product was taken up in dichloromethane (100 mL), and
the solution was washed with three portions of sodium bicarbonate (3
x 100 mL). The organic layer was dried over sodium sulfate, and the
crude product was purified by silica gel column chromatography using
hexanes/ethyl acetate (2:3) to afford 5.82 g (78.5%) of the product as
a colorless foamR; (SiO, TLC): 0.44 hexanes/ethyl acetate (1:1).

H NMR (400 MHz): 0.00 (3H, Si-CHs), 0.05 (3H, Si-CHs), 0.84
(9H, Si—C(CHs)3), 1.49 (3H, C5-CHg), 1.56 (3H, C5-CHy),
2.16-2.56 (4H, H2 and H2'), 3.23-3.42 (4H, H5 and HY'), 3.44
(12 H, —OCH), 3.90-3.91 (1H, H4), 4.09-4.24 (5H, H4 and
— N3—CH,—CH,—N3-), 4.49-4.53 (1H, H3), 4.83 (2H,—CH,OPh),
5.48-5.50 (1H, H3), 6.18-6.32 (2H, H1), 6.95-7.48 (52H, DMT,
Ph), 7.60 (1H, H6), 7.64 (1H, H6). ESI-MS (M Na*): 1386 (calcd
1386).

1-{N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] } -4-{ N3-[5'-O-(dimethoxytrityl)-3 '-O-(phenoxyacetyl)-

dissolved in dichloromethane (50 mL), and propylamine (15 mL) was 2'-deoxythymidylyl]} butane, 5b. Compoundsb was synthesized via
added dropwise to the solution. After 24 h, the solvent was removed the procedure outlined fda to afford the desired product in 69.6%
in vacuo, the crude product was taken up in dichloromethane (250 mL), yield. R (SiO, TLC): 0.47 hexanes/ethyl acetate (1:1). NMR (400
and the solution was washed with three portions of sodium bicarbonate MHz, DMSO-ds, ppm): 0.00 (3H, SiCHjs), 0.06 (3H, Si-CHj), 0.83
(3 x 200 mL). The organic layer was dried over sodium sulfate and (9 H, S—C(CHg)3), 1.50-1.56 (7H, C5-CHz; —CH,—CH,—), 1.59 (3
evaporated to afford the crude 2-hydroxyethyl intermediate, which was H, C5-CHjs), 2.20-2.48 (4 H, H2 and H2'), 3.19-3.35 (4 H, H5
dissolved in THF (200 mL) and cooled to°C. Imidazole (2.95 g, and HB'), 3.78 (12H,—0OCH), 3.80-3.90 (5H, H4, —CH,—N9),
43.47 mmol), triphenylphosphine (5.70 g, 21.74 mmol), and iodine (5.51 4.19-4.22 (1H, H4), 4.49-4.53 (1H, HJ3), 4.87 (2H, OCHOPh),
g, 21.74 mmol) were added sequentially. After 3 h, the solvent was 5.46-5.49 (1H, H3), 6.23-6.34 (2H, H1), 6.92-7.45 (31 H, DMT,
removed in vacuo, the crude product was taken up in dichloromethane Ph), 7.64-7.66 (2H, H6). ESI-MS (M+ H*): 1392 (calcd 1391.7).
(200 mL), and the solution was washed with sodium thiosulfate (10%,  1-{N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-

3 x 100 mL), dried over sodium sulfate, and then evaporated. The deoxythymidylyl]}-7-{ N3-[5'-O-(dimethoxytrityl)-3 '-O-(phenoxyacetyl)-
crude product was purified via silica gel column chromatography using 2'-deoxythymidylyl]} heptane, 5¢c.Compoundsc was synthesized via
hexanes/ethyl acetate (4:1) as eluent to afford 4.42 g (82.1%) of the the procedure outlined fdsa to afford the desired product in 98.2%

desired compound as a colorless fo&n(SiO, TLC): 0.85 hexanes/
ethyl acetate (1:1}H NMR (400 MHz): 0.00 (3H, SiCh), 0.06 (3H,
SiCH), 0.83 (9H, S+-C(CHg)s), 1.60 (3H, C5-CHs), 2.19-2.42 (2H,
H2' and H2'), 3.20-3.34 (4 H, CH-I, H5' and H3'), 3.79 (6H,
—OCH;), 3.88-3.90 (1H, H4), 4.16-4.20 (2H, CH—NB3), 4.49-4.54
(1H, H3), 6.22-6.25 (1 H, H1), 6.93-7.45 (14 H, DMT), 7.69 (1 H,
H6). ESI-MS (M+ H*): 813 (calcd 812.2).
N3-(2-lodobutyl-)-5'-O-dimethoxytrityl-3 '-O-(tert-butyldimethyl-

silyl)-2'-deoxythymidine, 4b. Compound4b was synthesized via the

procedure outlined foda to afford the desired product in 85.8%

yield. R (SiO; TLC): 0.74 hexanes/ethyl acetate (1:34 NMR
(400 MHz, DMSOdg, ppm): —0.05 (3H, Si-CHs), 0.01 (3H, Si-CHs),
0.78 (9 H, S+C(CHs)3), 1.55 (3H, C5-CHj), 1.571.78 (4H,
—CH,—CH,—), 2.14-2.36 (2 H, H2 and H2'), 3.14-3.31 (4 H,
—CH;—l—-, H5 and H3'), 3.73 (6H, —OCH;), 3.80-3.84 (3H,
—CH,—N3—, H4), 4.45-4.49 (1H, H3), 6.18-6.21 (1H, HI),
6.87—7.40 (13 H, DMT), 7.61 (H6). ESI-MS (Mr H*): 841 (calcd
840.9).

N3-(2-lodoheptyl)-5-O-dimethoxytrityl-3 '-O-(tert-butyl-dimeth-
ylsilyl)-2'-deoxythymidine, 4c. Compound4c was synthesized via
the procedure outlined foda to afford the desired product in
75.2% yield. R (SiO; TLC): 0.67 hexanes/ethyl acetate (1:1j
NMR (400 MHz): (400 MHz, DMSOdg, ppm): 0.00 (3H, S+CHs),
0.06 (3H, SiCHg), 0.83 (9 H, SiC(CHy)s), 1.28-1.39 (6H,
—CH,—CH,—CH,—), 1.52-1.56 (2H,—CH,—), 1.60 (3H, C5-CHj),
1.74-1.80 (2H,—CH,—), 2.19-2.41 (2 H, H2 and H2'), 3.19-3.33
(4 H, —CH,—1—, H5 and H8'), 3.78 (6H,—OCH), 3.81-3.85 (2H,

yield. R (Si0, TLC): 0.45 hexanes/ethyl acetate (1:1).NMR (400
MHz, DMSO-ds, ppm): 0.00 (3H, S+CHs), 0.06 (3H, Si-CHg),
0.83 (9 H, SiC(CHs)s), 1.12-1.17 (4H,—CH,—CH,—), 1.54 (3H,
C5-CHs), 1.60 (3 H, C5-CHs), 2.21-2.48 (4 H, H2 and H2"),
3.19-3.35 (4 H, H5 and H3'), 3.37-3.46 (4H, —CH,—N3), 3.78
(12H,—0OCHg), 3.87-3.90 (1H, H4), 4.49-4.53 (3H, H3), 4.87 (2H,
OCH,OPh), 6.23-6.34 (2H, H1), 6.92-7.45 (31 H, DMT, Ph),
7.63-7.66 (2H, H6). ESI-MS (M+ H*): 1434 (calcd 1432.7).
1-{N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] }-2-{ N3-[5"-O-(dimethoxytrityl)-2 '-deoxythymidylyl] } -
ethane, 6a.Compound5b (5.38 g, 3.95 mmol) was dissolved in
dichloromethane (50 mL), and propylamine (10 mL) was added. After
12 h, the solvent was removed in vacuo, the crude product was taken
up in dichloromethane (100 mL), and the solution was washed with
three portions of sodium bicarbonatex3100 mL). The organic layer
was dried over sodium sulfate and evaporated to afford the crude
product, which was purified via silica gel column chromatography using
hexanes/ethyl acetate (2:3) as eluent to afford 4.64 g (82.1%) of the
desired compound as a colorless fo&n(SiO, TLC): 0.15 hexanes/
ethyl acetate (1:1XH NMR (400 MHz, DMSO¢s, ppm): 0.00 (3H,
Si—CHg), 0.05 (3H, Si-CHg), 0.83 (9H, Si-C(CHg)s), 1.49 (3H,
C5—-CHg), 1.54 (3H, C5-CHg), 2.18-2.37 (4H, H2 and H2),
3.23-3.40 (4H, H5 and H8'), 3.44 (12 H,—OCH;), 3.88-3.92 (1H,
H4'), 3.96-4.00 (1H, H4), 4.49-4.53 (1H, H3), 4.12-4.24 (4H,
—N3—CH,—CH,—N3-), 4.35-4.39 (1H, H3), 4.49-4.54 (1H, HJ3),
6.17-6.26 (2H, H1), 6.95-7.48 (26 H, DMT), 7.58 (1H, H6), 7.64
(1H, H6). ESI-MS (M+ H*): 1229.5 (calcd 1228.5).
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1{NB&-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '- d-CGAAATTTTCG §

deoxythymidylyl] } -4-{ N3-[5"-O-(dimethoxytrityl)-2 '-deoxythymidylyl] } - o

butane, 6b.Compoundsb was synthesized via the procedure outlined GCTTTTAAAGC D\

for 6a to afford the desired product in 98.1% yielg: (SiO, TLC): O._N ° o,

0.13 hexanes/ethyl acetate (1:3H NMR (400 MHz, DMSO¢, Q T\nj\

ppm): 0.00 (3H, SiCHs), 0.06 (3H, SiCHa), 0.832 (9 H, XL (n) \fLW

Si—C(CH)3), 1.48-1.53 (7H,—CH,—CH,— and C5-CHs), 1.59 (3H, n=247 N/&O 0

C5-CHs), 2.19-2.41 (4 H, H2 and H2'), 3.20-3.34 (4H, H5 and
H5"), 3.78 (12H, —OCHs), 3.80-3.97 (6H, H4, —CH,—N3-),
4.37-4.40 (1H, H3), 4.49-4.53 (1H, HJ), 6.23-6.31 (2H, H1), 6
.93—-7.45 (26 H, DMT), 7.62 (H6), 7.67 (H6). ESI-MS (M- Na®):
1280 (calcd 1280).

1-{ N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] }-7<{ N3-[5'-O-(dimethoxytrityl)-2 '-deoxythymidylyl] } -
heptane, 6c.Compoundsc was synthesized via the procedure outlined
for 6ato afford the desired product in 94.2% yielg: (SiO, TLC):
0.28 hexanes/ethyl acetate (1:3H NMR (400 MHz, DMSO¢,
ppm): 0.00 (3H, S+-CHj), 0.06 (3H, Si-CHj), 0.83 (9 H, Si-C(CHg)s),
1.12-1.17 (4H, —CH,—CH,—), 1.54 (3H, C5-CH;s), 1.60 (3 H,
C5-CHg), 2.21-2.48 (4 H, H2 and H2"), 3.19-3.35 (4 H, H5 and
H5"), 3.37-3.46 (4H,—CH,—N3), 3.78 (12H,—OCH), 3.87-3.90
(1H, H4), 4.49-4.53 (3H, HJ), 6.23-6.34 (2H, H1), 6.92-7.45 (26
H, DMT, Ph), 7.63-7.66 (2H, H6). ESI-MS (M+ H*): 1300 (calcd
1298.6).

1-{ N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] } -2+ N3-[5'-O-(dimethoxytrityl)-2 '-deoxythymidy-
lyl-3'-O-(f-cyanoethylN,N'-diisopropyl)phosphoramidite]} ethane,
7a. Compound6a (0.500 g, 0.407 mmol) was dissolved in dichlo-
romethane (2.5 mL) and diisopropylamine tetrazolide (0.243 g 1.42
mmol) addedN,N,N',N'-2-cyanotetraisopropylphosphorane (0.441 g,
1.46 mmol) was added. After 4 h, the reaction was quenched by the
addition of dichloromethane (50 mL), and the solution was extracted
with sodium bicarbonate (5%, 3 50 mL). The organic layer was
dried over sodium sulfate and evaporated to afford the crude product,
which was precipitated from hexanes to yield 0.41 g (70.6%) of product
as a colorless powdeR: (SiO; TLC): 0.47 hexanes/ethyl acetate (1:
1). 3P NMR (161.8 MHz, acetonds, ppm): 149.2, 149.5. ESI-MS
(M + K*): 1453 (calcd 1453.6).

1-{ N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] } -4-{ N3-[5'-O-(dimethoxytrityl)-2 '-deoxythymidy-
lyl-3'-O-(f3-cyanoethyIN,N'-diisopropyl)phosphoramidite]} butane,
7b. Compound7b was synthesized via the procedure outlined far
to afford the desired product in 85.6% yiel.(SiO,): 0.50 hexanes/
ethyl acetate (1:15*P NMR (161.8 MHz, acetonds, ppm): 149.2,
149.3. ESI-MS (M+ K*): 1481 (calcd 1481.6).

1-{ N3-[5'-O-(Dimethoxytrityl)-3 '-O-(tert-butyldimethylsilyl)-2 '-
deoxythymidylyl] } -7 N3-[5'-O-(dimethoxytrityl)-2 '-deoxythymidy-
lyl-3'-O-(#-cyanoethyIN,N’'-diisopropyl)phosphoramidite]} heptane,
7c.Compound/cwas synthesized via the procedure outlined/fato
afford the desired product in 72.0% yiel.(SiO, TLC): 0.52 hexanes/
ethyl acetate (1:13'P NMR (161.8 MHz, acetonds, ppm): 149.0,
149.1. ESI-MS (M+ H*): 1499 (calcd 1498.8).

Syntheses and Purification of Cross-Linked DuplexesThe cross-

*zo«<j
o)
H
Figure 1. Sequences of the cross-linked duplexes. Tren8 of each strand
of the duplex is denoted by “d-". The structure of th&Nethyl-N°T cross-

link is shown at the right.

Table 1. Amounts, Retention Times, Nucleoside Ratios, and Mass
Spectral Data for Cross-Linked Duplexes

Nucleoside Ratios Mass

cross-linked Aso retention  nucleoside
duplexes units? time®  composition expected observed expected observed
XL-2 272(22) 26.3 dC 1.00 1.00 6687.21 6691.05
dG 1.00 1.19
dT 1.50 1.81
dA 1.50 1.53
dT-dT 0.25 0.22
XL-4 153(24) 26.4 dC 1.00 1.0 6717.08 6718.78
dG 1.00 1.19
dT 1.50 1.82
dA 1.50 1.51
dT-dT 0.25 0.22
XL-7 168 (21) 26.7 dC 1.00 1.0 6759.03 6759.82
dG 1.00 1.07
dT 1.50 1.64
dA 1.50 1.58
dT-dT 0.25 0.20

a2 Amount of crude cross-linked duplex purified by SAX HPLC. The
numbers in parentheses indicate the amount of pure duplex obt&ined.
Retention times (in minutes) of cross-linked duplexes on SAX HPLC using
a 0.0-0.5 M linear gradient of sodium chloride.

furan 1:1:8 (v/v/v/; solution A) and 1-methyl-H-imidazole/tetrahy-
drofuran 16:84 (w/v; solution B); (d) oxidation: 0.1 M iodine in
tetrahydrofuran/water/pyridine 2.5:2:1. The cyanoethyl groups were
removed from the CPG-linked oligomers by treating the support with
1 mL of anhydrous triethylamine (TEA) for at least 12 h. The support
was washed with 30 mL of anhydrous acetonitrile followed by
anhydrous tetrahydrofuran. Theert-butyldimethylsilyl group was
removed from the partial duplex by treating the support with 1 mL of
1.0 M solution of tetraa-butylammonium fluoride in tetrahydrofuran
(stored over molecular sieves) for 20 min. The support was then washed
with 30 mL of anhydrous tetrahydrofuran and 30 mL of acetonitrile
and then dried via high vacuum (20 min). The last segment of the duplex
was then synthesized usingghosphoramidites with a total detritylation
exposure of 130 s. The'-Berminal trityl group was removed by the
synthesizer.

The oligomer-derivatized CPG was transferred from the reaction
column to autosampler vials fitted with Teflon-lined caps, and the

linked duplexes, whose sequences are shown in Figure 1, wereprotecting groups were removed by treatment with a mixture of
assembled on an Applied Biosystems model 392A synthesizer using concentrated ammonium hydroxide: ethanol (0.3 mL:0.1 mL) for 4 h
standard cyanoethylphosphoramidite chemi&triyong-chain alkyl- at 55°C. The cross-linked duplexes were purified by SAX HPLC. The
amine-controlled pore glass (CPG) was used as the solid support. Theretention times of the duplexes are given in Table 1. The purified
nucleoside phosphoramidites were prepared in anhydrous acetonitrileoligomers were desalted using C-18 SEP PAK cartridges (Waters, Inc.).

at a concentration of 0.15 M for the-Bhosphoramidites or 0.3 M for

the B-phosphoramidites. Assembly of sequences was carried out as

follows: (a) detritylation: 2% dichloroacetic acid in dichloromethane;
(b) nucleoside phosphoramidite coupling time of 2 min for commercial
phosphoramidites and 10 min for the-T cross-linked phosphora-

midite; (c) capping: 1:1 (v/v) of acetic anhydride/collidine/tetrahydro-

(26) Beaucage, S.; Caruthers, M. Fetrahedron Lett1981, 22, 1859-1862.
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The amounts of purified oligomers obtained are shown in Table 1.
The cross-linked oligomers (0.2,4 unit) were characterized by
digestion with a combination of snake venom phosphodiesterase (0.28
unit) and calf intestinal phosphatase (5 units) in a buffer containing 10
mM Tris (pH 8.1) and 2 mM magnesium chloride as previously
described?® The resulting mixture of nucleosides was analyzed by
reversed-phase HPLC, and the ratio of nucleosides was determined.
The results are given in Table 1. The molecular weights of each cross-
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Scheme 1. Synthesis of the N3T-alkyl-N3T Cross-Link2
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7a-c
a (A) Compoundl, |—CH,—(CHy),—OPac (wheren = 1, 3, or 6; 2 equiv), DBU (2.05 equiv), acetonitrile, 24 h. (B) PropylaminetCiK(4:1), 12 h.
(C) PhP (3.3 equiv), imidazole (6.6 equiv), (3.3 equiv), THF, 3 h. (D) Compoun@) (1 equiv), DBU (2 equiv), acetonitrile, 24 h. (E) Propylamine/
CH,Cl, (5:1), 12 h. (F) P(OCE)(NiB) (3.6 equiv), diisopropyltetrazolide (3.5 equiv), &, 2 h.

linked oligomer were determined by MALDI-TOF mass spectrometry, molar ellipticity was calculated from the equatid = 6/Cl, whered
and the results are shown in Table 1. is the relative ellipticity (mdeg)C is the molar concentration of

UV Thermal Denaturation Studies. Molar extinction coefficients oligonucleotides (mol/L), andis the path length of the cell (cm). The
for the oligonucleotides and cross-linked duplexes were calculated from data were processed on a PC computer using Windows-based software
those of the mononucleotides and dinucleotides according to nearest-supplied by the manufacturer (JASCO, Inc.) and transferred into
neighbor approximations (units 10* M~ cm™?).2” Non-cross-linked Microsoft Excel for presentation.
duplexes were prepared by mixing equimolar amounts of the interacting
strands and lyophilizing the resulting mixture to dryness. The resulting
pellet was then redissolved in 90 mM sodium chloride, 10 mM sodium  Syntheses and Characterization of Cross-Linked Duplexes.
phosphate, and 1 mM EDTA buffer (pH 7.0) to give a final The structures of the N-alkyl-N3T cross-links and the cross-
cpncentrat.ion of ZM in each stranq. The lcross—linked duplexes were |inked duplexes are shown in Figure 1. The synthetic approach
?’E:OSIXEJ(:i(;?];rﬁef:?]eenbl;]fefzzetg tglg ;:'Tgln:ﬁqnccirg{:é'?owto used to construct the cross-link is shown in Scheme 1. Starting

’ y from 5-O-dimethoxytrityl-3-O-tert-butyldimethylsilyl-2-deoxy-

room temperature, and stored at@ overnight before measurements. hvmidi he N . fthe h | Ikvlated
Prior to the thermal run, samples were degassed by placing them in at ymidine 1, the N position of the heterocycle was alkylate

speed-vac concentrator for 2 min. Denaturation curves were acquiredUSing DBU and iodoalkyl phenoxyacetate to form add@etsc
at 260 nm at a rate of heating of C°6/min., using a Varian CARY N a fashion similar to the synthesis of thymine or uracil
model 3E spectrophotometer fitted with a six-sample thermostated cell nucleotide analogues that require protection of thephisi-
block and a temperature controller. The data were analyzed in tion.282° Depending on the iodoalkane used, it is possible to
accordance with the convention of Puglisi and Tirfdemd transferred synthesize adducts having linkers of various lengths. The
to Microsoft Excel. phenoxyacetyl group was removed fr@a—c using propyl-

Circular Dichroism (CD) Spectra Spectroscopy.Circular dichro- amine to the give the free alcohol, which was subsequently
ism spectra were obtained on a Jasco J-700 spectropolarimeter equipped,,verted to iodideta—c in good yield using triphenylphos-
W'th..a NESLAB RTE-111 C'ECUI.at'ng bath. Samples were allowed to phine, imidazole, and iodir®. The protected cross-linka—c
equilibrate for 5-10 min at 5°C in 90 mM sodium chloride, 10 mM . ! .

was then formed by deprotonating thé-NH of 5'-O-dimethoxy-

sodium phosphate, and 1 mM EDTA (pH 7.0), at a final concentration . ) " .
of 2 uM in each strand for the cross-linked duplexes and qavi4or trityl-3'-O-phenoxyacetyl-deoxythymidine, with DBU, fol-

control duplexes. Each spectrum is an average of 5 scans. Spectra wer€?Wed by the addition of iodo addude—c. In the case of the
collected at a rate of 100 nm/min with a bandwidth of 1 nm and four- and seven-carbon linker adducts the reaction proceeded

sampling wavelength of 0.2 nm using fused quartz cells (Hellma, 165-

o, (28) Altmann, K. H.; Kesselring, R.; Francotte, E.; Rihs, T&trahedron Lett.
QS). The CD spectra were recorded from 350 to 200 nm°&.5The 1094 35 23312334,
(29) Krecmerova, M.; Hrebacebecky, J.; Holy, &ollect. Czech. Chem.

(27) Puglisi, J. D.; Tinoco, I., JMethods Enzymoll989 180, 304—325. Commun.199Q 55, 2521-2536.

Results and Discussion
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Scheme 2. Construction of Cross-Linked Duplexes via Solid
Phase Synthesis
d-TTTCG-CPG XL-a N ,____MJLA mJ\u____
| |
B XL-b e ..\'\_,\ﬂ_«_r\___,\_u\,._l‘l\ﬂ.._ B NJU'}\""“ l'-'J"-"\«,.__ o
TBS-T-DMT ‘
l e 5 e 4‘\.“\—-wr“~AJJk_._,\. —
[ T T I I T
d-AcCGAAATTTTCG-CPG 5 10 15 20 26 30
XI.-¢ Time (min}
TBS-TAAAGC-Ac Figure 2. Strong anion exchange HPLC profiles of crude-2 (blue),
XL-4 (red), andXL-7 (green). The column, which was monitored at 260
l nm, was eluted with a gradient of-®.5 M sodium chloride in 100 mM
Tris-HCI, pH 7.8, 10% acetonitrile, at a flow rate of 1.0 mL/min.
d-AcCGAAATTTTCG-CPG
XL-d with TBAF was limited to a reaction time of 20 min as extended
HO-TAAAGC-Ac treatment results in significant cleavage of the oligonucleo-
tide from the solid support, a result shown previously by Damha
l et al. in model studies using DMT-dT-(LCAA-CP&.To
determine the extent of removal of the silyl group, a small
d-ACCGARATTTTCG-CPG amount (approximately 1 mg) of CPG was treated with a mixture
XL-(n) of concentrated ammonium hydroxide/ethanol (3:1) at65
GCTTTTAAAGC-AC n=24,7 for 4 h. These conditions deprotect RNA without loss of the

silyl group. The hydrolyzate was analyzed by C-18 reversed-

smoothly. However, initial attempts to synthesize the two-carbon phase HPLC. The desilyated oligomexd,-d, have a shorter
linker adduct were not successful because of the conversion ofretention time on the reversed-phase column and are easily
iodo adduc#lato alcohol precursoBawhen using two or more  distinguished from the slower moving silyated oligomers,
equivalents of DBU. This undesired side reaction was minimized XL-c. Removal of the TBDMS group by treatment of the
by using 1 equiv of DBU when coupling to 4a. The 3-O- Y-intermediate with TBAF resulted in variable yields of
phenoxyacetyl group of dimé&a—c was removed with propyl-  desilylation with the different oligomers. For example, in the
amine to affordéa—c, which was then phosphitylated to give case of the four-carbon linker, the removal of the TBDMS group
the protected cross-link phosphoramidifes-c for solid-phase was quantitative; however, in the case of the two- and seven-
synthesis. carbon linkers, the TBDMS group was removed 50 and 61%,

The solid-phase synthetic strategy used to prepare the crossrespectively. Variable amounts of desilation have also been
linked duplexes, which is similar to that used previously to observed previously in the synthesis ofQNalkyl-N*C cross-
prepare NC-alkyl-N*C cross-linked duplex€s; 2% is shown in linked duplexed8-21
Scheme 2. Syntheses were carried out orandl scale. The The full-length cross-linked duplexeXL-2, 4, and7, were
first arm of the duplexXL-a, was synthesizeq on a controlled prepared by repetitive coupling of thé-énd of the Y-inter-
pore glass support. The’R-alkyl-N°T cross-link phosphora- e iatex-d with protected nucleosidebhosphoramidites.
midite 7a—c was used to introduce the cross-link at thesd To maximize the coupling yields, the phosphoramidites were
of the oligomer to giveXL-b.. The dimethoxytrityl groups were ;s at 5 concentration of 0.3 M instead of the usual 0.15 M
removed by brief treatment with 2% dichloroacetic acid i ¢qncentration used for nucleosidehosphoramidites. In addi-
methylene chloride. The second and third arms of the duplex i, it \as found necessary to increase the total detritylation
were synthesized simultaneously by repetitive coupling with .« 17 130 s to effect complete removal of theGBdi-
protected nucleoside-phosphoramidites to give, after detri- methoxytrity! groups.
tylation and acetylation, the branched Y-intermedixtec. The The cross-linked oligomers were deprotected by treating the
tert—butyldime.thylsilyl (TBDMS) group was then removed from support with a mixturegof concentratedpammoniurx hydro>2de/
XL-c by treating the support with anhydrous terutylam ethanol (3:1) at 53C for 4 h. The duplexes were purified by

monium fluoride (TBAF) in tetrahydrofuran. Because fluoride- X . . . "
( ) y strong anion exchange HPLC using a sodium chloride gradient

mediated desilylation can result in cleavage of adjageoy- ) . ) L
anoethylphosp%otriester linkag®sL-c wasgfirst treejxted with in buffer that contained 100 mM Tris-HCI and 10% acetonitrile
' as shown in Figure 2. The major side product in these syntheses

anhydrous triethylamine to convert the triester groups to .

phosphodiester linkages. A similar strategy was used previously‘_’vaS the depro_tectgd form aklL-c, which resu_lted from

in the synthesis of branched oligoribonucleotides and in the incomplete desilylation of th? TBS-protected Y-|nt§rmed|ate.

syntheses of DNA duplexes containind@alkyl-N‘C inter- The duplexgs, whose retention times are shpwn in Tgble 1,
eluted as single peaks and were obtained in approximately

strand cross-link$%-2130|n addition, treatment of the support i _ i
8—16% isolated and-56% overall yield. Despite the low overall
(30) Braich, R. S.; Damha, M. Bioconjugate Cheml997, 8, 370-377. yield, this procedure provides sufficient quantities of cross-linked
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XL-2 XL-4 XL-7 dT22 increases as the length of the linker increases from two (3.6 A)
§ to four (6.1 A) to seven (8.4 A) methylene groups.
! The prediction that the cross-links do not greatly affect the

structure of B-form DNA was confirmed by CD spectra. The
CD spectra of cross-linked duplex&d.-2, XL-4, and XL-7
and the non-cross-linked control were recorded A€ §Figure
5). Under these conditions, both the cross-linked and non-cross-
linked oligomers should be in their base-paired, duplex form.
In all cases, the CD spectra of the duplexes exhibit signatures
characteristic of B-form DNA. In the case ¥L-4 andXL-7,
XC—» the peak maxima are slightly blue-shifted relative to the non-
cross-linked duplex anXL-2.
, . . Ultraviolet thermal denaturation experiments were carried out
‘ : to assess the effects of the various cross-links on duplex stability.
Thermal denaturation curves for cross-linked duplexes?,
XL-4, XL-7, along with a non-cross-linked control duplex,
which contains an AT base pair in place of theIT cross-
link, are shown in Figure 6. The denaturation temperature, which
is defined as the midpoint of the thermal denaturation curve, of
each duplex is listed in Table 2. Each cross-linked oligomer
BPB — displayed a sigmoidal denaturation profile. Although the overall
hyperchromicities of the transition curves of the cross-linked
duplexes and the non-cross-linked control are approximately
the same, there are significant differences in the breadths of
Figure 3. Polyacrylamide gel electrophoresis of cross-linked duplexes. the denaturation curves. The breadth of the denaturation curve
Cross-linked duplexeXL-2 (lane 1),XL-4 (lane 2),XL-7 (lane 3), and a of XL-2, with a denaturation temperature of approximately

control oligomer, d% (lane 4) were each’ ®nd-labeled withy[32P]-ATP °or e cimi ;
and subjected to electrophoresis on a 20% polyacrylamide gel run under77 C, is similar to that of the control duplex, suggesting that

denaturing conditions. XC and BPB are xylene cyanol and bromophenol these duplexes der‘.?‘ture in a highly cooperative manner. The
blue dyes, respectively. much broader transitions seen k-4 andXL-7 suggest that

these duplexes denature in a less cooperative manner than does

oligomers for biological and physical studies, including struc- XL-2.
tural studies by high-resolution NMR spectroscopy. As was seen previously with 4Z-alkyl-N*C cross-linked

Samples of each duplex were digested with a combination duplexes2%-2lthe denaturation temperatures of th&l Milkyl-
of snake venom phosphodiesterase and calf intestinal phos-N3T cross-linked duplexes are 487 °C higher than the melting
phatase, and the digests were analyzed by C-18 reversed-phasemperature of the non-cross-linked control. This increased
HPLC. As shown in Table 1, each duplex was hydrolyzed to thermal stability is most likely a consequence of covalently
its component nucleosides and th&Malkyl-NS3T cross-link in linking the two strands of the duplex. Thus, denaturation/
ratios consistent with the structure of the particular duplex. In renaturation of the cross-linked duplex is a unimolecular process,
addition to this characterization, each duplex was analyzed by which is independent of the strand concentration, whereas
MALDI TOF mass spectrometry. As shown in Table 1, the denaturation/renaturation of the non-cross-linked control is a
resulting mass-to-charge ratios were consistent with the structureunimolecular process for denaturation and bimolecular for
of the duplex. Analysis of the final products via electrophoresis renaturation.
on denaturing polyacrylamide gels, as shown in Figure 3, reveal The denaturation temperature of the cross-linked duplex is
that the cross-linked duplexes are of sufficient purity for dependent upon the length of thésINalkyl-N3T cross-link.

structural and biological investigations. As seen in Table 2, the order of stabilityX¢.-2 > XL-4 >
Physical Studies.To evaluate the effect of the3Mlkyl-N3 XL-7. The denaturation temperaturesXif-2 andXL-4 differ
cross-link on B-form DNA, molecular models of a—T by only 6 °C, whereas that oKL-7 is 21 °C less than that of

mismatch as well as those of the cross-linked duplexes contain-XL-2. A similar effect was seen for duplexes that contained a
ing the two-, four-, and seven-carbon linkers were generated directly opposed KC-alkyl-N*C-type interstrand cross-link.
using the program Hyperchem. These models were geometry-Here the duplex with a two-carbon linker has the highest thermal
optimized using the Amber force field, with the final models denaturation temperature (Z& higher than the controlf,
shown in Figure 4. In all cases, the models predict that the cross-Whereas duplexes with a three- or four-carbon linker have
links should have little effect on the global structure of the increased denaturation temperatures of 20 andd, fespec-
duplexes. Thus, the overall geometry of the cross-linked tively (unpublished results). For both two- and four-carbon
duplexes appears to be that of B-form DNA. The base pairs linkers, the denaturation temperatures of the directly opposed
flanking the cross-link maintain WatseiCrick hydrogen bond-  N®T-alkyl-N°T cross-link is greater than those of théNalkyl-

ing, although in the case of the four- and seven-carbon cross-N“C type interstrand cross-link.

links there appears to be some buckling of the neighboring base The relative thermal stabilities of the duplexes are reflected
pairs (Figure 4, models D and E). Thé-N\N? distance of the in their electrophoretic mobilities on a denaturing polyacryl-
T—T mismatch was found to be 3.8 A. As expected, this distance amide gel, as shown in Figure 3. Cross-linked duplexes
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Figure 4. Molecular models of a (A) complementary duplex, d(CGAAATTTTCG)/d(GCTTTAAAAGC), (B) self-complementary duplex d(CGAAATTETCG)

that contains a mismatched-T, and self-complementary duplexes d(CGAAAT*TTTG@®)here T* is N3T-alkyl-N3T (shown in green) with alkyl linkers

that are (C) two, (D) four, and (E) seven carbon atoms long. The models were built using Hyper Chem molecular modeling software and energy minimized
using the Amber force-field.
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Figure 5. Circular dichroism spectra of cross-linked duplk-2 (--+), TEMPERATURE () _ _
XL-4 (— — =), XL-7 (—+—), and non-cross-linked controH). Solutions Figure 6. Absorbance (Ago) versus temperature profiles of cross-linked
containing 1M duplex in 90 mM sodium chloride, 10 mM sodium  duplex XL-2 (-+), XL-4 (— — —), XL-7 (—+—), and non-cross-linked
phosphate, and 1 mM ethylenediaminetetraacetate buffer, pH 7.0, werecontrol (—). Solutions containing 2M duplex in 90 mM sodium chloride,
heated at 0.8C/min. Spectra were recorded af6. 10 mM sodium phosphate, and 1 mM ethylenediaminetetraacetate buffer,

pH 7.0, were heated at 0°&/min.
XL-2 and XL-4 each have a higher electrophoretic mobility 7ap/e 2 Thermal Denaturation of Cross-Linked Duplexes and

than XL-7, whose mobility is similar to that of &p. It is Their Non-Cross-Linked Controls

unlikely that the difference in mobility betweefi-2 or XL-4 duplex To (O

and XL-7 is due solely to the increased molecular weight of L2 77

the cross-link. Rather, it appears thét-7, which consists of XL-4 71

22 nucleotides, is denatured under the conditions of the XL-t7 | 54%
contro

experiment, wherea$L-2 andXL-4, which have higher thermal
stabilities, migrate as base-paired duplexes, even in the presence , Experiments were carried out in buffer containing 90 mM sodium
of 7 M urea. Similar behavior was seen whefON\alkyl-N*C, chloride, 10 mM sodium phosphate, and 1 mM ethylenediaminetetraacetate
—CNG—-type interstrand cross-linked duplexes were electro- buffer (pH 7.0). The concentration of each strand wagve
phoresed under denaturing conditidhsChe thermally more
stable four- and seven-carbon linked duplexes migrated with a
higher mobility than the less stable two-carbon linked duplex.
Previous modeling and NMR studies of a-C ethyl cross-
linked duplex revealed that the ethyl linker protrudes into the
major groove of the duple}:31 This lesion induces an overall
axis bend toward the major groove, narrowing of the major and

minor grooves around the cross-link, and buckling of base pairs
around the cross-linked site. In the case of thelTethyl cross-
link, the lesion lies in neither the major nor minor groove but
rather appears to pass through the helical axis. Models suggest
that the length of the two-carbon cross-link is sufficient to span
the distance between thé Btoms of the 7T mismatch without
perturbing the helix structure and surrounding base pairs.
(31) da Silva, M. W.; Noronha, A. M.; Noll, D. M.; Miller, P. S.; Colvin, O. Con?’?quently’ the two-carbon linke_d duplex has a high thermal
M.; Gamcsik, M. P Biochemistry2002 41, 15181-15188. stability relative to the non-cross-linked control. The longer
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linkers, particularly the seven-carbon linker, however, tend to to present a serious obstacle to faithful repair of the lesion. We
push the thymines apart, creating a local distortion at the site are currently testing this hypothesis by studying repair off T

of the cross-link and affecting base pairs on either side of the cross-linked DNA in cell extracts and whole cells.

cross-link. The relatively lower thermal stability of the seven-
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pyrimidine base. Because alkylation at this site can potentially
interfere with base pairing, this type of lesion would be expected JA0498540
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