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Abstract: We have developed a novel type of DNA interstrand cross-linking agent by synthesizing dimers
of a pyrrole (Py)/imidazole (Im)-diamide-CPI conjugate, ImPyLDu86 (1), connected using seven different
linkers. The tetramethylene linker compound, 7b, efficiently produces DNA interstrand cross-links at the
nine-base-pair sequence, 5'-PyGGC(T/A)GCCPu-3', only in the presence of a partner triamide, ImimPy .
For efficient cross-linking by 7b with ImimPy, one A-T base pair between two recognition sites was required
to accommodate the linker region. Elimination of the A-T base pair and insertion of an additional A-T base
pair and substitution with a G-C base pair significantly reduced the degree of cross-linking. The sequence
specificity of the interstrand cross-linking by 7b was also examined in the presence of various triamides.
The presence of ImimIim slightly reduced the formation of a cross-linked product compared to ImimPy .
The mismatch partners, ImPyPy and PylmPy, did not produce an interstrand cross-link product with 7b,
whereas ImPyPy and PylmPy induced efficient alkylation at their matching site with 7b. The interstrand
cross-linking abilities of 7b were further examined using denaturing polyacrylamide gel electrophoresis
with 5'-Texas Red-labeled 400- and 67-bp DNA fragments. The sequencing gel analysis of the 400-bp
DNA fragment with ImimPy demonstrated that 7b alkylates several sites on the top and bottom strands,
including one interstrand cross-linking match site, 5'-PyGGC(T/A)GCCPu-3'. To obtain direct evidence of
interstrand cross-linkages on longer DNA fragments, a simple method using biotin-labeled complementary
strands was developed, which produced a band corresponding to the interstrand cross-linked site on both
top and bottom strands. Densitometric analysis indicated that the contribution of the interstrand cross-link
in the observed alkylation bands was approximately 40%. This compound efficiently cross-linked both strands
at the target sequence. The present system consisted of a 1:2 complex of the alkylating agent and its
partner ImimPy and caused an interstrand cross-linking in a sequence-specific fashion according to the
base-pair recognition rule of Py-Im polyamides.

Introduction a chlorambucil moiety at both thé &nd the 3ends can alkylate

DNA interstrand cross-linking agents effectively inhibit both S€veral sites on both DNA strands in a sequence-specific
DNA replication and gene expression by preventing the melting Manner. However, the target sequence was limited to a poly-
of the two strands, and therefore, they have considerable PUrine sequence, and the efficiency of the interstrand cross-
potential in molecular biology and human medicirEhus, the ~ INKing was not higtt. _
mechanism of the action of interstrand cross-linking agents and  Dickerson and colleagues have demonstrated using X-ray
the design of new types of cross-linking agents has been crystallography that the natural product, netropsin, con.talnmg
extensively investigated. Cross-linking agents, including anti- (W0 N-methylpyrrole (Py) groups forms a 1:1 complex in the
tumor antibiotics, such as mitomycin C, carzinophilin A, and Minor groove with an AT rich sequencéDml_(er_son and Lown
synthetic antitumor agents, such as bizelesin and nitrogensuggested that the conversion of Py to an imidazole (Im) in the
mustard derivatives, show intrinsic sequence-selectivity in the (2) (a) Norman, D.: Live, D.; Sastry, M,; Lipman, R.; Hingerty, B. E.; Tomasz,
formation of interstrand cross-linkd-lowever, interstrand cross- M.; Broyde, S.; Patel, D. Biochemistryl999 29, 2861. (b) Fujiwara, T ;

L. . . Saito, |.; Sugiyama, HTetrahedron Lett1999 40, 315. (c) Hodgkinson,
linking agents that can target a predetermined sequence are quite  T. J.;'Shipman, MTetrahedron200, 57, 4467. (d) Seaman, F. C.; Chu,

3 ilizi _ ifi it i J.; Hurley, L.J. Am. Chem. Socl996 118, 5383. (e) Lawley, P. D.
rarg. By uul,zmg the sequenpe specific recognition for -trlple BioEssayel905 17, 561 () Hopkins. P. B.. Millard. J. T+ Woo, .
helix formation from the major groove of DNA, Kutyavin et Weidner, M. F.; Kirchner, J. J.; Sigurdsson, S. T.; RaucheFe&ahedron

al. have demonstrated that a polypyrimidine 19-mer possessing 5 %3)9Sli;u7rvdzsg?{’ S.T. Rink, S. M. Hopkins, P.BAM. Chem. 504963

115,12633. (b) Zhou, Q.; Duan, W.; Simmons, D.; Shayo, Y.; Raymond,

Tokyo Medical and Dental University. M. A.; Dorr, R. T.; Hurley, L. H.J. Am. Chem. So@001, 123,4865.
* Kyoto University. (4) Kutyavin, I. V.; Gamper, H. B.; Gall, A. A.; Meyer, R. B., J. Am. Chem.
(1) Rajski, S. R.; Williams, R. MChem. Re. 1998 98, 2723. Soc.1993 115,93083.
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Figure 1. (a) The chemical structure of ImPyLDu88)(and a schematic
representation of the recognition of theyGACPu-3 sequence by the
homodimer ofl. The arrows indicate the site where alkylation takes place.
(b) A putative binding mode of the 1:2 complex of covalent dimenfpof
7b, with ImImPy to 5-PyGGCAGCCPu-3sequence.
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A-T binders should lead to G specificity through the
introdyction of a new hydrogen bond acceptpr for the protruding Ol 5206 10 PaC. NABHL MOOLLACOEL. then adipo e loride
_2-am|no g'.“’”p of g_uanm‘éV_Vhen these SUbStlt.UtlonS were made CHiCI;: iPrzl\cl]iit,)%‘%); ifi) DBU—’HZO (1:-1) then 1% aquegug HCI, 57%;;

in netropsin and distamycin A, rather complicated results were j,) cpi, DMF, 99%; v) segment A of DU-86, NaH, DMF, 61%.
obtained. Specific € binding was achieved using the idea of

the 2:1 ligand binding motif to optimize contacts to the minor binding affinity and sequence-specificity comparable to those
groove! On the basis of these contributions to the concept of of transcription factoral

minor groove sequence information readout, Dervan et al. have Duocarmycin A (Duo) is a highly potent antitumor anti-
designed and synthesized minor groove-binding Py-Im hairpin biotic2 which binds to AT-rich sequences and selectively

polyamides that uniquely recognize each of the four Watson
Crick base pair§.Sequence-specific DNA recognition in the

alkylates the N3 site of adenine (A) at theehd of three or
more consecutive A base pairs in DNA2 We discovered that

minor groove depends on the sequence of side-by-side pairingsthe addition of distamycin A (Dist) markedly modulates the

oriented in the amino-carboxyl (NC) direction with respect
to the 3—3' direction of the DNA helix. Antiparallel pairing of
Im opposite a Py group (Im/Py) recognizes a&CGbase pailr,
whereas a Py/Py pair recognizesTAor T-A base pairs.
Hydroxypyrrole-Py pairing (Hp/Py) distinguishes theATfrom
the AT base paird® These Py-Im hairpin polyamides have a

(5) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, RJEMol.
Biol. 1985 183,553.

(6) (a) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, RPEc.
Natl. Acad. Sci. U.S.A1985 82, 1376. (b) Lown, J. W.; Krowicki, K;
Bhat, U. G.; Skorobogaty, A.; Ward, B.; Dabrowiak, J. Blochemistry
1986 25, 7408.

(7) (a) Wade, W. S.; Mrksich, M.; Dervan, P. B. Am. Chem. Sod 992
114, 8783. (b) Dwyer, T. J.; Geierstanger, B. H.; Bathini, Y.; Lown, J. W.;
Wemmer, D. EJ. Am. Chem. S0d.992 114,5911.

(8) (a) For recent review, see: Dervan, P.HBoorg. Med. Chem2001, 9,
2215. (b) Wemmer, D. E.; Dervan, P. 8urr. Opin. Struct. Biol1997, 7,
355. (c) Trauger, J. W.; Baird, E. E.; Dervan, P.Neature1996 382,559.
(d) Turner, J. M.; Baird, E. E.; Dervan, P. B. Am. Chem. Sod 997,
119 7636. (e) Swalley, S. E.; Baird, E. E.; Dervan, P.JBAm. Chem.
So0c.1997 119 6953. (f) Swalley, S. E.; Baird, E. E.; Dervan, P.Gem.
Eur. J.1997 3, 1600. (g) Trauger, J. W.; Baird, E. E.; Dervan, PABgew.
Chem., Int. Ed1998 37, 1421.

(9) (a) White, S.; Baird, E. E.; Dervan, P. B. Am. Chem. S0d.997, 119,
8756. (b) Dervan, P. B.; Burli, R. WCurr. Opin. Chem. Biol1999 3,
688. (c) Kielkopf, C. L.; Baird, E. E.; Dervan, P. B.; Rees, D. Nat.
Struct. Biol.1998 5, 104.
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alkylation sites primarily at the G residues in GC-rich sequences
by forming a cooperative heterodimer between Duo and Bist.

(10) (a) Kielkopf, C. L.; White, S.; Szewczyk, J. W.; Turner, J. M.; Baird, E.
E.; Dervan, P. B.; Rees, D. Gciencel998 282, 111. (b) White, S.;
Szewczyk, J. W.; Turner, J. M.; Baird, E. E.; Dervan, PN&iture 1998
391, 468.

(11) (a) Trauger, J. W.; Baird, E. E.; Dervan, P.B.Am. Chem. Sod998
120, 3534. (b) Turner, J. M.; Swalley, S. E.; Baird, E. E.; Dervan, PJ.B.
Am. Chem. Sod 998 120, 6219. (c) Bremer, R. E.; Baird, E. E.; Dervan,
P. B.Chem. Biol 1998 5, 119.

(12) (a) For recent review, see: Boger, D. L.; Boyce, C. W.; Garbaccio, R. M.;
Goldberg, JChem. Re. 1997, 97, 787. (b) Takahashi, |.; Takahashi, K;
Ichimura, M.; Morimoto, M.; Asano, K.; Kawamoto, |.; Tomita, F.; Nakano,
H. J. Antibiot. 1988 41, 1915. (c) Ichimura, M.; Muroi, K.; Asano, K.;
Kawamoto, |.; Tomita, F.; Morimoto, M.; Nakano, H. Antibiot. 1988
41, 1285. (d) Yasuzawa, T.; lida, K.; Muroi, K.; Ichimura, M.; Takahashi,
K.; Sano, H.,Chem. Pharm. Bull1988 36, 3728. (e) Asai, A.; Nagamura,
S.; Saito, HJ. Am. Chem. So@994 116, 6, 4171. (f) Boger, D. L.; McKie,
J. A.; Nishi, T.; Ogiku, T.J. Am. Chem. S0d.997 119, 311.

(13) (a) Sugiyama, H.; Hosoda, M.; Saito, I.; Asai, A.; Saito,Tidtrahedron
Lett. 199Q 31, 7197. (b) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, Hl.
Org. Chem.199Q 55, 4499. (c) Boger, D. L.; Ishizaki, T.; Zarrinmayeh,
H.; Kitos, P. A.; Suntornwat, Ql. Am. Chem. S0d99Q 112, 2, 8961. (d)
Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H. Am. Chem. S0d.991, 113
3, 6645. (e) Boger, D. LAcc. Chem. Red.995 28, 8, 20. (f) Boger, D.
L.; Yun, W.Y.; Han, N. H.Bioorg. Med. Cheml1995 3, 1429. (g) Boger,
D. L.; Johnson, D. SAngew. Chem., Int. Ed. Engl996 35, 1438. (h)
Schnell, J. R.; Ketchem, R. R.; Boger, D. L.; Chazin, WJ.JAm. Chem.
Soc.1999 121,5645.
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2 Conditions: i) BNCH,CHCH,NMey, 97%; i) Pd-C, Hz, MeOH—ACcOEt then QNImMCOCCS, 'PrNEt, CH,Cly, 86%; iii) Pd-C, Hp, MeOH—ACOEt
then QNIMCOCCES, 'PrNEt, CHCl,, 44%; iv) Pd-C, NaBH,, MeOH then AgO, 'PrNEt, 47%; v) MeNH, 'PrNEt, , 87%; vi) NaH, MeOH, 96%,; vii)
NaOH, 79%; viii) DCC, HOBY; ix) Pe-C, Hy, MeOH-ACOEt then'Pr,NEt, DMF, 55%.

The NMR-refined structure of a Duo-Dist-d(CAGGTGGT)/ groups greatly enhanced the alkylating activity, as well as the
d(ACCACCTG) complex demonstrated that the three Py cytotoxicity’@We also demonstrated that the Py-Im diamide-
residues of Dist recognize the complementary strand of the CPI conjugates with the vinyl linker, ImPyLDu86L)( and
reacting octamer, similar to the base-pair recognition rule of alkylates double-stranded DNA at predetermined sequences
Py-Im polyamides. In fact, the addition of Py-Im triamides to through the formation of a highly cooperative homodimer, as
the Duo reaction can effectively change the sequence-specificityshown in Figure 188 We found that the efficiency of alkylation

of Duo in a predictable mannét.These results suggest that by 1, which is the degree of DNA alkylation divided by that of
Py-Im polyamides can be used as versatile recognition com-the agent, was 69%, thus confirming the unusually high
ponents of sequence-specific DNA alkylating agents. Thus, we efficiency of dialkylation.

synthesized hybrid molecules constructed from the A segment We extended our concept to synthesize the alkylating Py-Im
of Duo and from Py-Im polyamides specifically alkylated at triamides, ImPylmLDu86 and ImimPyLDu86, which sequence-
predetermined sequenc€sThe alkylating Py-Im hairpin poly- specifically alkylate their target sequences in supercoiled plasmid
amides selectively alkylated one of the matching sites within a DNA.° More recently, we have demonstrated that incorporation
400-bp DNA fragment. Sequence-specific alkylation was ob- of the vinyl linker pairing with Im dramatically improves the
served even at 50 nM concentrations of the alkylating agent. reactivity of hairpin polyamide-CPI conjugat&sThese results
Other groups also synthesized analogous CC-1065 and duocarencouraged us to design sequence-specific interstrand cross-
mycin A related cyclopropapyrroloindole (CPI) or cyclopropa- linking agents! because these agents require a high efficiency
benzoindole (CBI) Py-Im conjugates and examined DNA of alkylation on both sides, and the Py-Im polyamide CPI
alkylating activitiest” Lown and colleagues have found that
insertion of a trans vinyl linker (L) between the Py and CPI

(17) (a) Wang, Y.; Gupta, R.; Huang, L.; Luo, W.; Lown, J. Whticancer
Drug Des.1996 11, 15. (b) Jia, G.; lida, H.; Lown, J. WHeterocycl.
Commun 1998 4, 557. (c) Boger, D. L.; Han, NBioorg. Med. Chem.

(14) (a) Yamamoto, K.; Sugiyama, H.; Kawanishi, EBBochemistry1993 32, 1997, 233, 5. (d) Wurtz, N. R.; Dervan, P. BChem. Biol.200Q 7, 154.
1059. (b) Sugiyama, H.; Lian, C.; Isomura, M.; Saito, I.; Wang, A. H.-J. (e) Chang, A. Y.; Dervan, P. Bl. Am. Chem. SoQ00Q 122,4856.
Proc. Natl. Acad. Sci. U.S.A.996 93, 14405. (18) Tao, Z.-F.; Saito, I.; Sugiyama, H. Am. Chem. So200Q 122 1602.

(15) Fujiwara, T.; Tao, Z.-F.; Ozeki, Y.; Saito, |.; Wang, A. H.-J.; Lee, M.;  (19) Fujimoto, K.; lida, H.; Kawakami, M.; Bando, T.; Tao, Z.-F.; Sugiyama,
Sugiyama, HJ. Am. Chem. Sod 999 121, 7706. H. Nucleic Acids Re2002 30, 3748.

(16) (a) Tao, Z.-F.; Fujiwara, T.; Saito, |.; Sugiyama, Ahgew. Chem., Int. (20) Bando, T.; Narita, A.; Saito, |.; Sugiyama, Bhem. Eur. J2002 8, 4781.
Ed. 1999 38, 650. (b) Tao, Z.-F.; Fujiwara, T.; Saito, |.; Sugiyama,H. (21) Bando, T.; lida, H.; Saito, I.; Sugiyama, Bl. Am. Chem. So2001, 123
Am. Chem. Sod 999 121, 4961. 5158.
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Figure 2. (a) The denaturing polyacrylamide gel electrophoresis'ef 5
[TR]-TTACAGTGGCTGCCAGCA-3 (TR18) and 5TGCTGGCAGC-
CACTG-3 (ODN15) cross-linked bya—g in the presence and absence of
ImImPy : lane 1= DNA control; lane 2= 30 uM ImImPy; lane 3= 24
uM 7b; and lanes 410 = 30 uM ImImPy and 24uM with 7a—g,
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Figure 3. Denaturing polyacrylamide gel electrophoresis of TR18/ODN15
cross-linked by7b with various concentrations @b with ImimPy : lane
1=96uM ImimPy and 48uM 7b; lane 2= 48 uM ImImPy and 24uM

7b; lane 3= 24 uM ImimPy and 12uM 7b; lane 4= 12 uM ImImPy

and 6uM 7b; lane 5= 6 uM ImImPy and 3uM 7b; lanes 6-10= 24 uM

7b and 96, 48, 24, 12, and @V ImImPy, respectively.

Im triamide, as shown in Figure 1b. To achieve efficient
interstrand cross-linking, we synthesized dimer& pbssessing
various linkers Ta—g). Synthetic routes for compounds—g

are summarized in Scheme 1. The dimeric uf#& was
synthesized by the reduction 8fwith NaBH,, Pd—C, and B
followed by coupling with glutaric dibenzotriazole ester, whereas
linkers4b—g were prepared by coupling with the corresponding

respectively. (b) The denaturing polyacrylamide gel electrophoresis of TR18 linker dicarbonyl chlorides. The alkylating moiety, segment A

cross-linked by7b and ImimPy in the presence of different lengths of
complementary strand: lane % DNA control; lane 2= 7b (24 uM),
ImImPy (30uM), and ODN15; lane 3= 7b (50 uM), ImImPy (100uM),
and B-TTTTTATGCTGGCAGCCACTG-3 (ODN21); lane 4= 7b (24
uM), ImimPy (30 uM), and ODN21. (c) Sequences of TR18, ODN15,

and ODNZ21. The alkylated bases and recognition sequences are represente

in red and blue, respectively.

conjugate with a vinyl linker fulfills this requirement. In this

of DU-86 (CPI), was prepared via a five-step procedure
according to literature report8.After subsequent hydrolysis
with DBU, the carboxyl groups were activated by CDI to form
linkers 6a—g. The activated amideS8a—g were coupled with
€PI to give compoundsa—g in a moderate yield. After
purification by high-performance liquid chromatography (HPLC),
the polyamide-CPI conjugate&a—g were used in the DNA

study, we have examined in detail the sequence-specificity of alkylation experiments. Partner Py-Im triamides and tetraamides

interstrand cross-linking by covalent dimerslatonnected with

with various N- and C-terminal groud$—14 were synthesized

seven different linkers. The results indicate that sequence-as shown in Scheme 2.

specificity of one of the dimers7b, can be controlled in a

Reaction of B-[TR]-TTACAGTGGCTGCCAGCA-3 '-

predictive manner by changing the partner Py-Im triamide. (TR18)/S-TGCTGGCAGCCACTG-3' (ODN15) with 7a—g
Using a new detection method, we have demonstrated thatin the presence of ImimPy. The interstrand cross-linking
sequence-specific interstrand cross-linking effectively occurs at abilities of 7a—g were investigated usind-G exas Red-labeled-

the target sequence within 67- and 400-bp DNA fragments.
Results and Discussion

Synthesis.To date, various types of CPI or CBI dimers,

including alternative points of attachment to CPI moiety, have
been synthesized.However, control of the sequence specificity
of the cross-linking agent is very difficult to achieve. We have
designed an interstrand cross-linking system by forming a 1:2
complex of an alkylating dimer component with a partner Py-

3474 J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003

TTACAGTGGCTGCQAGCA-3 (TR18) and the complemen-
tary 3-TGCTGGCAGCQRACTG-3 (ODN15). Alkylation was
carried out at 37C for 18 h, and the reaction was quenched
by the addition of calf thymus DNA. The reaction mixture was

(22) (a) Kumar, R.; Lown, J. WOrg. Lett.2002 11,1851. (b) Jia, G.; lida, H.;
Lown, J. W. Heterocycl Commuri998 4, 557. (c) Reddy, B. S Sharma
S. K.; Lown, J. W.Curr. Med. Chem2001, 8, 475. (d) Boger D. L
Searcey, M.; Tse, W. C.; Jin, @ioorg. Med. Chem. LetR00Q 10, 495.

23) Nagamura, S.; Asai, A.; Kanda, Y.; Kobayashi, E.; Gomi, K.; Saito, H.
Chem. Pharm. Bull1996 44, 1723.
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00
00 000
. 3'-GTCACCGACGGTCGTATT-[TR]-5'

5'-[TR]-TTACAGTGGCTGCCAGCA-3' — ’ |
coe
000

3'-GTCACCGACGGTCGT-5'

T

5'-[TR}I-TTACAGTGGCTGCC-3' 9 , # §— 3-CCGACGGTCGTATT-[TR-5'

5-[TR]-TTACAGTGGCTGCCp-3' — # # —— 3-pCCGACGGTCGTATT-[TR}-5'

ODN15L: 5'-CAGTGGCTGCCAGCA-3'

TR18L : 3'-GTCACCGACGGTCGTATT-[TR]-5'
Figure 4. Denaturing polyacrylamide gel electrophoresis bffbxas Red-labeled oligonucleotides. Lanessland lanes 610 used TR18/ODN15 and
5-[TR]-TTATGCTGGCAGCCACTG-3 (TR18L)/5-CAGTGGCTGCCAGCA-3(ODN15L), respectively. Lanes 1 and=6 DNA controls; lanes 2 and 7

= reaction mixtures; lanes 3 and=8reaction mixtures after exposure to heat and hot piperidine treatment; lanes 4=asah$ples from lanes 3 and 8 after
exposure to alkaline phosphatase; lanes 5 ang B}[TR]-TTACAGTGGCTGCC-3 and 3-[TR]-TTATGCTGGCAGCC-3, respectively.

concentrated at room temperature to avoid any depurination of  To obtain the optimum conditions for efficient cross-linking,
the alkylated bases, and the product was directly analyzed bythe degree of interstrand cross-linking was monitored under
denaturing polyacrylamide gel electrophoresis using an auto- various concentrations @ andimimPy, as shown in Figure
mated DNA sequencer. As shown in Figure 2a (see laré),4 3. It was found that interstrand cross-linking largely depended
the compound¥a—c generated slow-migrating bands in the on the concentrations afb andImIimPy, and that 24«M of
presence ofmimPy, while the other compounds, such &g 7b and 48uM of ImImPy were required for the efficient cross-

e, andg, did not generate such slow migrating bands under the linking of 3 uM of TR18/ODN15 (see lane 2)With 24 uM of
same conditions (see lanes 70). When a longer complemen-  7b, more than 1 equiv ofmimPy was required for efficient
tary S-TTTTTATGCTGGCAGCQACTG-3 (ODN21) was em-  cross-linking (see lanes-8). Thus, the following alkylation
ployed in the same reaction, a further shifted slower-migrating experiments were mostly performed under the standard condi-
band appeared (Figure 2b, lanes 3 and 4), indicating that thesejons of 24uM of 7b and 30uM of ImImPy .

slow-migrating bands are corresponding cross-linked products.  ~pamical Elucidation of Interstrand Cross-Linked Sites

In the absence dmimPy, compound’b showed only atrace j, tR18/0DN15. To study the interstrand cross-linking bases
of a slow-migrating band, indicating the indispensable role of in TR18/ODN15, we analyzed the degradation products of
the partner in the formation of an interstrand cross-link (Figure interstrand cross-links in detail, as shown in Figure 4. The
2a, lane 3). It is speculateq that a trace of'a slow-migrating reaction mixture of TR18/ODN15 witt7b and ImimPy

band may bg.dg.e to ?I:(Dylaltlon perdu%t?Z (Ijetrlvedt_frolm ttT]e L1 containing a slow-migrating product (lane 2) was heated to 90
monomeric binding of Fy-Im polyamia®. Interestingly, the °C for 5 min and then subjected to a hot piperidine treatment

rigid linker compoundsyd, &, andg did not produce any cross- (90 °C, 20 min). Such a treatment without using heating at

linked products, and only the flexible methylene linker com- . g .
L . neutral pH did not cause efficient strand cleavage at the adenine
pounds, 7a—c caused cross-linking. The two faint bands . . . . o
. . alkylation sites. Using this treatment, the slow-migrating band
produced by7f with ImimPy are assumed to be cross-linked o
. . . . .. was converted to a faster migrating product (lane 3). The faster
and monoalkylation products, respectively. Further identification .~ ™" . . L
migrating band was converted into a slightly slower migrating

was not successful due to the low efficiency of the formations. . . .
These results clearly indicate the importance of flexibility in band by q_ephosph_orylatlon .W'th _alkalme phosphatase (Iane_ 4)
the mobility of which was identical to that of the authentic

the linker region between two recognition moieties. These results
clearly demonstrate that the combination of the flexible meth- fragments of 5[TR]-TTACAGTGGCTGCC-3 (lane 5). These

ylene linker compound§a—c andimimPy efficiently produce results clearly demonstrate that interstrand cross-linking selec-
DNA interstrand cross-links. tively occurred at the £ position of TR18. Similar experiments
using labeled lower-strand-F'R]-TTATGCTGGCAGCACTG-

(24) Urbach, A. R.; Dervan, P. Broc. Natl. Acad. Sci. U.S.2001, 98, 4343. 3 (TR18L) and 5CAGTGGCTGC@AGCA-3 (ODN15L)
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(@) (@) TR18 TR18G
ODN15 ODN15G
TR18 TR18 . T p—
| — |
7a 7a 7a 1 2 3 4 5 6 7 8
1 2 3 4

, Cross-linking
k3 ‘ . —— Mono-alkylation

L

o © te0
®ee

(b)

5'-[TR]-TTACAGTGGCTGCCAGCA-3'
000

. q 5! TR18G :
, ODN1ST : 3-GTCTCCGACGGTCGT-5 5'-[TR]-TTACAGCGGCTGCCGGCA-3'
Figure 5. Denaturing polyacrylamide gel electrophoresis of TR18 cross- 000 N

linked and monoalkylated bya with ImImPy in the presence of a different ~ 00
complementary strand. (a) Lane=17a (24 uM), ImimPy (24 uM), and ;
ODN15; lane 2= 7a (24 M), ImimPy (24 4M), and 3-TGCTGGCAGC- ODN15G : 3'-GTCGCCGACGGCCGT-5
CTCTG-3 (ODN15T); lane 3= 7a (48 uM), ImimPy (48 uM), and f

ODN15T; and lane 4= DNA control. (b) A schematic representation of

the monoalkylation of TR18/ODN15T bya with ImimPy .

(b)

Figure 6. Denaturing polyacrylamide gel electrophoresis 'eTBxas Red-
. . ., labeled DNA fragments cross-linked bgb and ImImPy. Lanes 4
produced an analogous slow-migrating band of the cross-link ¢mpioyed TR18/0DN15, and lanes-8 employed 5[TR]-TTACAGCG-
product (lane 7). Heating and a hot piperidine treatment yielded GCTGCGGGCA-3 (TR18G)/3-TGCCGGCAGCGCTG-3 (ODN15G).

a faster migrating band (lane 8). This fragment was converted (&) Lanes 1 and 5 DNA control; lanes 2 and € 7b (24M) andimimPy
by dephosphorylation to a slightly faster migrating band (lane gfg"?'\g)ig"’;‘&? gn%ﬂ?nﬁngs (é%’;w/l))_""(”b(; Tgﬁgnggél’r\{elia'rﬁ‘sn;r?t;iiﬂdof
9), which comigrated with authentic’-pTR]-TTATGCTG- the interstrand cross-linking of TR18G/ODN15G By with ImImPy .
GCAGCC-3. These results clearly demonstrate that interstrand

cross-linking selectively occurred at thesgosition of TR18L. reactions of 5[TR]-TTACAGTGGCTGCGGGCA-3 (TR18G)

The compounds with tri- and pentamethylene linker com- and 3-TGCTGGCAGCGCTG-3 (ODN15G) with7b in the
pounds,7aand7c, gave fewer cross-linked products, indicating presence of 3@M of ImimPy were examined. It was found
that the tetramethylene linker is an optimal spacer for the that three different concentrations @b cross-linked TR18G
formation of interstrand cross-linking. The exact reason for the and ODN15G in the presence dflmPy with a similar
efficient cross-linking byrb is not known. However, flexibility efficiency as that of TR18/ODN15 (Figure 6). These results
and an appropriate length of the linker would be important clearly indicate that the interstrand cross-link systerl#vith
factors for the cross-linking reaction. The band that appeared ImImPy can alkylate either A or G at matching sites, i.e. a
slightly faster than the cross-linking product, observed in the 5-PyGGC(T/A)GC®u-3' sequence.
case of7fawith ImMimPy, was assumed to be a monoalkylated = Base-Pair Preference of Linker RegionsAs they-turn and
product. This is because this band was predominantly formed $-tail of hairpin polyamide® and the linker region of tandem
when the same reaction usiifg was carried out with TR18/  hairpins recognize AT base paird® we expected that one-&
5'-TGCTGGCAGCO CTG-3 (ODN15T) in which Target A, base pair between two recognition moieties was required to
in the lower strand, was substituted with Target T (Figure 5, accommodate the linker region to enable efficient cross-linking.
lanes 2 and 3). In fact, deletion of the AT base pair of 5[TR]-TTACAGTG-

It has been demonstrated that alkylating Py-Im polyamide GCGCCAGCA-3 (TR17) and 5TGCTGGCGCCACTG-3
can alkylate adenine and guanité;/218whereas Duo mainly
alkylates adenine in AT-rich sequendéd.o test whether this
type of interstrand cross-link also occurs in G residues, the (26) Herman, D. M.; Baird, E. E.; Dervan, P. Bhem. Eur. J1999 5, 975.

(25) Swalley, S. E.; Baird, E. E.; Dervan, P. B.Am. Chem. S0d.999 121,
1113
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(ODN14), and the insertion of two /A base pairs of 5[TR]- () (b)
TTACAGTGGCITTGCCAGCA-3 (TR19) and 5TGCTG-

GCAAGCCACTG-3 (ODNL16) significantly reduced the cross- TR17 TR18 TR19 TR18CG

linking efficiency of 7a—c in the presence dinimPy compared
with TR18/ODN15 (Figure 7a). Substitution of theAlinker
with a G-C base pair, 5[TR]-TTACAGTGGCCGCCAGCA-
3' (TR18CG) and 5TGCTGGGEGCCACTG-3 (ODN15CG),
yielded several slow-migrating bands with some tailing present.
Some of these bands may be due to monoalkylation, which
includes newly produced half-match sites produced by the
incorporation of the @5 base pair (Figure 7b). These results
clearly demonstrate that the linker region of the present cross-
linked system prefers single-A base pairs.

Optimal Partner Triamide for Interstrand Cross-Linkage
of TR18/ODN15 by 7b.We examined the interstrand cross-
linking by 7b in the presence of four different Py/Im triamides
at concentrations of 15 and 30M. The results of denaturing
polyacrylamide gel electrophoresis are shown in Figure 8. In
the case ofimimim (lanes 3 and 7), the reduction of the
formation of a cross-linked product relative llmImPy (lanes
2 and 6) was observed: 449% and 98-81% at 15 and 30
uM of triamide, respectively, indicating that the Im/Im pair binds
moderately to the €& base pairs to facilitate the interstrand
cross-link. These results indicate that the Py/Im pairing rule does
not strictly operate on the third residue of the triamides in the
present interstrand cross-linking system. A similar ambiguity
in base-pair recognition by Im/Im and Py/Py pairs of the
polyamides of the & base pair has been previously reported.
In clear contrast, the formation of the cross-linked product was
significantly reduced in the presence lofiPyPy or PylmPy
(lanes 4, 5, and 8). However, at 3¥ of PylmPy, a significant
DNA consumption was observed (lane 9), presumably due to
the monoalkylation at the half-matched site@CTG-3. These
results indicate that the Py/Im pairing rule operates for the first
and second residues of the Py-Im triamides.

Optimal Terminal Group of Partner Triamide for Inter-

ODN14 ODN15 ODN16 ODN15CG

7a7b7c 7a7b7c 7a7b7c 7b7b
12345678 9101112 123

’.,."9’ '
b *:

()

TR17 :
5'-[TR]-TTACAGTGGCGCCAGCA-3'

ODN14 : 3'-GTCACCGCGGTCGT-5'

TR19:
5-[TR]-TTACAGTGGCTTGCCAGCA-3'

ODN16 : 3'-GTCACCGAACGGTCGT-5'

strand Cross-Link of TR18/ODN15 by 7b.We then examined
the interstrand cross-linking b in the presence of EnimPy
derivative with different terminal group4@—14) at concentra-
tions of 15 and 3Q«M. Substitution of the C-terminal diami-
nopropy! group with methylaminel(), methyl ester 12), or
carboxylic acid 13) decreased the efficacy of cross-linking
(Figure 9, lanes £3 and lanes #9). In addition, modification
to t_h? N-terminal group ofmimPy (lO_and 14? feduce‘?‘ the Figure 7. (a) Denaturing polyacrylamide gel electrophoresis 'eT éxas
activity (lanes 4, 5, 10, and 11). Densitometric analysis of the Red-labeled DNA fragments treated Bg—c in the presence dmimPy .
gel electrophoresis indicated that the cross-linking efficiency Lanes 4 = 5-[TR]-TTACAGTGGCGCCAGCA-3(TR17)/3-TGCTG-

GCGCCACTG-3 (ODN14); lanes 58 = TR18/ODN15; lanes 912 =
— 0,

when compoundi1—14were employed was less thap 10% of 5-[TR]-TTACAGTGGCTTGCCAGCA-3 (ODN19)/3-TGCTGGAAGC-
that of IMlmPy at 15xM. Although 30uM of 11 yielded ~ CACTG-3 (ODN16). Lane = DNA control; lanes 24 = 304M ImimPy
several slow-migrating bands, the cross-linking efficiency by and 24uM 7a—c, respectively; lane 5= DNA control; lanes 6-8 = 30

Compoundllwas apparently lower than thatmlmpy under IuM ImImPy and 247(,£M Ta—c, reSpeCtiVer; lane & DNA control; lanes

the same conditions. These results indicate that interstrand cross=>, +2 ; S0#M ImimPy and 24uM 7a-c, respectively. (b) Denaturing

T >t . : polyacrylamide gel electrophoresis ¢fBexas Red-labeled DNA fragments
linking proceeds efficiently withmimPy according to the base-  5-[TR]-TTACAGTGGCCGCCAGCA-3 (TR18CG)/5TGCTGGAGGC-
pair recognition rule of Py-Im polyamidédt is important to CADC’\'IFE-C% (O|3|l\|115C2§_) tlrgat&dl bylbiFT the gr;éj:“f}lcibdfnlfgry- L;”Z 01

; ; ; ; = control; lane 2= mimPy an ; and lane
note that?b with the tetraamideRylmImPy (14), did not yield M ImimPy and 24 4M 7{)‘. (c) Sequences of TR17, ODN14, TR,
a cross-linked product (lanes 4 and 10). These results SUggeS’ﬁ)DNlG, TR18CG, and ODN15CG. The target bases and recognition
that steric hindrance between CPI and the N-terminal Py inhibits sequences are represented in red and blue, respectively. A schematic
an efficient cross-linking reaction. representation of the monoalkylation of TR18CG/ODN15CG7bywith

ImImPy .

TR18CG:
5-[TR]-TTACAGTGGCCGCCAGCA-3'

N
et
ODN15CG:3'-GTCACCGGCGGTCGT-5'

(27) (a) Yang, X.-L.; Kaenzig, C.; Lee, M.; Wang, A. H.Bur. J. Biochem.
1999 263,646. (b) Weyermann, P.; Dervan, P.BAm. Chem. So2002
124,6872.

Control of Sequence Specificity by Changing the Py-Im
Triamide. We examined the sequence specificity of alkylation

J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003 3477



ARTICLES Bando et al.
a a
(a) " (a)
O X H R1
o] TB\WN TT H
N Z,—Y H )\“,N N
-0 NBYNE—Z H | \ o) Fkﬂ,“
| b N +—
O SN NN . U
o N Rz
ImimPy : X =N, Y=N, Z=CH I
Imimim : X =N, Y=N, Z=N
ImPyPy: X=N, Y=CH, Z=CH
PyimPy:X=CH, Y=N, Z=CH 10: Ry=NO;,  Rp=CONH(CH;)sN(Me),
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(c)
Match Mis-match Mis-match Figure 9. Denaturing polyacrylamide gel electrophoresis of TR18/ODN15
(ImimPy) (Imimim) (ImPyPy) cross-linked by7b (24 uM) with the ImImPy derivatives,10—14 (15 uM
g . TGGTTGCCA- TGGCTGCCA- or 30uM). (a) Chemical structures of compountid3—14. (b) Lane 1= 15
Eggﬁﬁﬁﬁ S ﬂ oA 4M 11; lane 2= 15uM 12 lane 3= 15 4M 13; lane 4= 15 M 14; lane
| W". 5= 15uM 10; lane 6= DNA control; lane 7= 30 uM 11; lane 8= 30
-ACCGACGGT-  -ACCGACGGT-  -ACCGACGGT- uM 12; lane 9= 30 M 13; lane 10= 30 uM 14; and lane 11= 30 uM
10.
Mis-match mono-alkylation
(PylmPy) (PylmPy)
-fgiﬁgTGCCA- -TGGCTGCCA- 5-TAGC(A/T)GCTA-3 (sites 4 and 8), on both DNA strands
vm-’ 0" 's0e were observed in the presence of triamideg1). However,
~ACCGACGGIT- -ACCGACGGT- alkylations at 5TGACA-3' (site 6) and 5TAGCTG-3 (site

Figure 8. Denaturing polyacrylamide gel electrophoresis of TR18/0DN15 3) were also observed under these conditions. Alkylation at sites
cross-linked by7b (24 xM) with Py-Im triamide (15:«M or 30 uM). (a) 3 and 6 can be explained by the binding of a 1:1 complex of
Chemical structures of Py-Im triamides. (b) Lane=IDNA control; lane 7b and triamide in which the alkylation part recognizes the base
2=15uM ImImPy; lane 3= 15uM ImImIm ; lane 4= 15uM ImPyPy; . .
lane 5= 15 uM PylmPy; lane 6= 30 xM ImimPy; lane 7= 30 uM sequence by a pair of Py/Im polyamides, the tetramethylene
Imimim ; lane 8= 30 uM ImPyPy; and lane 9= 30 uM PyImPy. (c) A linker region recognizes one or two AT base pairs, and the rest
schematic representation ofthe ir)terstrand cross-linking and monoalkylation of the molecule recognizes a base pair by the monomeric
of TRI8/ODNLS by7b with triamide. recognition mode (Figure 108j.These results demonstrate that
sequence-specificity of DNA alkylation can be reasonably
by changing the partner Py-Im triamides. We designed a 67-bp controlled by changing the partner Py-Im triamide according
DNA sequence including three matching sites Torwith the to the base recognition rule of Py-Im polyamides.
partner moleculegmPyPy, ImImPy, andPyImPy. If 7b and Sequence-Specific Interstrand Cross-Linking within a 400-
each triamide were cooperatively bound to the minor groove bp DNA Fragment. We evaluated the interstrand cross-linking
of DNA according to the base-pair recognition rule of Py-Im activity of 7b with ImImPy using a 5Texas Red-labeled 400-
polyamides, then sequence-specific interstrand cross-linkingbp DNA fragment possessing one matching sité,TG-
should be observed for each matching site. We used two setsGCAGCGG-3'. After DNA alkylation, the reaction mixture was
of duplex 67-mers (TRF-67/R-67 and F-67/TRR-67), in which heated to 94C for 20 min, and thermally induced cleavage
the one of the strands was labeled usih &xas Red, as shown fragments were analyzed using a sequencing gel. It was found
in Figure 10. In all three cases, sequence-selective alkylationsthat a large excess dfmimPy (>25 uM) relative to7b (100
at their cross-linked matching sites; BGAC(A/T)GTCA-3 nM) was necessary for efficient alkylation of the 400 bp DNA
(sites 1 and 5), 5STGGC(A/T)GCCA-3 (sites 2 and 7), and  fragment, suggesting the presence of a nonspecific monomeric
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(@) (b)

ImPyPy ImimPy PylmPy ImPyPy ImimPy PylmPy
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G+tA 1 2 3456 7 8910111213 1234567 8910111213 G+A
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- v By AN
Site3  Site 6 :
L - - — ’ - e
Site 2 Site 7
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Site I Site 8 .
-e - — - -
=
© . , y
iSue 1 lStre 2 VHE 4
5-GTAACGCTACGAGTGTGACTGTCACATAGTGGCTGCCACATAGTAGCTGCTACATTGTAACGTACAG-3' : F-67
3.CATTGCGATGCTCACACTGACAGTGTATCACCGACGGTGTATCATCGACGATGTAACATTGCATGTC-5' : R-67
; T.S'ire 5 ETS:’fe 7 TSE:e &
: ; ; Site 3, 1
' TGACTGTCACATAG: 'CATAGTAGCTGCTA:
. Lt S : . S '
' s ' ' & @ '
ACTGACAGTGTATC! IGTATCATCGACGAT:

TSire 6

Figure 10. Sequence-specific alkylation of-Bexas Red-labeled: (a) TRF-67/R-67 and (b) F-67/TRR-67 DNA fragment® lmith Py-Im triamide. Sites

of DNA alkylation were analyzed by thermal cleavage of the DNA strand at the alkylated sites using denaturing polyacrylamide gel electropheresis. La
1 = DNA control; lanes 25 =1 uM ImPyPy and 500, 250, 100, and 50 nEkb, respectively; lanes-69 = 1 uM ImImPy and 500, 250, 100, and 50 nM

7b, respectively; lanes 1013 = 1 uM PylmPy and 500, 250, 100, and 50 nkb, respectively. (c) A schematic representation of the putative interstrand
cross-linking and monoalkylation of a 67-bp DNA fragmentsaywith ImPyPy, ImImPy, andPylmPy. The arrows indicate the site of alkylation.

or dimeric binding olmimPy (Figure 11a). Figures 11 (b) and determine the contribution of interstrand cross-links in the
(c) clearly demonstrated thatb with 30 uM of ImImPy observed alkylation at sites 5 and 8, a simple method using a
alkylates several sites (sites—11) on both DNA strands, 5'-biotin-labeled complementary strand was developed, as
including the target sequencé;ByGGC(A/T)GC®u-3 (sites outlined in Scheme 3. After treatment with and ImimPy,
5 and 8). These results suggest thlatwith ImimPy alkylates the DNA fragments were collected using streptavidin-bound
DNAina 1:2 and a 1:1 binding mode, which is consistent with  magnetic particles (MAGNOTEX-SA), and then the particles
the monoalkylations shown in Figure 10. were washed with alkaline solution. Under these conditions, only
However, the sequencing analysis used employing top andcross-linked DNA fragments should be retained on the particles.
bottom strand individually labeled fragments could not distin- Ensuing heat and hot piperidine treatments should provide DNA
guish between interstrand cross-linking and monoalkylation. To cleavage band only at the interstrand cross-linking site.
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3'-GTCGGCCTATGGCACTAAGACCTATGCAGACTTGACCAGTGCCA CCGTGACCACTTCGACGTATGACTAC-

Site 6
Site 2 Site 3 Site 4

-CACTTCACGCCACGCGGGATGAACCTGTGGCATTTGTGCTGCCEGGAACGEGCEGTTTCGTGTCTCTGC

e %Ny ey 00325

-GTGAAGTGCGGTGCGCCCTACTTGG CCGTAAACACGACGGCCCTTGCCGCAAAGCACAGAGACGGCC-

Site 7
Site 5
~TGTGGCAGCC TGACAGAGCGCGGCCTGGCCAGAATGCAATAACGGGAGGCGCTEGTASCTGATTTCG-3'
200 = 200 ;. 200 00 ~
= L} < < N <
-ACACCGTCGGCTTTACTGTCTC C 4CCWECT’I‘ACG’I’TATTGCCCTCCGC + CCGACTAAAGC-5'
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Figure 11. Sequence specific alkylation of-Bexas Red-labeled: (a) and (bDNA F 7315*-7714 (top), and (c)DNA R 40789*-41188 (bottom) DNA
fragments with a Bbiotin-labeled complementary strand By andImIimPy . The sites of DNA alkylation were analyzed by denaturing polyacrylamide gel
electrophoresis. (a) Lane=t DNA control; lanes 27 = 0.5, 2, 5, 10, 25, and 30M ImImPy and 100 nM7b; (b) and (c) lane = DNA control; lanes
2—6 = 30 uM ImIimPy and 25, 50, 100, 250, and 500 nkb. The asterisk indicates G exas Red modification. (d) A schematic representation of the
interstrand cross-linking and monoalkylation of a 400-bp DNA fragmenTlbwith ImImPy . The arrows indicate the site of alkylation.

5'-Double-labeled DNA was alkylated witfib under one- 400-bp DNA are shown in Figure 12, a and b. The bands
hit conditions in the presence bhimPy . After collection using corresponding to the two interstrand cross-link sites were
streptavidin-bound magnetic particles, the particles were washedsignificantly retained relative to other monomeric sites. The
with alkaline solution. The particles were heated in a buffer almost complete disappearance of the starting DNA also
solution, and subjected to a hot piperidine treatment’(®®0 confirmed the reliability of the present method. Densitometric
min). The resulting DNA fragments were analyzed using a analysis demonstrated that the contribution of the interstrand
sequencing gel. The results of the top and bottom strand of thecross-links of the top and bottom strand were approximately
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(a) Site 1 Site 2 Site3 Site4 Site 5
b b N E O N | b1
| | ] I 2
48%
5'-GTCTCTGCCGGTGTGGCAGCCGAAATGACAGAGCGCGGCCTGGCCAGAAT-3'
000 00 ooo LYY
00 o0

3. CAGAGACGGCCACACCGTCGGCTTTACTGTCTCGCGCCGGACCGGTCTTA-S'

(b)

2

19 | |1iua

1 I I [

Site 6 Site 7 Site 8 Site 9, 10 Site 11
(C} Site 2 l
¢ '
2
{
38%

5-[TR]-GTAACGCTACGAGTGTGACTGTCACATAGTGGCTGCCACATAGTAGCTGCTACATTGTAACGTACAG-3'

s
3-CATTGCGATGCTCACACTGACAGTGTATCACCGACGGTGTATCATCGACGATGTAACATTGCATGTC- Biotin-5'

Figure 12. Interstrand cross-link of'5Texas Red-labeled: (e)DNA F 7315*-7714 (top), (0)DNA R 40789*-41188 (bottom), and (c) TRF-67 DNA
fragments with a Sbiotin-labeled complementary strand B with ImimPy . Sites of DNA alkylation were analyzed after heating and a hot piperidine
treatment by denaturing polyacrylamide gel electrophoresis both before, and after subjecting the solution to the detection method desceifped3n Sch
Lane 1= alkylation with 7b (a and b= 100 nM, and ¢= 500 nM) andimimPy (a and b= 25 uM, and c= 1 uM); lane 2= alkylated DNA of lane 1
captured by streptavidin-bound magnetic particles, and then washed with alkaline solution. The asterisk ifdleatas Bed modification. Schematic
representations of the interstrand cross-linking and monoalkylatiorbhyith ImimPy are also included. The arrows indicate the site of alkylation.

48% and 34%, respectively. The results of the 64-bp DNA Scheme 3

A K i 5'-Biotin label 400bp DNA
fragments are shown in Figure 12c, showing that the bands at e

the target cross-linking sites were selectively retained. The 5'-Texas Red label
results demonstrated that 38% of the alkylation of the target < — cross-linker
sequence of the top strand was due to interstrand cross-linking. Magnet + Avidin

These results confirm that with ImimPy efficiently cross-
links both strands at the target site.

These results suggest that the present system of a 1:2 complex
of 7b and ImIimPy causes interstrand cross-linking in a
sequence-specific fashion according to the base-pair recognition
rule of Py-Im polyamides (Figure 13). To the best of our Wash with allcallne*
knowledge, this is the first demonstration of such interstrand
cross-linking of a longer DNA fragment at a predetermined

—_—
—_—0
—_—

sequence. _
In conclusion, we have developed a novel DNA interstrand ——0

cross-linking agen¥b that cross-links double strands only in o

the presence ofmIimPy in the nine-base-pair sequence; 5 M S * et et

, 3 N leat and hot piperidine Removed

PyG(_B(_:(T/A)GCCPu-S. The pre_sent system will provide a Sequencing'

promising approach for the design of novel sequence-specific Interstrand

DNA interstrand cross-linking agents. Targeting specific se- © Cross-linking Site
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R = CONHCH;CH;CH;NMe;
Figure 13. (a) Energy-minimized structure @b-ImimPy »-d(CTGGCTGCCAC)/ d(GTGGCAGCCAG) interstrand cross-linked complex. DNA is drawn

in white. Py and Im residues @ andImIimPy are drawn in blue and red, respectively. (b) A DNA interstrand cross-linking mode of the 1:2 complex of
7b with ImImPy .

guences in the human genome by such a sequence-specific cros$roton NMR spectra were recorded in parts per million (ppm)
linking agent would constitute a powerful gene-regulating #ol.  downfield, relative to tetramethylsilane. The following abbreviations
Further studies on the applicability of this novel class of cross- aPply to spin multiplicity: s (singlet), d (doublet), t (triplet), q (quartet),
linking agents are currently in progress. qu (quintet), m (multiplet), and br (broad). Electrospray ionization mass
spectra (ESMS) were produced on a PE SCIEX APl 165 mass
Experimental Section spectrometer and fast atom bombardment mass spectra (FABMS) on a

Reagents and solvents were purchased from standard suppliers andEOL-JMS-SX102A mass spectrometer. Polyacrylamide gel electro-
used without further purification. Abbreviations of some reagents: Phoresis was performed on a HITACHI 5500-S DNA sequencer.
DBU, 1,8-diazabicyclo[4.3.0]undec-7-en®r,NEt, N,N-diisopropyl- Fluorescent bands were analyzed using FRAGLYS2 (version 2.2,
ethylamine; DMFN,N-dimethylformamide; FDPP, pentafluorophenyl ~ HITACHI) and NIH image (version 1.61) on a Power Macintosh G3.
diphenylphosphinate; CDI, I;tarbonyldiimidazole. Reactions were  All deoxyoligonucleotides including’sTexas Red-labeled oligomers
monitored by thin-layer chromatography (TLC) using 0.25-mm silica and 3-biotin-labeled oligomers were purchased from JbioS.Tkx
gel 60 plates impregnated with a 254-nm fluorescent indicator (Merck). DNA polymerase and Suprec-02 purification cartridges were purchased
Plates were visualized by UV illumination at 254 nm. NMR spectra from Takara; the Thermo Sequenase core sequencing kit and loading
were recorded with a JEOL JNM-A 500 nuclear magnetic resonance dye (dimethylformamide with fuchsin red) from Amersham; and 50%

spectrometer, and tetramethylsilane was used as the internal standard-0ng Ranger gel solution from FMC Bioproducts. P1 nuclease and
calf intestine alkaline phosphatase (1000 units/mL) were purchased from

(28) Kielkopf, C. L.; White, S.; Wzewczyk, J. W.; Turner, J. M.; Baird, E. E.; Roche Diagnostics. Magnetex-SA was purchased from JSR.

Dervan, P. B.; Rees, D. Gciencel998 282,111. . .

(29) (a) Gottesfeld, J. M.; Neely, L.; Trauger, J. W.; Baird, E. E.; Dervan, P. B. O2NPyLCOEt (2). To a solution of HNQ (1.5 mL, 35.7 mmol) in
Nature1997, 387,202. (b) Henikoff, S.; Vermaak, ICell 200Q 103 695. Ac,0O (3 mL) was slowly added 1-methyl-2-pyrrole carboxaldehyde
(c) Janssen, S.; Cuvier, O.; Ner, M.; Laemmli, U. K. Mol. Cell. 2000 i —A0° i
6, 1013. (d) Ansari, A. Z.; Mapp, A. K.; Nguyen, D. H.; Dervan, P. B.; (3'0 9' 27'_5 mm0|) n AQO (5 mL) at 400 C for 40 min. After the
Ptashne, MChem. Biol 2001, 8, 583. () Ehley, J. A.; Melander, C.; reaction mixture was stirred f@ h at—10 °C, hexane (100 mL) was

geiinap,lg.;JBa'bilr&, lf E.;”FeBrgLnggbg.zg.:55702%dri((f:)hélt¢-;]??drvin,MP- B.; added. The precipitate was collected by filtration and washed with
ottesfeld, J. MMol. Cell. Biol. , . ottesfeld, J. M.; . .
Belitsky, J. M.; Melander, C.; Dervan, P. B.; Luger, K.Mol. Biol. 2002 hexane (10 mix 2) to afford YeHOW crude am'n? (1'-43 9, 34%), Wh'Ch
321, 249. was used in the next step without further purification. To a solution of
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sodium hydride (372 mg, 9.29 mmol, 60% oil suspension) in THF (5

tetra-CH2(CONHImPyLCOIm) , (6b). To a solution of5b (30.0

mL) was added dropwise triethylphosphonoacetate (1.93 mL, 9.75 mg, 43.6umol) in DMF (1 mL) was added CDI (42 mg, 26dmol).

mmol) at 0°C. After 1-methyl-4-nitro-2-pyrrole carboxaldehyde (1.43
g, 9.29 mmol) was added in THF (10 mL) at@, the reaction mixture
was stirred fo 2 h atroom temperature. Following the evaporation of

The mixture was stirred overnight at room temperature. Evaporation
of the solvent gave a yellow residue, which was triturated by ethyl
ether (10 mL) to producéb (35.7 mg, 99%)*H NMR (DMSO-dg) 6

the solvent HO (10 mL) was added. The aqueous phase was extracted 1.59 (s, 4H), 2.34 (s, 4H), 3.78 (s, 6H), 3.96 (s, 6H), 7.11 (s, 2H), 7.16

with EtOAc (100 mL x 2). The combined organic layers were dried
(NaSOy) and concentrated, and the residue was purified by column
chromatography (silica gel, 2550% EtOAc in hexane, gradient elution)
to afford linker2 (1.69 g, 81%)*H NMR (CDCl) 6 1.34 (t,J= 7.0

Hz, 3H), 3.77 (s, 3H), 4.26 (g} = 7.0 Hz, 2H), 6.31 (dJ = 16.0 Hz,
1H), 7.11 (d,J = 1.5 Hz, 1H), 7.48 (dJ = 16.0 Hz, 1H), 7.56 (dJ

= 1.5 Hz, 1H).3C NMR (CDCk) ¢ 14.3, 35.4, 60.8, 106.1, 118.4,
125.3, 129.8, 130.1, 136.7, 166.5. FAB MS 225" [Mt H].

O2NImPyLCO ;Et (3). To a solution of2 (500 mg, 2.23 mmol) in
MeOH (25 mL) was added 10% PdC (220 mg). After NaBH (153
mg, 4.04 mmol) in HO (3 mL) was added dropwise af@Q, the reaction
mixture was stirred for 20 min at room temperature. The reaction
mixture was filtered through Celite and EtOAc (500 mL) was added.
The organic phase was washed withCH(10 mL), dried (NaSQy),
and concentrated in vacuo to afford 461 mg of brown crude amine,
which was used in the next step without further purification. To a
solution of crude amine in Ci&l, (10 mL) was addetPrLNEt (0.52
mL, 2.98 mmol). After GNImCOCCE (550 mg, 2.02 mmol) was added
at 0°C, the reaction mixture was stirred for 1 h at room temperature.
Evaporation of the solvent gave a brown residue, which was purified
by column chromatography (silica gel, 360% EtOAc in hexane,
gradient elution) to afford linkeB (400 mg, 52% for two stepsjH
NMR (CDCl) 6 1.33 (t,J = 7.0 Hz, 3H), 3.71 (s, 3H), 4.21 (s, 3H),
4.25 (q,d = 7.0 Hz, 2H), 6.16 (dJ = 16.0 Hz, 1H), 6.62 (dJ = 1.5
Hz, 1H), 7.32 (dJ = 1.5 Hz, 1H), 7.55 (dJ = 16.0 Hz, 1H), 7.82 (s,
1H), 8.97 (br s, 1H)'3C NMR (CDCk) 6 14.3, 34.4, 37.1, 60.3, 102.5,

(d,J=14.5Hz, 2H), 7.32 (s, 2H), 7.45 (s, 2H), 7.49 (s, 2H), 7.87 (d,
J = 14.5 Hz, 2H), 7.90 (s, 2H), 8.68 (s, 2H), 10.07 (br s, 2H), 10.23
(br s, 2H). ESM3we calcd for GgH4iN1406 [M+ + H] 789.1, found
789.3.

tetra-CH(CONHIMPyLCODuU86), (7b). To a solution of sodium
hydride (2.6 mg, 64.4imol, 60% oil suspension) in DMF (0.2 mL)
was added segment A of DU-8§12.5 mg, 48.3tmol) in DMF (0.2
mL). After 6b (13.6 mg, 16.5:mol) in DMF (0.2 mL) was added at O
°C, the reaction mixture was stirredfé h at 0°C. The reaction mixture
was quenched by addition of 0.01 M of sodium phosphate buffer (2
mL) at 0°C. Evaporation of the solvent gave a yellow residue, which
was washed sequentially with,@ (10 mL), MeOH (10 mL), and ethyl
ether (10 mL) to produc&b (12.2 mg, 61%). The purity ofb was
more than 85% as determined by HPLC analysis. (Wakopak 5C18,
0.05 M ammonium formate containing—A00% acetonitrile, linear
gradient, 20 min, at a flow rate of 1.0 mL/min; retention time7af
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 (= 14.5 Hz,
2H), 6.83 (br s, 2H), 6.99 (s, 2H), 7.41 (s, 2H), 7.44 (s, 2H), 7.58 (d,
J=14.5 Hz, 2H), 9.98 (s, 2H), 10.23 (s, 2H), 12.36 (br s, 2H). ESMS
mve calcd for GoHeiN14012 [M* + H] 1169.5, found 1169.6. A synthetic
procedure similar to that described for compotttdwas followed in
the preparation ofa and 7b—i.

tri-CH,(CONHIMPyLCODu86)- (7a): *H NMR (DMSO-ds) 4 1.28
(m, 2H), 1.86 (m, 2H), 2.07 (m, 2H), 2.35 (s, 4H), 2.45 (s, 6H), 3.44

114.2, 117.9, 122.1, 124.4, 127.6, 131.4, 137.2, 145.3, 154.4, 167.4.(m, 2H), 3.71 (s, 6H), 3.72 (s, 6H), 3.94 (s, 6H), 4.18 (m, 2H), 4.27

FAB MS 348 [M" + H].

tetra-CH,(CONHIMPYLCO ;Et), (4b). To a solution of3 (250 mg,
0.72 mmol) in MeOH-EtOAc (1:1, 10 mL) was added 10% P&
(120 mgq). After NaBH (54.5 mg, 1.44 mmol) in kD (0.5 mL) was
added dropwise at @C, the reaction mixture was stirred for 20 min at

(m, 2H), 6.57 (dJ = 15.0 Hz, 2H), 6.81 (br s, 2H), 6.97 (s, 2H), 7.40
(s, 2H), 7.44 (s, 2H), 7.56 (d,= 15.0 Hz, 2H), 9.94 (s, 2H), 10.21 (s,
2H), 12.34 (br s, 2H). ESI M&Ve calcd for GeHsdN14012 [M T + H]
1155.4, found 1155.7.

pentaCH(CONHIMPYLCODuU86), (7¢): '"H NMR (DMSO-ds) 6

room temperature. The reaction mixture then subjected to flash column 1.27 (m, 4H), 1.56 (m, 4H), 2.07 (m, 2H), 2.30 (m, 4H), 2.46 (s, 6H),

chromatography (silica gel, EtOAc). The solvent was then removed

3.55 (m, 2H), 3.70 (s, 6H), 3.71 (s, 6H), 3.93 (s, 6H), 4.18 (m, 2H),

by evaporation under reduced pressure to give brown crude amine (1414.27 (m, 2H), 6.56 (dJ = 15.0 Hz, 2H), 6.81 (br s, 2H), 6.96 (s, 2H),

mg), which was used in the next step without further purification. To
a solution of this crude amine in GAl, (2 mL) was addedPrLNEt
(0.25 mL, 1.33 mmol). After adipoyl chloride (32, 0.22 mmol) was
added dropwise to the solution atQ, the reaction mixture was stirred

7.39 (s, 2H), 7.42 (s, 2H), 7.56 (d,= 15.0 Hz, 2H), 9.99 (s, 2H),
10.21 (s, 2H), 12.35 (br s, 2H). ESI M#®e calcd for GiHeaN14012
[M* + H] 1183.5, found 1183.6.

CO (NHImPyLCODuU86), (7d): *H NMR (DMSO-dg) 6 1.29 (m,

for 14 h at room temperature. Evaporation of the solvent gave a yellow 2H), 2.09 (m, 2H), 2.47 (s, 6H), 3.44 (m, 2H), 3.72 (s, 6H), 3.73 (s,

residue, which was purified by column chromatography (silica gel,
0—3% MeOH in CHC}, gradient elution) to affordb (96.2 mg, 36%
yield for two steps)!H NMR (CDCl) 6 1.32 (t,J = 6.5 Hz, 6H),
1.81 (s, 4H), 2.42 (s, 4H), 3.67 (s, 6H), 4.04 (s, 6H), 4.24)(g, 6.5

Hz, 4H), 6.10 (d,) = 15.5 Hz, 2H), 6.51 (s, 2H), 7.34 (s, 2H), 7.41 (s,
2H), 7.53 (d,J = 15.5 Hz, 2H), 8.04 (br s, 2H), 8.80 (br s, 2HjC
NMR (5% CD;OD in CDCk) 6 14.1, 24.8, 34.1, 34.5, 34.6, 60.3, 102.3,

6H), 3.97 (s, 6H), 4.18 (m, 2H), 4.27 (m, 2H), 6.56 {d= 14.5 Hz,

2H), 6.84 (br s, 2H), 7.01 (s, 2H), 7.26 (s, 2H), 7.42 (s, 2H), 7.57 (d,

J = 14.5 Hz, 2H), 8.82 (br s, 2H), 10.16 (s, 2H), 12.35 (br s, 2H).

ESMS e calcd for GeHsaN14011 [M* + H] 1084.4, found 1085.5.
trans-CHCH(CONHIMPyLCODu86) , (7e): *H NMR (DMSO-ds)

6 1.30 (m, 2H), 2.08 (m, 2H), 2.47 (s, 6H), 3.47 (m, 2H), 3.73 (s, 6H),

3.74 (s, 6H), 3.99 (s, 6H), 4.20 (m, 2H), 4.29 (m, 2H), 6.59) ¢

112.9, 114.3, 118.0, 122.8, 127.1, 131.8, 133.7, 135.8, 155.8, 168.0,15.0 Hz, 2H), 6.79 (br s, 2H), 7.01 (s, 2H), 7.28 (s, 2H), 7.43 (s, 2H),

171.0. ESMS/e calcd for GeHasN100g [M* + H] 745.3, found 745.6.

tetraCH2(CONHIMPyYLCO ,H), (5b). To a solution of4b (76.2
mg, 0.10 mmol) in HO (0.6 mL) was added DBU (0.6 mL, 4.01 mmol).
The mixture was stirred for 15 h at room temperature. The solvent

7.58 (d,J = 15.0 Hz, 2H), 7.61 (s, 2H), 10.07 (br s, 2H), 10.89 (s,
2H), 12.36 (br s, 2H). ESM&vVe calcd for GgHssN14012 [M* + H]
1139.4, found 1139.5.

m-Ph(CONHIMPYLCODUu86), (7f): 'H NMR (DMSO-dq) 6 1.26

was removed by evaporation under reduced pressure to give a brown(m, 2H), 2.07 (m, 2H), 2.45 (s, 6H), 3.40 (m, 2H), 3.71 (s, 6H), 3.72

residue, which was triturated by #&t (10 mL). The resulting DBU
salt was acidified with 1% aqueous HCI. The precipitate was collected
by filtration and dried in vacuo to producsb (40.0 mg, 57%).H
NMR (DMSO-ds) 6 1.58 (s, 4H), 2.32 (s, 4H), 3.68 (s, 6H), 3.94 (s,
6H), 6.03 (d,J = 15.5 Hz, 2H), 6.80 (s, 2H), 7.41 (s, 2H), 7.43 (s,
2H), 7.46 (d,J = 15.5 Hz, 2H), 9.89 (br s, 2H), 10.24 (br s, 2H). ESI
MS nve calcd for G;H37/N1gOs [MT + H] 689.3, found 689.5.

(s, 6H), 4.02 (s, 6H), 4.13 (m, 2H), 4.25 (m, 2H), 6.56 Jd= 15.0

Hz, 2H), 6.80 (br s, 2H), 6.98 (s, 2H), 7.41 (s, 2H), 7.56J¢; 15.0

Hz, 2H), 7.65 (tJ = 8.0 Hz, 1H), 7.67 (s, 2H), 8.16 (d,= 8.0 Hz,

2H), 8.59 (s, 1H), 10.01 (s, 2H), 10.82 (s, 2H), 12.33 (br s, 2H). ESMS

m/e calcd for GoHe/N14012 [M T + H] 1189.4, found 1189.5.
p-Ph(CONHIMPyLCODu86); (7g): *H NMR (DMSO-ds) 6 1.30

(m, 2H), 2.09 (m, 2H), 2.47 (s, 6H), 3.46 (M, 2H), 3.74 (s, 12H), 4.02
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(s, 6H), 4.20 (m, 2H), 4.29 (m, 2H), 6.60 (@~ 15.0 Hz, 2H), 6.83

(br s, 2H), 7.01 (s, 2H), 7.43 (s, 2H), 7.58 (b= 15.0 Hz, 2H), 7.68

(s, 2H), 8.12 (s, 4H), 10.05 (s, 2H), 10.96 (s, 2H), 12.36 (br s, 2H).

ESI MSnve calcd for GaHe7N14012 [M T + H] 1189.4, found 1189.5.
NO,PyCONH(CH2);sNMe, (8). To N,N-dimethyl-1,3-propane-

diamine (1 mL, 8.33 mmol) was addedNIPyCOCC} (500 mg, 1.84

mmol) at 0°C. The reaction mixture was stirred for 12 h at room

1H), 9.64 (s, 1H), 10.38 (s, 1H). ESM&/e calcd for G;H32N1104
[M* + H] 514.3, found 514.4.

ImPyPy: 'H NMR (DMSO-ds) 6 1.60 (qu,J = 7.0 Hz, 2H), 2.01
(s, 3H), 2.12 (s, 6H), 2.23 (] = 7.0 Hz, 2H), 3.17 (dt) = 5.5, 7.0
Hz, 2H), 3.79 (s, 3H), 3.84 (s, 3H), 3.94 (s, 3H), 6.82J¢; 1.5 Hz,
1H), 7.11 (dJ = 1.5 Hz, 1H), 7.17 (dJ = 1.5 Hz, 1H), 7.26 (dJ =
1.5 Hz, 1H), 7.41 (s, 1H), 8.04 (br §,= 5.5 Hz, 1H), 9.87 (s, 1H),

temperature. After the evaporation of the solvent, the residue was 9-94 (s, 1H), 10.22 (s, 1H). ESM#®e calcd for GsHasNeOs [M* +

recrystallized from ethyl ether (3 mL) to affo&i(460 mg, 97%)'H
NMR (CDCl) 6 1.75 (t,J = 6.0 Hz, 2H), 2.34 (s, 6H), 2.54 (§, =
6.0 Hz, 2H), 3.49 (q) = 6.0 Hz, 2H), 4.00 (s, 3H), 6.94 (s, 1H), 7.52
(s, 1H), 8.68 (br s, 1H). FAB MS 255 [M+ H].

NO2ImPyCONH(CH 2)sNMe; (9). To a solution o8 (460 mg, 1.81
mmol) in MeOH (3 mL) was added 10% P& (120 mg), and the
reaction mixture was stirred f@ h atroom temperature undertgas.
The reaction mixture was filtered through Celite with MeOH (50 mL),
and concentrated in vacuo to afford 413 mg of yellow amine crude,
which was used in the next step without further purification. To a crude
solution in CHCI, (8 mL) was addedPr,NEt (0.5 mL, 2.87 mmol).
After O,NImMCOCCE (493 mg, 1.81 mmol) was added at°G, the
reaction mixture was stirred for 15 h at room temperature. Evaporation
of the solvent gave a yellow residue, which was purified by successively
with water (30 mL) and diethyl ether (5 mL) and then dried in vacuo
to produce9 (587 mg, 86% for two stepsiH NMR (DMSO-ds) 6
1.61 (t,J = 7.0 Hz, 2H), 2.14 (s, 6H), 2.24 (§,= 7.0 Hz, 2H), 3.19
(q,J = 7.0 Hz, 2H), 3.81 (s, 3H), 4.04 (s, 3H), 6.97 (s, 1H), 7.27 (s,
1H), 8.14 (br s, 1H), 8.61 (s, 1H), 10.80 (br s, 1H). FAB MS 378/[M
+ H].

NO2ImImPyCONH(CH ;)sNMe; (10). To a solution o9 (100 mg,
0.27 mmol) in MeOH (3 mL) was added 10%+@ (50 mg), and the
reaction mixture was stirred fel h atroom temperature under.lgas.
The reaction mixture was filtered through Celite with MeOH (50 mL),
and concentrated in vacuo to afford 65.3 mg of yellow amine crude,
which was used in the next step without further purification. To a crude
solution of CHCI, (2 mL) was addedPrNEt (0.1 mL, 0.57 mmol).
After O.NImMCOCCE (72.2 mg, 0.27 mmol) was added at°’G, the
reaction mixture was stirred for 15 h at room temperature. Evaporation
of the solvent gave a yellow residue, which was purified by washing
in water (10 mL) and then diethyl ether (2 mL); the residue was then
dried in vacuo to produc#0 (58.2 mg, 44% for two stepsjH NMR
(DMSO-dg) 6 1.61 (t,J = 7.0 Hz, 2H), 2.15 (s, 6H), 2.25 (§,= 7.0
Hz, 2H), 3.19 (qJ = 7.0 Hz, 2H), 3.80 (s, 3H), 4.01 (s, 3H), 4.06 (s,
3H), 6.91 (s, 1H), 7.23 (s, 1H), 7.58 (s, 1H), 8.13 (br s, 1H), 8.65 (s,
1H), 10.29 (s, 1H). FAB MS 501 [N+ H].

ImImPy. To a solution ofL0 (48.2 mg, 96.4imol) in MeOH-EtOAc
(2:1, 6 mL) was added 10% PdC (40 mg). After NaBH (8 mg, 0.21
mmol) in HO (0.4 mL) was added dropwise at°C, the reaction
mixture was stirred for 20 min at room temperature. The reaction
mixture was filtered through Celite and concentrated in vacuo to
produce 38 mg of yellow amine crude, which was used in the next
step without further purification. To a crude solution’R,NEt (0.1
mL, 0.57 mmol) was added A© (0.1 mL, 1.05 mmol), and the reaction
mixture was stirred fo4 h atroom temperature. Evaporation of the
solvent gave a yellow residue, which was purified by washing with
diethyl ether (2 mL) and dried in vacuo to produo@mPy (23.2 mg,
47% for two steps)'H NMR (DMSO-ds) 6 1.61 (m, 2H), 2.04 (s,
3H), 2.14 (s, 6H), 2.25 (m, 2H), 3.19 (m, 2H), 3.81 (s, 3H), 3.98 (s,
3H), 4.00 (s, 3H), 6.92 (s, 1H), 7.23 (s, 1H), 7.51 (s, 1H), 7.56 (s, 1H),
8.12 (br s, 1H), 9.34 (s, 1H), 10.27 (s, 1H), 10.30 (s, 1H). FAB MS
513 [M" + H]. Synthetic procedures similar to those described for
compoundimIimPy were followed in the preparation dmimim ,
ImPyPy, andPyImPy.

Imimim: H NMR (DMSO-dg) 6 1.63 (m, 2H), 2.04 (s, 3H), 2.14
(s, 6H), 2.25 (m, 2H), 3.22 (m, 2H), 3.96 (s, 3H), 3.97 (s, 3H), 4.01 (s,
3H), 7.50 (s, 1H), 7.52 (s, 1H), 7.65 (s, 1H), 8.34 (br s, 1H), 9.62 (s,

3484 J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003

H] 512.3, found 512.2.

PylmPy: H NMR (DMSO-dg) ¢ 1.85 (m, 2H), 1.96 (s, 3H), 2.46
(m, 2H), 2.76 (s, 3H), 2.77 (s, 3H), 3.24 (m, 2H), 3.81 (s, 3H), 3.82 (s,
3H), 3.96 (s, 3H), 6.92 (s, 1H), 7.01 (s, 1H), 7.22 (s, 2H), 7.52 (s, 1H),
8.18 (br s, 1H), 9.81 (s, 1H), 9.93 (s, 1H), 10.18 (s, 1H). ESKWE&
calcd for G4H3sNgO4 [M* + H] 512.3, found 512.3.

AcNHImImPyCONHMe (11). To O,NPyCOCC} (1 g, 3.68 mmol)
in THF (10 mL) was added methylamine HCI salt (0.3 g, 4.44 mmol)
and'PrNEt (2 mL, 11.48 mmol) at OC. The reaction mixture was
stirred for 12 h at room temperature. After evaporation of the solvent,
the residue was recrystallized from ethyl ether (3 mL) to affordNO
PyCONHMe (586 mg, 87%H NMR (DMSO-ds) 6 2.71 (d,J = 5.0
Hz, 3H), 3.89 (s, 3H), 7.34 (dl = 2.0 Hz, 1H), 8.09 (dJ = 2.0 Hz,
1H), 8.33 (br s, 1H)). A synthetic procedure similar to that described
for ImImPy was followed in the preparation afl, with a yield of 9%
after six stepstH NMR (DMSO-ds) 6 2.03 (s, 3H), 2.68 (dJ = 4.5
Hz, 3H), 3.80 (s, 3H), 3.97 (s, 3H), 3.99 (s, 3H), 6.90 (s, 1H), 7.22 (s,
1H), 7.50 (s, 1H), 7.55 (s, 1H), 7.93 (br s, 1H), 9.32 (s, 1H), 10.24 (s,
1H), 10.28 (s, 1H). ESM&ve calcd for GoH24NgO4 [M T + H] 442.2,
found 442.1.

AcNHIMImPyCO ,Me (12). To O,NPyCOCC} (1 g, 3.68 mmol)
in MeOH (20 mL) was added NaH (9 mg, 0.23 mmol) at@. The
reaction mixture was stirred fd. h atroom temperature. After adding
p-TsOH (45 mg, 0.24 mmol), the solution was concentrated. The
resulting white precipitate was collected by filtration, washed with
water, and dried to produce NPyCQMe (651 mg, 96%H NMR
(DMSO-dg) 6 3.79 (s, 3H), 3.92 (s, 3H), 7.31 (d,= 2.0 Hz, 1H),
8.27 (d,J = 2.0 Hz, 1H)). A synthetic procedure similar to that
described foimimPy was followed in the preparation d2, with a
yield of 32% after six stepsH NMR (DMSO-dg) 6 2.04 (s, 3H), 3.73
(s, 3H), 3.84 (s, 3H), 3.97 (s, 3H), 3.99 (s, 3H), 7.01 (s, 1H), 7.50 (s,
1H), 7.52 (s, 1H), 7.56 (s, 1H), 9.30 (s, 1H), 10.27 (s, 1H), 10.40 (s,
1H). ESMSnve calcd for GgH23NgOs [M T + H] 443.2, found 443.0.

AcCNHImMIMPyYCO ;H (13). To a suspension of compourd@ (536
mg, 1.21 mmol) in 20 mL KD was added NaOH (770 mg, 19.25
mmol). The solution was stirred for 48 h at room temperature, and the
agueous solution was acidified to pH 2 &@. The resulting precipitate
was collected by filtration, washed with water, and dried to produce
compound13 (408 mg, 79% vyield) as a brown powdéH NMR
(DMSO-dg) 6 2.03 (s, 3H), 3.82 (s, 3H), 3.97 (s, 3H), 3.99 (s, 3H),
6.96 (d,J = 2.0 Hz, 1H), 7.47 (dJ = 2.0 Hz, 1H), 7.49 (s, 1H), 7.55
(s, 1H), 9.30 (s, 1H), 10.27 (s, 1H), 10.35 (s, 1H), 12.19 (br s, 1H).
ESMS Ve calcd for GgH21NgOs [MT + H] 429.2, found 429.1.

AcNHPYImImPyCONH(CH 2)sNMe; (14).To a solution 0® (37.7
mg, 0.1 mmol) in MeOH-EtOAc (2:1, 1.5 mL) was added 10% P&

(15 mg), and the reaction mixture was stirred for 18 h at room
temperature under Hyas. The reaction mixture was filtered through
Celite with MeOH (20 mL), and concentrated in vacuo to produce 29.5
mg of yellow amine crude, which was used in the next step without
further purification. To a overnight-stirred solution of AcPyImgD
(30.5 mg, 0.1 mmoltH NMR (DMSO-ds) 6 1.95(s, 3H), 3.82 (s, 3H),
3.91 (s, 3H), 6.91 (s, 1H), 7.24 (s, 1H), 7.56 (s, 1H), 9.80 (s, 1H),
10.55 (s, 1H)), HOBt (15.3 mg, 0.1 mmol) and DCC (20.6 mg, 0.1
mmol) in DMF (0.6 mL) was added amine crude'RuNEt (0.1 mL,
0.57 mmol), and the reaction mixture was stirred 8h atroom
temperature. Evaporation of the solvent gave a yellow residue, which
was purified by column chromatography (silica gel,-BD% MeOH

in CHCl;, gradient elution) to produck4 (34.8 mg, 55% for two steps).



DNA Interstrand Cross-Linking Agent Development

ARTICLES

IH NMR (DMSO-dg) 6 1.62 (m, 2H), 1.97 (s, 3H), 2.17 (s, 6H), 2.28
(m, 2H), 3.19 (m, 2H), 3.80 (s, 3H), 3.83 (s, 3H), 4.00 (s, 3H), 4.01 (s,
3H), 6.92 (s, 2H), 7.22 (s, 1H), 7.25 (s, 1H), 7.56 (s, 1H), 7.62 (s, 1H),
8.11 (br t, 1H), 9.38 (s, 1H), 9.83 (s, 1H), 10.23 (s, 1H), 10.36 (s, 1H).
ESMS e calcd for GeHaogN120s [M* + H] 635.3, found 635.2.
Denaturing Gel Electrophoresis of 7a-g Treated 5-Texas Red-
Labeled Oligomers.Ten microliters of a reaction mixture containing
5'-Texas Red-labeled oligonucleotide with complementary strand (3
uM duplex concentration), the desired concentration of conjugéates
g, ImimPy, and 10% DMF in 5 mM sodium cacodylate buffer (pH
7.0) was incubated at 37C for 18 h. The reaction was quenched by
adding 1uL of 1 mM calf thymus DNA, and then 110L of H,O was
added to this solution. A 1.6t aliquot was concentrated, and the
resulting residue was redissolved in:B of loading dye (formamide
with New Fuchsin). A 2zL aliquot was electrophoresed on a 15%

5'-biotin-labeled-ACTGCTCACCGGATGTAATGGTG*3ADNA re-
verse 40789-40811) as primers, and purified by filtration using Suprec-
02. Similarly, ADNA R40789*-40811 were prepared by PCR usifig 5
Texas Red-labeled-ACTGCTCACCGGATGTAATGGTG-EDNA
reverse 40789-40811), and-#&otin-labeled-AGAGGAGCTTGAT-
GACACGG-3 (ADNA forward 7315-7334) as primers. Their concen-
tration was determined from UV absorption data. The asterisk indicates
5'-Texas Red modification, and the nucleotide numbering sequence
begins with the replication site.

High-Resolution Gel Electrophoresis of 7b-ImimPy-Treated 400-
Base Pair DNA Fragments.The double-labeled 400-base pair DNA
fragments (9 nM duplex concentration) were alkylated by the desired
concentration o7b andImimPy in 10«L of 5 mM sodium phosphate
buffer (pH= 7.0) containing 10% DMF maintained at 2@ for 18 h.

The reaction was quenched by adding calf thymus DNA (1 mM, 1

denaturing polyacrylamide gel using a Hitachi 5500-S DNA sequencer. uL) and heating for 5 min at 98C. The DNA solution was concentrated

Chemical Elucidation of Interstrand Cross-Linked Sites in TR18/
ODN15. Ten microliters of a reaction mixture containingBexas Red-
labeled-TTACAGTGGCTGCBGCA-3 (TR18)/3-TGCTGGCAGC-
CACTG-3 (ODN15) or B-[TR]-TTATGCTGGCAGCCACTG-3
(TR18L)/5-CAGTGGCTGCCAGCA-3 (ODN15L) (3 uM duplex
concentration), conjugatéb (50 uM), ImimPy (100 M), and 20%
DMF in 5 mM sodium cacodylate buffer (pH 7.0) was incubated at
37°C for 15 h. A 1uL aliquot was diluted to a volume of 14 with
H20. A 1-uL aliquot of this solution was lyophilized, and the resulting
residue was redissolved ind&. of loading dye. A 2«L aliquot of this

under reduced pressure. The resulting pellet was dissolveg@indd

loading dye (formamide with Fuchsin red), heated at@4or 20 min,

and then immediately cooled to°C. A 2-uL aliquot of the resulting

solution was electrophoresed on a 6% denaturing polyacrylamide gel.
Identification of Interstrand Cross-Linking Sites in 400-Base Pair

DNA Fragments. The double-labeled 400-base pair DNA fragments

(9 nM duplex concentration) were alkylated @ (100 nM) with

ImImPy (25 uM) in 10 uL of 5 mM sodium phosphate buffer (pH

7.0) containing 10% DMF maintained at 2B for 18 h. The reaction

was quenched by the addition of calf thymus DNA (1 mMgll).

solution was subjected to the denaturing gel electrophoresis process aAGNOTEX-SA (0.2 mg) in a 2x binding buffer (20 mM Tris-HCI

described above. The rest of the reaction mixture was heated@ 90
for 5 min. One microliter of piperidine was added to this solution, and
the resulting solution was kept at 9C for 20 min. A 1uL aliquot

(pH=8.0), 2 MM EDTA 2 M NacCl, 0.2% TritonX-100) (1@&L) was
added to the biotin-labeled DNA solution (14). After mixing, the
tube was left at room temperature for 20 min, and the supernatant was

was then subjected to gel electrophoresis. The solution was lyophilized rémoved using a magnetic stand. A solution of 0.1 M aqueous NaOH
and then treated with calf intestine alkaline phosphatase (1 unit) in 11 NaCl (10uL) was added to the reaction tube, and the supernatant was

uL of 5 mM sodium cacodylate buffer (pH 7.0) at 37°C for 2 h. A

removed. Ten microliters of ¥ was added to reaction tube, and the

1-uL aliquot was subjected to the gel electrophoresis process asSupernatantwas removed while the tube remained on a magnetic stand.

described above.

Denaturing Gel Electrophoresis of Interstrand Cross-Link by
7b with Different Partner. Ten microliters of a reaction mixture
containing TR18/ODN15 (&M duplex concentration), conjugai
(24 uM), Py-Im partner (15 or 3@M), and 10% DMF in 5 mM sodium
cacodylate buffer (pH= 7.0) was incubated at 37TC for 18 h. The
reaction was quenched by adding:ll of 1 mM calf thymus DNA,
and then 11Q:L of H,O was added to this solution. A 18- aliquot
was concentrated, and the resulting residue was redissolvedLliro8
loading dye. A 2xL aliquot of this solution was subjected to the
denaturing gel electrophoresis process described above.

High-Resolution Gel Electrophoresis of 7b-Triamide-Treated 67-
Base Pair DNA Fragments.The top or bottom strand 5 exas Red-
labeled 67-base pair DNA fragments (TRF-67/R-67 or F-67/TRR-67,
10 nM duplex concentration) were alkylated using the desired
concentration of7b with Py-Im triamides (1xM) in 10 uL of 5 mM
sodium phosphate buffer (pH 7.0) containing 10% DMF maintained
at 23°C for 21 h. The reaction was quenched by the addition of calf
thymus DNA (1 mM, 1uL), and then heated for 5 min at 9C. The

DNA solution was concentrated under reduced pressure. The resulting

pellet was dissolved in L of loading dye, heated at 94C for 20
min, and then immediately cooled to @. A 2L aliquot of the

solution was electrophoresed on 15% denaturing polyacrylamide gel.

The (G+ A) sequencing lanes were prepared by heating the solution
in 1 M piperidine at 90 C for 10 min, according to published protoé®l.
Preparation of 5'-Texas Red-5—Biotin Double-Labeled 400-Base
Pair DNA Fragments. The 8-Texas Red-labeled top strand ard 5
biotin-labeled bottom strand 400-base pair DNA fragmeABNA
F7315*-7714) were prepared by PCR usingTéxas Red-labeled-
AGAGGAGCTTGATGACACGG-3 (ADNA forward 7315-7334), and

(30) Maxam, A. M.; Gilbert, WProc. Natl. Acad. Sci. U.S.A977, 74, 560.

Forty microliters of HO was added to the reaction tube, and the solution
was stirred at 90C for 20 min. Piperidine (kL) was added to the
reaction tube, the solution was stirred at 9D for 20 min, and then

the supernatant was concentrated under reduced pressure. The resulting
pellet was dissolved in 8L of loading dye (formamide with Fuchsin

red), heated at 94C for 20 min, and then immediately cooled t6O.

A 2-uL aliquot was electrophoresed on a 6% denaturing polyacrylamide
gel.

Identification of Interstrand Cross-Linking Sites in 67-Base Pair
DNA Fragments. The 8-Texas Red-labeled top strand (TRF-67) and
5'-biotin-labeled bottom strand (R-67) 67-base pair DNA fragments
(10 nM) were alkylated by’b (500 nM) with ImImPy (1 M) in 20

uL of 5 mM sodium phosphate buffer (pH 7.0) containing 10% DMF

at 23°C for 18 h. The reaction was quenched by the addition of calf
thymus DNA (1 mM, 1ul). The reaction mixture was subjected a
detection method using a biotin-labeled complementary strand. The
results are shown in Figure 12c.

Molecular Modeling Studies.Minimizations were performed with
the Discover program (MSI, San Diego, CA) using CFF force-field
parameters. The starting structure was built on the basis of the crystal
structure of the (ImHpPyPyXd(CCAGTACTGG) complex® and the
IH NMR structure of the Duo-Dist-d(CAGGTGGT)/d(ACCACCTG)
complext® The connecting parts were built using standard bond lengths
and angles. The CPI moiety of the assembled initial structure was energy
minimized using a distance-dependent dielectric constaato#r (r
stands for the distance between atdnasmdj) and with convergence
criteria having an RMS gradient of less than 0.1 kcal/mol A.
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