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Abstract: For understanding the mechanism of action of antitumor agents and designing new drugs, the DNA alkylating 
property of duocarmycin (DUM) and its analogues was examined. The thermal depurination products of calf thymus 
DNA covalently bonded to DUMA were revealed to be not only the DUMA-N3 adenine adduct but also unexpectedly 
the DUMA-N3 guanine adduct. In addition DUMSA and synthetic analogues, 1 and 2 with higher solvolytic stability, 
reacted more selectively with N3 adenine than DUMA did. The correlation between electrophilicity of the cyclopropane 
subunit in the molecule and selectivity to adenine was observed. KW-2189, the synthetic derivative of 1 which has 
improved in vivo antitumor activity, was designed as a prodrug requiring enzymatic hydrolysis of the carbamoyl moiety, 
followed by regeneration of 1. Surprisingly we discovered that KW-2189 itself alkylated DNA covalently without 
release of the carbamoyl moiety. For the mechanism of DNA alkylation by KW-2189, a novel alkylating reaction via 
the formation of an iminium intermediate 18 without loss of the carbamoyl moiety was proposed. 

A new class of antitumor antibiotics produced by Streptomyces 
sp., including duocarmycin (DUM) A,1"3 Bi,4 B2,

4 Ci,3 C2,
2,3 and 

SA5-7 possess exceptionally potent cytotoxicity. DUMA, Ci, and 
C2 have been reported to derive their cytotoxicity through a 
sequence-selective minor groove alkylation of double-stranded 
DNA which mediates, as in the case of the antitumor antibiotic 
CC-1065, N3 adenine covalent adduct formation.8-11 In the 
course of our investigation of the thermal depurination products 
of DNA covalently bonded to DUMA, we obtained not only the 
DUMA-N3 adenine adduct but also unexpectedly the DUMA-
N3 guanine adduct. Herein we report the isolation and full 
characterization of the DUMA-guanine covalent adduct and 
adenine adducts of synthetic derivatives. In addition we estimated 
the reactivity of DUM and synthetic derivatives with DNA by 
HPLC. The correlation between electrophilicity of cyclopropane 
and selectivity to adenine was observed. KW-2189 is the synthetic 
derivative of 1 with improved in vivo antitumor activity. Based 
on its superior solubility and its improved in vivo antitumor activity, 
KW-2189 has been selected for use in clinical trials. Surprisingly 
we discovered that KW-2189 itself alkylated DNA covalently 
without release of the carbamoyl moiety. 

Stability of Cyclopropane Subunit. The potent cytotoxicity of 
DUMA and its related compound, CC-1065, both of which contain 

* Present address: Pharmaceutical Research Laboratories, Kyowa Hakko 
Kogyo Co., Ltd., Shimotogari 1188, Nagaizumicho, Sunto-gun, Shizuoka 
411, Japan. 

• Abstract published in Advance ACS Abstracts, April 15, 1994. 
(1) Takahashi, L; Takahashi, K.; Ichimura, M.; Morimoto, M.; Asano, K.; 

Kawamoto, I.; Tomita, F.; Nokano, H. J. Antibiot. 1988, 41, 1915. 
(2) Yasuzawa, T.; Iida, T.; Muroi, K.; Ichimura, M.; Takahashi, K.; Sano, 

H. Chem. Pharm. Bull. 1988, 36, 3728. 
(3) Ichimura, M.; Muroi, K.; Asano, K.; Kawamoto, I.; Tomita, F.; 

Morimoto, M.; Nakano, H. / . Antibiot. 1988, 41, 1285. 
(4) Ogawa, T.; Ichimura, M.; Katsumata, S.; Morimoto, M.; Takahashi, 

K. J. Antibiot. 1989, 42, 1299. 
(5) Ichimura, M.; Takahashi, K.; Kobayashi, E.; Kawamoto, I.; Yasuzawa, 

T.; Nakano, H. J. Antibiot. 1990, 43, 1037. 
(6) Ichimura, M.; Ogawa, T.; Katsumata, S.; Takahashi, K.; Takahashi, 

I.; Nakano, H. J. Antibiot. 1991, 44, 1045. 
(7) Yasuzawa, T.; Saitoh, Y.; Ichimura, M.; Takahashi, I.; Nakano, H. / . 

Antibiot. 1991, 44, 445. 
(8) Sugiyama, H.; Hosoda, M.; Saito, L; Asai, A.; Saito, H. Tetrahedron 

Lett. 1990, 31, 7197. 
(9) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H.; Kitos, P. A.; Suntomwat, 

O. J. Org. Chem. 1990, 55, 4499. 
(10) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H.; Munk, S. A.; Kotos, P. 

A.; Suntomwat, O. J. Am. Chem. Soc. 1990, 112, 8961. 
(11) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H. J. Am. Chem. Soc. 1991, 

113, 6645. 

1 X • Me, Y - C02Me 
2 X = Me, Y . H 

KW-2189 

Figure 1. Structures of ducarmycins and analogues described in this 
study. 

the spirocyclopropylhexadienone moiety as a common pharma­
cophore, is thought to be attributable to their DNA alkylating 
ability. It has been reported that these agents bind to the AT-
rich minor groove of DNA and then receive adenine N3 addition 
to the unsubstituted cyclopropane carbon, generating the drug 
DNA covalent adduct.8-" To investigate the reactivity of the 
cyclopropane subunit of DUMA, DUMSA, and analogues 1 and 
2, we evaluated the chemical stability of these drugs under aqueous 
neutral conditions by using reverse-phase HPLC analysis. Figure 
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Figure 2. HPLC analysis of calf thymus DNA-treated and untreated 
drugs. Drugs (0.038 mM) were incubated with or without calf thymus 
DNA (1.1 mM bp) in 20% acetonitrile/10 mM phosphate buffer (pH 
7.0) at 35 0C and the amounts of residual drugs or solvolysis products 
in the reaction mixtures were estimated by HPLC analysis at intervals 
(detector; Shimadzu SPD 10A; wavelength, 330 nm; column, unisil 5C18-
250A; elution buffer, 40-60% acetonitrile/50 mM phosphate buffer (pH 
5.9); flow rate, 1 mL/min). (A) The rsidue of DUMA (O), DUMSA 
(X), 1 (D), and 2 (A) in the absence of DNA. (B) The residue of DUMA 
(O), DUMSA (X), 1 (D), and 2 (A) in the presence of DNA. (C) The 
residue of 1 in the absence of DNA (O) or in the presence of DNA. 
Reaction mixtures were subjected to HPLC directly (•), after DNA was 
precipitated by ethanol (A), or after extraction with 1-butanol (X). (D) 
Disappearance of KW-2189 (circle) and formation of 12 (square) in the 
absence (open symbol) or presence (closed symbol) of DNA. 

2A shows the time course for the loss of drug residue. DUMA, 
containing the altered-CPl (cyclopropylpyrroloindole) alkylating 
subunit in the molecule, was subjected to solvolysis in 20% CH3-
CN/0.01 M phosphate buffer (pH 7.0) at 35 0C to give the 
inactive hydrolyzed products 3 and 4 via nucleophilic attack of 
water at the C4 and C4a positions, respectively (Scheme 1). On 
the other hand, 1 afforded only one kind of hydrolyzed compound 
7 very slowly (Figure 2A, Scheme 2), and DUMSA and 2 were 
so stable that no solvolysis products were observed under these 
conditions. Since under these aqueous neutral conditions no 
products were detected by HPLC except hydrolyzed compounds, 
the stability of DUMs might reflect the reactivity of the drug 
with a hydroxyl anion, that is, the electrophilicity of the 
cyclopropane of these drugs. The reactivity of the cyclopropane 
was significantly different among DUMs. Solvolysis of the 
altered-CPl unit of DUMA was faster than that of the CPI unit 
of other DUMs described in this study. C2 and C3 substituents 
on the CPI unit also influenced the rate of solvolysis. These 
results indicate that the electrophilicity of the cyclopropane 
depends on the A-ring structure of the left hand segment. Thus, 
the electrophilicity of the cyclopropane of these drugs is as 
follows: DUMA > 1 > DUMSA = 2. Recently, from the 
examination of HPLC analysis and biological activity of DUM-
DNA adducts we have observed that the DNA alkylating reaction 
of DUMA, SA, and analogues is reversible.12 The rate of 
regeneration of these drugs from the covalent DNA adducts (2 

(12) Asai,A.;Nagamura, S.; 
Acids Res. 1994, 22, 88. 

Saito, H.; Takahashi, I.; Nakano, H. Nucleic 

> DUMSA > 1 » DUMA) was correlated to the electrophilicity 
of these drugs (described above). Independently, studies con­
cerning the reversibility of DUMA and SA have been reported,13 

with results similar to ours. 
Reactivity of DUMs with DNA. To investigate the reactivity 

of DUMs with DNA, we determined the amount of drug residue 
in the presence of calf thymus DNA (drug/DN A bp = 1 /29) by 
reverse-phase HPLC analysis at intervals. In the absence of DNA 
the amount of drug decreased slowly and generated the hydrolyzed 
compounds as mentioned above. On the other hand in the presence 
of calf thymus DNA the rate of disappearance of drug was 
accelerated (Figure 2B), and no hydrolyzed products were 
detected. In the presence of DNA, only DUMA provided a small 
amount of hydrolyzed products 3 and 4. However, the yields 
were only 2.3 and 2.2%, respectively, after 5 h. In contrast, in 
the absence of DNA the yield of the hydrolyzed products was 
41% (3:4 «1:1) after 5 h. These results suggest that the drugs 
bound to DNA covalently or noncovalently. The accelerated 
decrease of residual drugs in the presence of DNA was also 
observed when the supernatant was analyzed after DNA 
precipitation with ethanol, or when a 1-butanol extraction of the 
reaction mixture was analyzed by HPLC (Figure 2C). These 
precipitation or extraction procedures ensured that the nonco­
valently bound drug had been removed from the DNA. After 
the complete disappearance of the free drug followed by ethanol 
precipitation, we detected different CD spectra of DNA induced 
by these drugs (data not shown). Distamycin A, which is known 
as a strong minor groove binder without alkylating ability, did 
not exhibit the accelerated loss of residual drug in the presence 
of DNA when the reaction mixture was subjected to HPLC 
directly. These results imply that DUMs immediately alkylated 
DNA after the noncovalent binding stage or that DUMs which 
had bound to DNA noncovalently could be removed from DNA 
in the ODS HPLC column system and subsequently be chro­
ma tographed. Since no hydrolyzed products were observed in 
the presence of DNA, the amount of drug which disappeared in 
the presence of DNA is considered to be equal to the amount of 
drug converted to the covalent DNA adducts.14 Though all of 
the DUMs described here (except for KW-2189) provided faster 
disappearance in the presence of DNA than in the absence of 
DNA, these drugs differed in the rate of disappearance in the 
presence of DNA (Figure 2B). The results imply that the rate 
of covalent reaction with DNA is affected by the A-ring structure 
of the left hand segment of DUM. The reactivity of the drugs 
with DNA did not strictly correlate to the electrophilicity of the 
drugs. DUMA, which was much more unstable than other DUMs 
in the absence of DNA (Figure 2A), showed higher reactivity 
with DNA than other drugs (Figure 2B). Thus the higher 
reactivity of DUMA with DNA might be due mainly to the strong 
electrophilicity of its cyclopropane subunit. However, the rate 
of alkylation of 2 was faster than that of other drugs except 
DUMA, though 2 was the most stable in the absence of DNA. 
From these results, two factors for DNA alkylation of DUMs 
could be inferred: (1) the electrophilicity of the cyclopropane 
subunit and (2) steric effects of the C3 substituent of the left hand 
segment. One more factor namely, the effect of hydrophobic 
interaction of the right hand segment with the minor groove of 
DNA, was proposed for understanding the reaction between DNA 
and CC-1065 analogues.15 However, all of the right hand 
segments of the DUMs described here are trimethoxy indole-
types, suggesting that the effect of the right hand segment was 

(13) Boger, D. L.; Yun, W. J. Am. Chem. Soc. 1993, 115, 9872. 
(14) This thinking provided us with a useful method for investigation of 

the drug-DNA interaction and, furthermore, for designing new antitumor 
agents. In fact, we obtained a good correlation between the cytotoxicity of 
DUM derivatives in which the right hand segment was substituted and the 
amount of loss of these drugs at a specific time interval in the presence of 
DNA (unpublished observation). 
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113, 3980. 
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negligible in our examinations. Thus, noncovalent or covalent 
binding of 1 to DNA might be sterically hindered by the methyl 
ester substituent of C3. Therefore, the alkylating reaction of 1 
would be slower than 2, although the reactivity of its cyclopropane 
would be higher than that of 2. This assumption was supported 
by the weaker cytotoxicity of the C3-isopropylester derivative of 
1 (unpublished results). 

Isolation and Characterization of DUM-Base Adducts. In order 
to gain further insight into the mechanisms of DNA binding by 
DUMs, we prepared and isolated DUM-base adducts and 
obtained both 1H and 13C NMR spectra. DUMA was incubate 
with calf thymus DNA (drug/DNA bp = 1/20) at 37 0C for 24 
h. When the DUMA-DNA adduct was heated at 100 0C for 
30 min, after removal of unbound DUMA, 3 and 4 by 1-butanol 
extraction and ethanol precipitation, two compounds with the 
DUMA chromophore were unexpectedly released from the DNA. 
Characterization of these compounds by 1H and 13C NMR, 2D 
1H-1H NOESY, 1H-13C HSQC, and 1H-13C HMBC indicated 
that one was the DUMA-N3 adenine adduct 58'11 which had 
been already fully characterized by Boger et al. The other was 
found to be the DUMA-N3 guanine adduct 6 (The yields of the 
adenine adduct and the guanine adduct were 56 and 28%, 
respectively.). The structure of 6 was initially identified by a 
methylation experiment.,16 In the 1H-NMR spectrum of 6, all 
of the resonances were comparable to those of DUMC2. One 
additional nonexchangeable resonance at 7.64 ppm (IH) and 
two exchangeable resonances at 7.07 (2H) and 13.00 ppm (IH) 
were found (Table 1). The only base residue that gives one 
nonexchangeable resonance is guanine. Furthermore, the chemi­
cal shift value of this resonance showed a close correlation with 
the guanine Hg resonance. This data suggests that 6 is a DUMA-

(16) Sugiyama, H.; Kazushige, O.; Chan, K. L.; Hosoda, M.; Asai, A.; 
Saito, H.; Saito, I. Tetrahedron Lett. 1993, 34, 2179. 
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guanine adduct. This was supported by the secondary ion mass 
spectrum (SIMS) of 6 which gave the corresponding molecular 
ion peak (M + H)+ at m/z 659. With respect to the 13C resonance, 
five resonances were observed which were attributable to the 
guanine moiety in 6 (Table 2). One of them at 137.3 ppm was 
assigned as guanine C8 by the HSQC experiment. Furthermore, 
in HMBC experiments, four cross peaks were observed connecting 
the guanine H8 proton with the 13C resonances of 147.3 and 110.8 
ppm, and the C48-H proton with the 13C resonances of 147.3 and 
153.2 ppm (Figure 3 and Table 2). From these results all of the 
1H and 13C resonances could be assigned and the C4a-guanine 
N3 bond was identified. In the HMBC experiments of 5 four 
cross peaks were also observed connecting the adenine H8 proton 
with the resonance of ade-C4 (150.3 ppm) and ade-Cs (120.3 
ppm) and the C48-H proton with the 13C resonances of ade-C2 
(143.1 ppm) and ade-C4 (150.3 ppm). The same treatment of 
1 with calf thymus DNA also gave two adducts. These products 
were identified as 1-N3 adenine adduct 8 and 1-N3 guanine 
adduct 9. (The yields of the adenine adduct and the guanine 
adduct were 74 and 7%, respectively.) Due to its low yield, 9 
could not be fully characterized but its 1H NMR spectra and 
SIMS indicated its structure as the N3-guanine adduct. In 
contrast, DUMSA and 2 provided N3 adenine adducts, 10 (yield; 
81%) and 11 (yield; 79%), predominantly with trace amounts of 
minor products by thermal depurination reaction of these DNA 
adducts. 

Selectivity of DUMs to Adenine. The DNA alkylating reaction 
of DUMA followed by thermal depurination provided DUMA-
N3 adenine and DUMA-N3 guanine adducts (adenine/guanine 
= 2:1) when high concentrations of the drug were used (drug/ 
DNA bp = 1/20, see Experimental Section). The ratio of the 
two adducts was correlated to the ratio of drug/DNA base pair 
(bp), that is, low values of drug/DNA bp resulted in selective 
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Figure 3. Correlation of 1H-13C long-range couplings observed in HMBC 
spectrums of 5 and 6. 

alkylation of adenine (Table 3). These results suggest the DUMA 
alkylates N3-adenine selectively at first and that N3-guanine is 
the second target for DUMA. On the other hand, 1 afforded 
both its adenine and guanine adduct, with higher selectivity to 
adenine (adenine/guanine = 10:1) than that of DUMA. DUMSA 
and 2 gave only their adenine adducts. Since these reactions 
were performed under the same conditions (see Experimental 
Section), the alkylating selectivity to N 3 adenine is 2 = DUMSA 
> 1 > DUM A. Interestingly, a correlation between the selectivity 
to adenine and the electrophilicity of the cyclopropane subunit 
was observed. DUMA, containing the most reactive cyclopropane 

OMe 
DUMSA - N3 adenine adduct 10 X = C02Me 

2 - N3 adenine adduct 11 X = Me 

alkylated both adenine and guanine. The most stable analogues 
2 and DUMSA, containing less reactive cyclopropanes, dem­
onstrated the greatest specificity for adenine. Compound 1, which 
contains a cyclopropane less reactive than that of DUMA but 
more reactive than that of DUMSA and 2 (Figure 2A), alkylated 
adenine more selectively than did DUMA. It was presumed that 
DUMA possessed lower sequence selectivity due to the higher 
reactivity of its cyclopropane. The consensus sequences to which 
DUMA and CC-1065 bind through N3 adenine have been 
identified.9'10 Our results, along with already published re­
ports,16'17 reveal that DUMA and 1 bind to other sequences, 
mediating N3 guanine adduct formation. Boger et al. reported 
that hydrophobic interactions of the right hand segment with the 
minor groove of DNA affect the sequence selectivity of DUMA, 
CC-1065, and their analogues.15 Now we have showed the effect 
of the electrophilicity of the cyclopropane, which was dependent 
on the A-ring structure of the left hand segment, on the selectivity 
for adenine vs guanine. This effect might also extend to the 
sequence selectivity of these drugs. 

A Novel Property of KW-2189 for DNA Alkylation. KW-
2189, the synthetic derivative of 1 which possesses improved in 

(17) Mitchell, M. A.; Weiland, K. L.; Aristoff, P. A.; Johnson, P. D.; 
Dooley, T. P. Chem. Res. Toxicol. 1993, 6, 421. 
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vivo antitumor activity, was designed as a prodrug requiring 
enzymatic hydrolysis of the carbamoyl moiety, followed by 
regeneration of 1. As mentioned above 1 alkylates DNA at the 
N3 adenien more selectively than does DUMA. Surprisingly, 
we discovered that KW-2189 itself alkylated DNA without release 
of the carbamoyl moiety. Incubation of KW-2189 in 20% CH3-
CN/phosphate buffer (pH 7.0) at 35 0C resulted in the formation 
of the inactive hydroxyl compound 12 quantitatively. No 
carbamoyl-hydrolyzed products, such as 1, were detected by 
HPLC. However, in the presence of DNA the formation of 12 
was not quantitative though the rate of disappearance of KW-
2189 was same as in the absence of DNA (Figure 2D). 
Furthermore, we obtained the KW-2189-N3 adenine adduct 13 
and the guanine adduct 14 (4:1) from calf thymus DNA treated 
with KW-2189 (drug/DNA bp = 1:20) by a thermally induced 
depurination reaction. Due to its low yield, 14 could not be fully 
characterized, but its 1H NMR spectra and SIMS indicated the 
structure of the N3-guanine adduct. Interestingly, we also found 
that 17 was hydrolyzed to give 12 in 20% CH3CN/phosphate 
buffer (pH 7.0) at 35 0C. Incubation of 17 with DNA, followed 
by thermal depurination, afforded the same adducts 13 and 14 
(Schemes 3). In contrast, DNA alkylation by the carbamoyl 
derivatives OfDUMB2 and Bi, 15 and 16, which were more stable 
than KW-2189 in aqueous solution, was not detected under the 
conditions described above. 

OMe 

OMe 

DNA 

no reaction 

For the mechanism of DNA alkylation by KW-2189 and 17 
we propose the rate-determining formation of the reactive 
cyclopropane 18 (Figure 4) in aqueous solution. No intermediates 
could be detected by HPLC analysis under the conditions in which 
KW-2189 was converted to 12. It would be difficult to detect 
the intermediate 18 due to its lability. It is noteworthy that 17, 
containing the fused six-membered ring, also afforded the five-
membered ring product 12 and adducts 13 and 14 with an intact 
carbamoyl moiety. Carbamoyl derivatives of the DUMA-type, 
containing an altered-CPl alkylating subunit, could not generate 
a reactive species like 18. These agents were rather stable in 
aqueous condition. Although it is not concluded that DNA 
alkylation by KW-2189 itself, without enzymatic activation, is 
responsible for its high efficacy in vivo, further evaluation of 
KW-2189 is underway. Its antitumor activity and its DNA 
alkylation in cells will be reported in the near future. 

Experimental Section 

Instrumentation and Reagents. DUMA and DUMSA were isolated.1>6 

I,18' 2,18' 15,18b and KW-218918* were synthesized from DUMB2, and 
1618c and 17 were synthesized for DUMB] in our laboratories. The 

(18) Saito, H. et. al. Eur. Pat. Appl. (a) EP 406749; Chem. Abstr. 1991, 
m , 8 4 2 7 h . (b)EP499130;Cftem./16,srr.l992,;/S,38908v. (c)EP468400; 
Chem. Abstr. 1992, 116, 194292d. The papers about synthetic details and 
biological activity of these compounds are in preparation. 
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Table 1. 1H NMR of 5 and Related Compounds (DMSO-(Z6. 500 MHz) 

C8-OH (IH, br) 
C7-H (IH, brs) 
Nl -H(IH, brs) 
C4a-H(1H) 

C4a-H(1H) 

C5-H(1H) 

C5-H(1H) 

C4-H(lH,m) 
C2-C02CH3 (3H, s) 
C2-CH3 (3H, s) 
C3-H(lH,s) 

NT-H(IH, brs) 
C4'-H(lH,s) 
C3'-H(lH,d) 

C5'-CH3 (3H, s) 
C6'-CH3 (3H, s) 
C7'-CH3 (3H, s) 

ade-C2-H(lH,s) 

ade-NH2 (2H, br) 

ade-C8-H (IH, s) 

5" 

10.15 
8.03 
7.23 
4.64 
( d d / = 5.4, 

13.7Hz) 
4.49 
(dd / = 7.1, 

13.7Hz) 
4.68 
(dd / = 2.7, 

10.9 Hz) 
4.41 
(AiJ = 10.9, 

10.9Hz) 
4.22 
3.58 
1.41 

11.19 
6.90 
6.83 ( / = 

2.0 Hz) 
3.92 
3.81 
3.79 

7.93 

7.85 

7.64 

8 

9.56 
7.68 
11.96 
4.52 (m) 

4.36 
( d d / = 7 . 8 , 

13.2Hz) 
4.75 
(dJ= 10.5 Hz) 

4.24 
(dd J = 10.5, 

10.5 Hz) 
4.58 

11* 

Left Hand Segment 
9.65 
7.56 
10.83 
4.69 
(dd / = 4.8, 

13.5Hz) 
4.40 
( d d / = 8 . 3 , 

13.5Hz) 
4.44 (m) 

4.44 (m) 

4.24 
3.83 (C3-C02Me) 
2.65 

11.04 
6.84 
6.72 (J = 

2.0 Hz) 
3.94 
3.80 
3.79 

7.79 

7.73 

7.49 

2.34 
5.88 

Right Hand Segment 
11.16 
6.89 
6.83 (J = 

1.7Hz) 
3.93 
3.80 
3.79 

Base 
8.17 

8.10 

8.04 

10 

9.82 
7.77 
11.60 
4.65 
( d d / = 5 . 0 , 

13.4Hz) 
4.48 
(dd J = 8.4, 

13.4Hz) 
4.51 (m) 

4.51 (m) 

4.37 
3.88 

6.91 

11.21 
6.89 
6.87 ( / = 

2.0 Hz) 
3.93 
3.81 
3.79 

8.14 

7.88 

7.81 

6 

10.20 
8.06 
7.42 
4.32 
(dd / = 9.6, 

14.7 Hz) 
4.00 
(dd J = 3.7, 

14.7 Hz) 
4.64 
(d J = 9.9 Hz) 

4.37 
(dd / = 9.9, 9.9 Hz) 

4.07 
3.63 
1.42 

11.29 
6.87 
6.84 (J = 

2.1 Hz) 
3.93 
3.79 
3.78 

13.00 (gua-N9-H, 
lH.br) 

7.64 (gua-C8-H, 
IH, s) 

7.07 (gua-NH2, 
2H,s) 

DUMC2 

10.20 
8.03 
7.03 
4.03 
(dd J = 3.0, 

10.0 Hz) 
3.86 
(dd J = 6.9, 

10.0 Hz) 
4.62 
(dd /=11 .0 , 

11.0 Hz) 
4.32 
(dd J = 4.0, 

11.0 Hz) 
3.99 
3.61 
1.47 

11.34 
6.95 
6.87 ( / = 

2.0 Hz) 
3.92 
3.81 
3.79 

0 Operated at 400 MHz. 

preparation and characterization of 3,4,7, and 12, and full characteriza­
tion of 1 and 2 are provided in the supplementary material. Calf thymus 
DNA was purchased from Sigma. All of the NMR experiments were 
performed on Bruker AM500 or AM400 spectrometers operating at 500 
or 400 MHz for proton and 125 or 100 MHz for carbon observations. 
Fast atom bombardment mass spectra (FABMS) and fast atom 
bombardment high-resolution mass spectra (FABHRMS) were run on 
a HXIlOA, secondary ion mass spectra (SIMS) and electron impact 
mass spectra (EIMS) were run on a Hitachi M80B spectrometer. 

General Procedure for DNA-Alkylation by DUMs and Isolation of 
DUM-Base Adducts. A solution of drug (7.1 X 10~3 mmol) in N,N-
dimethylformamide (1 mL) was treated with calf thymus DNA (90 mg, 
0.14 mmol bp) in 10 mM potassium phosphate buffer (pH 7.0, 9 mL), 
and mixture was incubated at 37 0C for 24 h (7 days for KW-2189). One 
mL of 3 M aqueous potassium acetate was added, and, the DNA was 
precipitated with 25 mL of ethanol. The precipitated DNA was dissolved 
in 10 mM potassium phosphate buffer (pH 7.0, 10 mL) and 1-butanol 
(1OmL), and the solution was heated at 1000C for 15 min with stirring. 
After cooling to room temperature, the 1-butanol layer was separated. 
The aqueous layer was heated with 1-butanol (10 mL) for 15 min at 100 
0C. The combined 1-butanol layers were concentrated. After the residue 
was dissolved in 50% aqueous methanol, the sample was subjected to 
HPLC (YMC R335-20, 50 X 500 mm) with 40-50% acetonitrile/50 
mM potassium phosphate buffer (pH 5.9), solvent at a flow rate of 20 
mL/min. The eluted fraction that contained the DUM chromophore 
(detector; Shimadzu CR4A) was collected and concentrated. The samples 
were desalted on a Dianion HP20 column, concentrated, and dried in 
vacuo to yield DUM-base adducts. By following this procedure DUMA 
afforded both DUMA-N3 adenine adduct 5 (2.5 mg, 55%) and DUMA-
N3 guanine adduct 6 (1.3 mg, 28%) as yellow solids. 5: 1H NMR 
(DMSO-(Z6,400 MHz) Table 1,13C NMR (DMSO-(Z6,100 MHz) Table 
2; SIMS, m/e 643 (M+ + H); FABHRMS, m/e 643.2267 (C3IH30N8O8 
+ H+ requires 643.2265). 6: 1H NMR (DMSO-(Z6, 500 MHz) Table 
1, 13C NMR (DMSO-(Z6, 125 MHz) Table 2; SIMS, m/e 659 (M+ + 
H); FABHRMS, m/e 659.2221 (C3IH30N8O9 + H+ requires 659.2214). 

By following the procedure described above 1 afforded both the 1-N3 
adenine adduct 8 (3.3 mg, 74%) and the 1-N3 gaunine adduct 9 (0.4 mg, 

7%) as pale yellow solids. 8: 1H NMR (DMSO-(Z6, 500 MHz) Table 
1, 13C NMR (DMSO-(Z6, 125 MHz) Table 2; SIMS, m/e 627 (M+ + 
H); FABHRMS, m/e 627.2332 (C3iH30N8O7 + H+ requires 627.2315). 
9: 1H NMR (DMSO-(Z6, 500 MHz) ppm; 12.70 (IH br gua-C9-H), 
12.00 (IH, brs, Nl-H), 11.29 (IH, brs,NT-H), 10.15 (IH,br,C8-OH), 
7.68 (IH, s, C7-H), 7.31 (IH, s, gua-C8-H), 7.06 (2H, br, gua-C2-
NH2), 6.74 (IH, s, C4'-H), 6.57 (IH, d, J = 2.1 Hz C3'-H), 4.43 (IH, 
m, C4-H), 4.22 (IH, dd, / = 7.0, 10.9 Hz, C5-H), 4.15 (IH, dd, J = 
11.9, 14.5 Hz, C4a-H), 4.05 (IH, d, J = 10.9 Hz, C5-H), 3.95 (3H s 
C5'-CH3), 3.93 (IH, dd, J = 4.5, 14.5 Hz, C4a-H) 3.85 (3H, s, C3-
CO2CH3), 3.80 (3H, s, C6'-CH3), 3.76 (3H, s, C7'-CH3), 2.64 (3H, s, 
C2-CH3); SIMS, m/e 643 (M+ + H); FABHRMS, m/e 643.2268 
(C3IH30N8O8 + H+ requires 643.2265). 

By following the procedure described above DUMSA afforded the 
DUMSA-N3 adenine adduct 10 (3.5 mg, 81%) as a pale yellow solid. 
10: 1H NMR (DMSO-(Z6, 400 MHz) Table 1, 13C NMR (DMSO-(Z6, 
100 MHz) Table 2; FABMS, m/e 613 (M+ + H); FABHRMS, m/e 
613.2167 (C30H28N8O7 + H+ requires 613.2159). 

By following the procedure described above 2 afforded the 2-N3 
adenine adduct 11 (3.2 mg, 79%) as a pale yellow solid. 11: 1H NMR 
(DMSO-(Z6,500 MHz) Table 1,13C NMR (DMSO-(Z6,125 MHz) Table 
2; SIMS, m/e 569 (M+ + H); FABHRMS, m/e 569.2268 (C29H28N8O5 
+ H+ requires 569.2261). 

By following the procedure described above KW-2189 afforded both 
the KW-2189-N3 adenine adduct 13 (3.1 mg, 58%) and the KW-2189-
N3 guanine adduct 14 (0.8 mg, 15%) as pale yellow solids. 13: 1H NMR 
(DMSO-(Z6, 500 MHz) ppm; 12.01 (IH, br, Nl-H), 11.10 (IH, brs, 
NT-H), 7.93 (IH, s, ade-C2-H), 7.85 (IH, brs, C7-H), 7.78 (2H, br, 
ade-C6-NH2), 7.50 (IH, s, ade-C8-H), 6.85 (IH, s, C4'-H), 6.79 (IH, 
d, J = 2.1 Hz, C3'-H), 4.82 (IH, d, J = 10.8 Hz, C5-H), 4.71 (IH, m, 
C4-H), 4.56 (IH, dd, / = 3.3, 13.3 Hz, C4a-H), 4.43 (IH, dd, / = 8.3, 
13.3 Hz, C4a-H), 4.32 (IH, dd, / = 8.4, 10.8 Hz, C5-H), 3.94 (3H, s, 
C5'-CH3), 3.85 (3H, s, 03-CO2CH3), 3.80 (3H, s, C6'-CH3), 3.79 (3H, 
s, C7'-CH3), 3.71 (2H, br, C2"-H2 or C6"-H2), 3.50 (2H, br, C2"-H2 
or C6"-H2), 2.70 (3H, s, C2-CH3), 2.40 (4H, br, C3"-H2 and C5"-H2), 
2.26 (3H, s, N1"-CH3);

 13C NMR (DMSO-(Z6, 125 MHz) ppm; 165.2 
(02-CO2CH3), 160.2 (C2a'), 154.5 (ade-C6), 152.5 (C4a"), 152.1 (ade-

lH.br
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Table 2. 13C NMR of 5 and Related Compounds (DMSO-J6, 
125 MHz) 

.CO2Me 

C-3 
CO2CH3 
C-8 
C-8a 
C-6a 
C-3a 
C-3b 
C-7 
C-2 
C-5 
CO2CH3 
C-4a 
C-4 
2-CH3 

C-2'a 
C-5' 
C-6' 
C-7' 
C-2' 
C-7'a 
C-3'a 
C-3' 
C-4' 
C6'-OCH3 

C7'-OCH3 

C5'-OCH3 

ade-C2 
ade-C4 
ade-C5 
ade-C6 
ade-C8 

5" 

197.6 
169.1 
149.0 
143.5 
136.2 
118.0 
114.3 
110.8 
69.8 
54.4 
52.5 
52.1 
39.4 
20.0 

159.3 
149.0 
139.6 
138.9 
130.9 
125.0 
123.0 
105.6 
97.9 
61.0 
60.8 
55.9 

143.1 
150.3 
120.3 
154.6 
152.1 

8 11" 10 

Left Hand Segment 
103.2 
165.6 
142.9 
122.6 
138.9 
124.8 
111.9 
98.1 

145.0 
54.1 
50.6 
52.2 
42.2 
14.6 

96.5 

142.2 
123.3 
136.4 
125.7 
110.7 
98.1 

136.2 
54.0 

52.3 
38.9 
13.2 

105.8 
161.3 
143.3 
125.7 
137.9 
124.1 
112.7 
100.3 
127.9 
54.1 
51.7 
52.3 
39.0 

199.0 
169.0 
149.1 
143.7 
136.3 
117.9 
114.0 
111.4 
70.2 
54.2 
52.8 
46.7 
37.9 
19.9 

Right Hand Segment 
160.0 
150.5 
139.4 
138.9 
131.6 
124.8 
123.1 
105.2 
98.0 
61.0 
60.9 
56.0 

143.2 
150.5 
120.1 
154.5 
152.0 

159.2 
148.9 
139.4 
139.0 
131.7 
124.8 
123.3 
105.0 
98.0 
61.0 
60.8 
54.0 

159.6 
149.9 
139.6 
138.4 
131.4 
125.0 
123.1 
105.4 
98.0 
61.0 
60.9 
56.0 

Base 
143.1 
149.9 
120.5 
154.9 
152.5 

143.6 
149.9 
120.5 
155.0 
152.5 

158.7 
150.9 
139.7 
139.0 
130.0 
125.1 
123.1 
105.6 
97.9 
61.0 
60.9 
55.9 

153.2 
147.3 
110.8 
161.5 
137.3 

6 

(gua -C2) 
(gua-C4) 
!gua 
(gua 

-C5) 
-C6) 

(gua-C8) 

DUMC2 

196.6 
169.6 
150.1 
144.2 
137.7 
119.5 
115.6 
112.5 
71.2 
55.0 
53.4 
46.4 
42.3 
22.0 

160.5 
150.4 
140.9 
138.7 
129.1 
126.0 
123.5 
107.9 
98.0 
61.5 
61.2 
56.4 

"Operated at 100 MHz. 

Table 3. Effect of Drug/DNA bp Ratio on the Selective Adenine 
AHCyIaIiOn" 

drug/DNA adenine adduct/ drug/DNA adenine adduct/ 
bp guanine adduct bp guanine adduct 

0.1 
0.05 
0.025 

1.4:1 
2.1:1 
5.1:1 

0.0125 
0.00625 

10:1 
11:1 

" Various concentrations of DUMA were incubated with calf thymus 
DNA (1.5 mMbp) in 10%7V,iV-dimethylformamide/10mM potassium 
phosphate buffer at 35 0C for 8 h. After 1-butanol extraction and ethanol 
precipitation, these DNA samples were dissolved in 10 mM potassium 
phosphate buffer and heated at 100 0C for 10 min. Reaction mixtures 
were subjected to HPLC analysis (detector, Shimadzu SPD 10A; 
wavelength, 330 nm; column, unisil sCis-250A; elution buffer, 40% 
acetonitrile/50 mM phosphate buffer, pH 5.9; flow rate, 1 mL/min). 
These alkylating and depurination conditions afforded 80-85% yields of 
DUM-base adducts. 

C8), 150.5 (ade-C4), 148.9 (C5'), 146.4 (C2), 143.2 (ade-C2), 139.5 
(C6'), 138.9 (C7'), 138.2 (C6a), 135.9 (C8), 131.2 (C2'), 125.7 (C8a), 
124.9 (C7a'), 124.4 (C3a), 123.0 (C3a'), 120.2 (ade-C5), 118.5 (C3b), 
105.8 (C7), 105.4 (C3'), 103.4 (C3), 99.9 (C4'), 61.0 (C6'-CH3), 60.9 
(C7'-CH3), 55.9 (C5'-CH3), 54.1 (C2" or C6"), 53.9 (C2" or C6"), 53.5 
(C5), 51.9 (C4a), 50.8 (C3-C02CH3), 45.7 (N1"-CH3), 44.1 (C3" or 

.CO2Me 

SegB 

RO 
SegB 

KW-2189 - DNA adduct 

OMe 

OMe 
OMe 

Figure 4. Proposed mode of action of KW-2189 for DNA alkylation. 

C5"), 43.2 (C3" or C5"), 42.5 (C4), 14.6 (C2-CH3); SIMS, m/e 753 
(M+ + H); FABHRMS, m/e 753.3129 (C37H4ONi0O8 + H+ requires 
753.3109). 14: 1H NMR (DMSO-J6, 500 MHz) ppm; 12.70 (IH, br, 
gua-C9-H), 12.04 (IH, brs, Nl-H), 11.32 (IH, brs, Nl'-H), 7.83 (IH, 
s, C7-H), 7.32 (IH, s, gua-C8-H), 7.07 (2H, br, gua-C2-NH2), 6.76 
(IH, s, C4'-H), 6.60 (IH, d, J = 2.0 Hz, C3'-H), 4.56 (IH, m, C4-H), 
4.29 (IH, dd, J = 7.2,10.9 Hz, C5-H), 4.19 (IH, dd, J * 11.8,14.7 Hz, 
C4a-H), 4.10 (IH, d, J = 10.9 Hz, C5-H), 4.00 (IH, dd, J = 4.4, 14.7 
Hz, C4a-H), 3.95 (3H, s, C5'-CH3), 3.89 (3H, s, C3-C02CH3), 3.80 
(3H, s, C6'-CH3), 3.76 (3H, s, C7'-CH3), 3.72 (2H, br, C2"-H2), 3.49 
(2H, br, C6"-H2), 2.70 (3H, s, C2-CH2), 2.46 (4H, br, C3"-H2 and 
C5"-H2), 2.26 (3H, s, N1"-CH3); SIMS, m/e (rel intensity) 769 (M+ 

+ H, 24), 234 (base); FABHRMS, m/e 769.3071 (C37H4ONi0O9 + H+ 

requires 769.3058). 

Acknowledgment. We thank Dr. Mayumi Yoshida and Mr. 
Singo Kakita for measuring NMR spectra and for providing 
helpful discussions. 

Supplementary Material Available: Full details of the prepa­
ration and characterization of compounds 3,4,7, and 12 and the 
spectral and analytical data for compounds 1 and 2 (4 pages). 
This material is contained in many libraries on microfiche, 
immediately follows this article in the microfilm version of the 
journal, and can be ordered from the ACS; see any current 
masthead page for ordering information. 


