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DNA interstrand cross-linking inhibits both DNA replication
and gene expression and therefore has considerable potential for
molecular biology and human medicih€ross-linking agents,
including antitumor antibiotics such as mitomycin C and carzino-
philin A as well as synthetic antitumor agents such as Bizelesin
and nitrogen mustard derivatives, show intrinsic sequence-
selectivity in the formation of interstrand cross-lirkisiowever,
an interstrand cross-linking agent that targets a predetermined
base-pair sequence has not been achieved. Minor-groove binding
polyamides that contaiN-methylimidazole (Im)N-methylpyrrole
(Py)-hydroxylpyrrole (Hp}, which uniquely recognize each of
the four Watson-Crick base pairs, can be used as novel
recognition parts of sequence-specific DNA alkylating agents.
Indeed, we demonstrated that hybrid molecules between segment
A of duocarmycin A and Im/Py diamides and hairpin polyamides
specifically alkylate at predetermined base-pair sequenioes-
van and collegues have recently achieved similar sequence-
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specific DNA alkylation& by the conjugation of hairpin polyamide

We have designed an interstrand cross-linking system by

and seco-CBI.We also demonstrated that Im/Py diamide-CPI forming a 1:2 complex of an alkylating dimer component with

conjugate with a vinyl linker, ImPyLDu86, alkylates double-

partner Im/Py triamides to achieve efficient interstrand cross-

stranded DNA at predetermined sequences through highly co-linking by synthesizing dimers of ImPyLDu86 possessing various

operative homodimer formatidr-erein we describe the synthesis
of a covalent dimer of ImPyLDu86 connected with various linkers
and their DNA interstrand cross-linking abilities.
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linkers (7a—f). Scheme 1 shows that the dimeric unis{f)
were synthesized by the reduction3iollowed by coupling with
six different linkers. After subsequent deprotection, carboxyl
groups were activated by CDI to forGa—f, which were coupled
with segment A of Du88,to give 7a—f.10

The interstrand cross-linking abilities @&—f were examined

(1) Rajski, S. R.; Williams, R. MChem. Re. 1998 98, 2723.
Tomasz, M.; Broyde, S.; Patel, D.Biochemistryl99Q 29, 2861. (b) Fujiwara,
T.; Saito, |.; Sugiyama, HTetrahedron Lett1999 40, 315. (c) Seaman, F.
C.; Chu, J.; Hurley, LJ. Am. Chem. S0d.996 118 5383. (d) Lawley, P. D.

M. F.; Kirchner, J. J.; Sigurdsson, S. T.; RaucherT&rahedron1991 47,

2475 such slow migrating bands under the same conditions. When a
longer complementary 21 mer was employed in the same reaction,
a slower migrating band appeared, suggesting that these slow
Wemmer, D. EJ. Am. Chem. S0d997 119, 7909. (c) White, S.- Szewczyk, ~ Migrating bands are due to cross-linked products (Figure 1S).
These results suggest that the combinatiorvy@fand ImimPy
efficiently produces DNA interstrand cross-links. Interestingly,

Biochem.1999 263 646. (f) Fujiwara. T.. Tao, Z.-F.. Ozeki, Y.; Saito, I.; rigid Iinker_compounds did not prpduce slow migrating bands,
and only tri- and tetramethylene linker compounds gave cross-

(3) (a) For recent reviews, see: Wemmer, D. E.; Dervan, Rur. Opin.
Struct. Biol. 1997 7, 355. Nielsen, P. EChem. Eur. J1997 3, 505. (b)
Lamamie de Clairac, R. P.; Geierstanger, B. H.; Mrksich, M.; Dervan, P. B.

J. W.; Turner, J. M.; Baird, E. E.; Dervan, P. Bature1998 391, 468. (d)
Kielkopf, C. L.; Baird, E. E.; Dervan, P. B.; Rees, D. Bat. Struct. Biol.
1998 5, 104. (e) Yang, X.-L.; Kaenzig, C.; Lee, M.; Wang, A. H.Eur. J.

Wang, A. H.-J.; Lee, M.; Sugiyama, H. Am. Chem. Sod 999 121, 7706.
(g) Mapp, A. K.; Ansari, A. Z.; Ptashne, M.; Dervan, P.Boc. Natl. Acad.

: ] : by denaturing polyacrylamide gel electrophoresis using-a 5
(2) (@) Norman, D.; Live, D.; Sastry, M.; Lipman, R.; Hingerty, B. E.;  TexasRed-labeled DNA oligomer and its complementary strand
as shown in Figure 1. Compounds and 7d generated slow
migrating bands only in the presence of ImImPy (lane 6 and 7),
BioEssayd995 17, 561. (e) Hopkins, P. B.; Millard, J. T.; Woo, J.; Weidner,  \yhile other compounds such &ab,e, andf did not generate

Sci. U.S.A200Q 97, 3930.

(4) (a) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, K. Org. Chem199Q
55, 4499. (b) Boger, D. L.; McKie, J. A.; Nishi, T.; Ogiku, 0. Am. Chem.
S0c.1997 119 311. (c) Schnell, J. R.; Ketchem, R. R.; Boger, D. L.; Chazin,

(8) Tao, Z.-F.; Saito, I.; Sugiyama, H. Am. Chem. So200Q 122, 1602.

(9) Nagamura, S.; Asai, A.; Kanda, Y.; Kobayashi, E.; Gomi, K.; Saito,
H. Chem. Pharm. Bull1996 44, 1723.

(10) The purity of7d was more than 85% as determined by HPLC analysis

W. J.J. Am. Chem. S0d.999 121, 5645.

(5) (&) Tao, Z.-F.; Fujiwara, T.; Saito, I.; Sugiyama, Angew. Chem.,
Int. Ed.1999 38, 650. (b) Tao, Z.-F.; Fujiwara, T.; Saito, |.; Sugiyama,H.

Am. Chem. Sod999 121, 4961.

(6) (&) Wurtz, N. R.; Dervan, P. BZhem. Biol.200Q 7, 154. (b) Chang
A.Y.; Dervan, P. BJ. Am. Chem. SoQ00Q 122, 4856.

(7) Boger, D. L.; Yun, W. Y.; Han, N. HBioorg. Med. Chem1995 3,
1429. (b) Boger, D. L.; Johnson, D. 8ngew. Chem., Int. Ed. Engl996

35, 1438.

10.1021/ja003660c CCC: $20.00

(Wakopak 5C18, 0.05 M ammonium formate containirgl00% acetonitrile,
linear gradient, 20 min, at a flow rate of 1.0 mL/min; retention tifde 14.4
min). *H NMR (DMSO-ds) 6 1.29 (m, 2H), 1.58 (s, 4H), 2.09 (m, 2H), 2.33
(s, 4H), 2.47 (s, 6H), 3.45 (m, 2H), 3.72 (s, 6H), 3.73 (s, 6H), 3.95 (s, 6H),
4.18 (m, 2H), 4.28 (m, 2H), 6.57 (d,= 14.5 Hz, 2H), 6.83 (brs, 2H), 6.99
(s, 2H), 7.41 (s, 2H), 7.44 (s, 2H), 7.58 @= 14.5 Hz, 2H), 9.98 (s, 2H),
10.23 (s, 2H), 12.36 (brs, 2H); ESIM&/e calcd for GoHgiN14012 (M + H)
1169.5, found 1169.6. The synthesis of other compoWiags and7e—f were
performed in a manner similar to that fad.
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Figure 1. Denaturing polyacrylamide gel electrophoresis'ef éxasRed- 0 )
labeled 5[TR]-TTACAGTGGCTGCCAGCA-3and 3-TGCTGGCAGC- B 5 E @

CACTG-3 cross-linked by’a—f in the presence and absence of ImimPy. B O @ 8 ®
(a) Lane 1, DNA control; lane 2, 30M ImImPy; lane 3, 24uM 7d; & 2 e = 2 8
lanes 4-9, 30uM ImImPy and 24uM 7a—f, respectively. DNA fragment & 3 f s @
(3 uM) labeled with 5-TexasRed was incubated in 1@ of 5 uM Na o 2 E . e E 3
cacodylate buffer (pH 7.0) at 3T for 15 h. The reaction was quenched 3 % % __,. ’ oo '%
by adding 1uL of 1 uM calf thymus DNA. To this solution was added 3 S = 2
89 uL of H,O. A 1 uL of aliquot was concentrated, and the resulting ) i E e
residue was redissolved in& of loading dye (formamide with New EE EE
Fuchsine). A 2uL aliquot was electrophoresed on 15% denaturing I — a eh— 0 T
polyacrylamide gel using a Hitachi 5500-S DNA sequencer. i o ® by

Figure 2. Denaturing polyacrylamide gel electrophoresis'ef &xasRed-
labeled oligonucleotides. Lanes-% and lanes 610 use 5[TR]-TTAC-
AGTGGCTGCCAGCA-3and 3-[TR]-TTATGCTGGCAGCCACTG-3

linkina (Figure 3S). The reason for an efficient cross-linking b respectively. Lanes 1 and 6, DNA controls; lanes 2 and 7, reaction
g (Fig )- g by mixture; lanes 3 and 8, reaction mixture after exposure to heat and hot

7d !S not known; howeve_r, flexibility of the_ linker reglon_would piperidine; lanes 4 and 9, samples of lane 3 and 8 after exposure to alkaline
be important for the reaction. The band which appeared just below phosphatase. Lanes 5 and 10[ER]-TTACAGTGGCTGCC-3 and 5-
the cross-linking product observed in the casgoivas assumed  [TR-TTATGCTGGCAGCC-3. DNA cross-linking was carried out as
to be a mono-alkylated product, since this band was predominantly gescribed in the legend to Figure 1. Heat degradation of cross-linking
formed when the same reaction Bg was carried out with 5 product was performed at 9@ for 20 min and followed by heating in
[TRI-TTACAGTGGCTGCAAGCA-3/5-TGCTGGCAGCCTCTG- 0.1 M piperidine at 9C°C for 20 min. Dephosphorylation was carried
3" in which target A in the lower strand was substituted with T. out with calf intestine alkaline phosphatase af@7or 1 h. The samples

To elucidate the site of interstrand cross-linking, we chemically were analyzed as described in the legend to Figure 1.
degraded the products using two set of oligomers in which the
upper or lower strand was labeled. Both systems provided slow |n conclusion, we developed a novel DNA interstrand cross-
migrating bands (Figure 2, lanes 2 and 7). Heating with piperidine |inking agent7d that cross-linked double strands only in the
(90 °C, 20 min) converted these bands to a faster migrating presence of ImimPy at a nine-base-pair sequericRBy&GC(T/
product (lanes 3, and 8). The faster bands were converted intoA)\GCCPu-3. The present system will provide a promising
slightly slower migrating bands by dephosphorylation with approach for the design of novel sequence-specific DNA inter-
alkaline phosphatase (lanes 4 and 9), the mobilities of which were strand cross-linking agents. Targeting specific sequences in the
identical to that of the authentic fragments (lanes 5 and 10). Thesehuman genome by such sequence-specific cross-linking agent
results demonstrated that interstrand cross-linking selectively would constitute a powerful gene-regulating t&b¥ Further

linking products. The compound with a pentamethylene linker
gave less cross-linked product, indicating that tetramethylene
linker is an optimal spacer for the formation of interstrand cross-

occurred at target A’s colored in rétiFor efficient cross-linking,  studies on the applicability of this novel class of cross-linking
one AT base pair between two recognition moieties was required agents are currently in progress.
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We examined the sequence specificity of the interstrand cross-g%fgys'?r_p_}qre_r%e)\ ?rlgcct?ggocris(iasco&% F%Jg;ACgGSTGTSCI_?fCO:'
linking using7d in the presence of various triamides. In contrast gl -3 and 5-[TR]- ;
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. . . 7c, 7d, and pentamethylene linker compound in the presence of ImimPy
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