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Abstract 

KW-2149 is a new water-soluble analogue of mitomycin C which shows 
a broad spectrum antitumor activity in experimental tumor models in- 
cluding mitomycin C-resistant tumors and is less hematotoxic than mito- 
mycin C. We have found that KW-2149 increases protein-DNA complexes 
in HeLa $3 cells using the potassium/sodium dodecyl sulfate precipitation 
method which recovers largely DNA bound covalently to protein but does 
not precipitate DNA bound noncovalently to proteins. In contrast, no 
increase of the protein-DNA complexes are shown in cells treated with 
mitomycin C. Thus, KW-2149 binds covalently with both DNA and pro- 
tein, and this may mediate for KW-2149 the potent and characteristic 
antitumor activity compared with mitomycin C. 

Introduction 

Mitomycin C is a valuable antitumor antibiotic with a broad spec- 
trum and strong activity against experimental tumors and human 
neoplastic disease (1, 2). However, its clinical usefulness has been 
limited by side effects, e.g., severe bone marrow suppression or gas- 
trointestinal damage. Thereby, new analogues of mitomycin C have 
been extensively investigated. Among mitomycin derivatives, a new 
mitomycin C analogue, 7-N-{{2-{[2-(3,-L-glutamylamino)ethyl]- 
dithio}ethyl}}mitomycin C designated as KW-2149 (Fig. 1), is se- 
lected for further evaluation because it has a strong cytotoxic activity 

against many human tumor cell lines in vitro at a lower concentration 
than that of mitomycin C and exhibits a superior antitumor activity 
against a variety of murine tumor models and human tumor xenografts 
in nude mice including mitomycin C-resistant tumors (3, 4). Presently, 
a phase I clinical trial is in progress by the European Organization for 
Research and Treatment of Cancer. Concerning the mechanism of 
action of KW-2149, Akinaga and Morimoto (5) showed that KW-2149 
and mitomycin C formed interstrand DNA and protein-DNA cross- 

links in HeLa $3 cells using alkaline elution analysis. In addition, 
Ishioka et al. (6) reported that KW-2149 induced both cross-linkings 
of DNA and DNA strand breaks of DNA in vitro. These results suggest 
that DNA is the main target of both KW-2149 and mitomycin C. 
However, little is known about the difference of the mechanism of 
action between KW-2149 and mitomycin C. While it has been re- 
ported that the 3,-L-glutamylcysteamino group at the 7-N position of 
KW-2149 was thought to effectively increase the reductive activation 
of the quinone moiety of mitomycin C, which has been thought to be 
essential to the biological activity of mitomycin C (5, 7, 8). In the 
present study, we used K/SDS 2 precipitation method which recovers 
DNA bound covalently to protein and have found that KW-2149 and 
its active metabolite M-18 (Fig. 1) detected in plasma of rats after i.v. 
administration (9), induces protein-DNA complexes in HeLa $3 cells 
in a dose-dependent manner. In contrast, no protein-DNA complexes 

are detected in HeLa $3 cells treated with mitomycin C. In addition, 
the protein-DNA complexes induced with KW-2149 and M-18 are 

partially reversed by incubation with 2-mercaptoethanol. These results 
indicate the different mode of action between KW-2149 and mitomy- 

cin C, which may be responsible for superior antitumor activity of 
KW-2149 against many murine tumor models including mitomycin 

C-resistant tumors. 

Materials and Methods 

Chemicals. KW-2149 and mitomycin C were obtained from Kyowa Hakko 
Kogyo Co., Ltd., Tokyo, Japan. M-16 and M-18 were synthesized and provided 
by the Pharmaceutical Research Laboratories of the Kyowa Hakko Kogyo Co., 
Ltd. Camptothecin was isolated from wood of Camptotheca acuminata ac- 
cording to the method described previously (10). Stock solutions of these drugs 
dissolved in dimethyl sulfoxide at 50 mM were stored at -20~ and were 
diluted in methanol containing 50% (v/v) dimethyl sulfoxide before use. 
[methyl-3H]Thymidine (20 Ci/mmol) was purchased from New England 
Nuclear. All other chemicals were of biochemical reagent grade. 

Cells and Cell Culture. HeLa $3 cells were obtained from the American 
Type Culture Collection (Rockville, MD). HeLa $3 cells were cultured in 
Eagle's minimal essential medium (Nissui Pharmaceutical Co., Tokyo, Japan) 
containing 10% (v/v) heat-inactivated (56~ 30 min) fetal bovine serum, 2 mM 
L-glutamine, 0.1% (w/v) sodium bicarbonate, penicillin (50 ~g/ml), and strep- 
tomycin (85 /zg/ml). Cultures were incubated at 37~ in a water-saturated 
atmosphere containing 5% CO2. 

K/SDS Precipitation Method for Protein-DNA Complexes. To determine 
the amount of the covalent protein-DNA complexes in cells, the K/SDS pre- 
cipitation method described by Rowe et al. (11) was modified as follows. The 
DNA in logarithmically growing cells (2 • 106 cells/ml) was labeled by adding 
[methyl-3H]thymidine into the medium to a final concentration of 0.9/xCi/ml. 
After overnight incubation, cells were washed 3 times in a phosphate-buffered 
saline (137 mM NaC1-2.6 mM KCI-8 mM Na2HPO4-1.4 mM KH2PO4). The 
trypsinized cells were resuspended in fresh medium to a final concentration of 
105 cells/ml. Cells were aliquoted (1 ml each) into a 24-well microtiter plate 
(Falcon) and incubated for another 2 h at 37~ The cells were then treated with 
various concentrations of drugs (5/xl) for 30 min. The medium was removed 
from each well and cells were lysed by adding 1 ml of prewarmed (65~ lysis 
solution [1.25% SDS-5 mM EDTA (pH 8.0)-salmon sperm DNA (0.4 mg/ml)]. 
The cellular DNA in the lysate was sheared by pipeting it up and down 30 
times with C20 micropipet tips (Gilson), and adding 250/xl of 325 mM KCI. 
After vigorous vortexing, the sample was cooled on ice for 10 min and 
centrifuged for 15 min at 4~ The pellet was resuspended in 1 ml of a 
prewarmed (65~ wash solution containing 10 mM Tris-HC1 (pH 8.0), 100 mM 
KC1, 1 mM EDTA (pH 8.0), and salmon sperm DNA (0.1 mg/ml) and then 
placed at 65~ for 10 min with occasional mixing. The suspension was cooled 
on ice for 10 min and was recentrifuged for 10 min at 4~ The pellet was 
washed again before resuspending in 200/xl HeO (65~ The suspension was 
then combined with 4 ml of a scintillation liquid (Clear-sol I; Nacalai tesque, 
Inc., Kyoto, Japan) and the radioactivity was determined. 
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Fig. 1. Structures of KW-2149 and KW-2149 metabolites (M-16 and M-18). 
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Fig. 2. Effect of KW-2149 on protein-DNA complex formation in HeLa $3 cells. 
Formation of protein-DNA complexes was measured by the K/SDS precipitation method 
described in "Materials and Methods." The total acid-precipitable cpm/assay were deter- 
mined to be 3.4 • 10 4. Points, mean of three experiments; bars, SD. 

cause camptothecin has been found to induce the covalent complexes 

between topoisomerase I and DNA (12). As shown in Fig. 2, KW- 

2149 increased the amount  of  covalent protein-DNA complexes in 

HeLa $3 cells dose dependently at a range from 0.025 /xg/ml to 25 

/xg/ml with the potency of  about one-half  that of  camptothecin,  

whereas mitomycin C did not increase the formation of  covalent 

complex in HeLa $3 cells at concentrations from 0.025 to 25/.~g/ml 

under the same conditions. 

Methyl sulfide (M-16) and symmetrical  disulfide dimer (M-18) 

(Fig. 1) were detected in plasma of  rats after i.v. administration of  

KW-2149 (9). We examined whether  the metabolites M-16 and M-18 

induce protein-DNA complexes in HeLa $3 cells. As shown in Fig. 3, 

M-18 increase the amount  of  covalent protein-DNA complexes in 

HeLa $3 cells with a similar dose response to KW-2149, while an- 

other metabolite, M-16, could not induce significant amount  of  pro- 

te in-DNA complexes.  These data are consistent with the cytotoxic 

activity of  these metabolites: M-18 is at least 5 orders of  magnitude 

more effective than M-16 (9). From these result, it seems likely that 

KW-2149 and the metabolite M-18 induce protein-DNA cross-links in 
cells, and we would like to infer that the protein-DNA covalent com- 

plex formation mediate for KW-2149 a potent and characteristic an- 

t i tumor activity ~gainst various tumors including mitomycin  C-resis- 
tant tumors. 

Partial Reversion of the KW-2149 and M-18-dependent Pro- 
tein-DNA Complexes by Thiol .  The K/SDS precipitation method 

has been used extensively by many investigators to characterize the 

covalent complexes formed between topoisomerases and DNA, 

termed the "cleavable complex" (13, 14). However, KW-2149 and 

M-18 did not stabilize the topoisomerases-DNA complexes which is 

detected as topoisomerases-l inked DNA breaks upon exposure to de- 

naturant using purified mammal ian  topoisomerases and plasmid DNA 

in vitro (data not shown). Thus, the protein-DNA complexes induced 

by KW-2149 and M-18 are not the well known topoisomerase-DNA 

cleavable complexes induced by several important antitumor drugs 

(15), while the structure of  KW-2149 and M-18 with disulfide at the 

7-N position hinted at the possibility of  covalent binding to protein(s) 

via a S - - S  bond. To test this model,  the K/SDS precipitates were 
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Fig. 3. Effect of KW-2149 metabolites M-16 and M-18 on protein-DNA complex 
formation in HeLa $3 cells. Formation of protein-DNA complexes was measured by the 
K/SDS precipitation method described in "Materials and Methods." The total acid-pre- 
cipitable cpm/assay were determined to be 4.8 • 10 4. Points, mean of three experiments; 
bars, SD. 
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Fig. 4. Reversibility of KW-2149-dependent protein-DNA complexes. The cells were 
treated with drugs (25/xg/ml of KW-2149 and M-18; 2.5/xg/ml of camptothecin). K/SDS 
precipitation was done as described in "Materials and Methods." The K/SDS precipitate 
washed twice with wash solution was resuspended in 1 ml of wash solution containing 
2-mercaptoethanol at various concentration and placed at 65~ for 10 min with occasional 
mixing. The suspension was cooled on ice for 10 min and centrifuged for 10 min at 4~ 
The pellet was washed 2 times with a wash solution and resuspended in 200 /xl H20 
(65~ The suspension was then combined and the radioactivity was determined. The 
percentage of the residual of protein-DNA complexes by 2-mercaptoethanol was calcu- 
lated as 

% of the residual protein-DNA complexes = 

cpm of 2-mercaptoethanol-treated precipitate - cpm of background 
X 100 

cpm of non-2-mercapthanol-treated precipitate - cpm of background 

The background value (nonspecific uptake of radioactivity) was determined by treatment 
of the cells with methanol containing 50% (v/v) dimethyl sulfoxide as control. Values 
represent the mean _+SD (bars) of three experiments. 
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KW-2149-DEPENDENT PROTEIN-DNA COMPLEX FORMATION 

treated with thiol compounds.  As shown in Fig. 4, protein-DNA com- 

plexes induced by KW-2149 and M-18 were partially reversed by 

incubation with 2-mercaptoethanol,  and about one-half  of  the KW- 

2149 and M-18-dependent  protein-DNA complexes were reversed 

after 10 min incubation at 500 mM mercaptoethanol.  On the other 

hand, protein (topoisomerase I)-DNA complexes induced with camp- 

tothecin were not reversed by the 2-mercaptoethanol treatment, which 

is consistent with the model  in which camptothecin induces the com- 

plexes in which topoisomerase I is covalently linked to the 3 ' -phos-  

phoryl end of  DNA strand via an ester bond (16). The effect of  various 

reducing agents on the reversion of KW-2149 and M-18-dependent  

protein-DNA complexes were examined. When 50 m u  aliquots of  

thiol compounds  such as dithiothreitol, glutathione (reduced form), 

and cysteine were added to the wash solution, the reversion of  the 

KW-2149 and M-18-dependent  protein-DNA complexes occurred to 

an extent similar to that observed with 2-mercaptoethanol (50 mM) 

(data not shown). The above results indicate that KW-2149 and M-18 

induced at least two kinds of  protein-DNA complexes: one is a com- 
plex via the S InS  bond which is reversed by agents containing a 

mercapto group, and the other is resistant to S - - S  bond reducing 

agents. 

Concerning the mechanism of  action, mi tomycin  C is shown to 

undergo reductive activation to generate reactive electrophilic species 

which can alkylate cellular nucleophiles at the C-1 and/or C-10 po- 

sition of  mi tomycin  C (17). Using alkaline elution analysis, Dorr e t  aL 

(18) showed that protein-DNA cross-links were formed following 

mitomycin  C exposure; however, we could not detect any increase in 

protein-DNA complexes induced by mitomycin  C when assayed under 

the conditions used in this studies. It has been considered that intra- 

molecular  reductive activation of KW-2149 will occur more effi- 

ciently than mi tomycin  C by a auxiliary at the 7-N position (3), which 

results in a more potent alkylating activity, and Akinaga and Mori- 

moto (5) reported that the cross-linking activity of KW-2149 was 20 

times more potent than that of  mitomycin C. Taken these finding 

together, we would like to infer that KW-2149 and M-18-dependent  

protein-DNA complexes,  which remained unreversed by treatment 

with thiol agents are due to the alkylation of  DNA and protein at the 

C-1 and C-10 position of  the mitomycin skeleton. 

KW-2149 shows broad antitumor activity against many experimen- 

tal tumor systems and human tumor xenografts in nude mice including 

mitomycin C-resistant tumors. These results suggest that KW-2149 

might  possess a mode of  action somewhat  different from that of  
mi tomycin  C. Recently, Kobayashi e t  al. (19) showed that KW-2149 

accumulated in the cells more efficiently than mitomycin  C. However,  

the mechanism of  such effectiveness of  KW-2149 against mi tomycin  
C-resistant tumors was not clear. In the present studies, we found that 

KW-2149 and its active metabolite M-18 induce protein-DNA com- 

plexes. From these results, we would like to infer that the superior 

antitumor activity of  KW-2149 against murine mitomycin C-resistant 

tumor is due to the formation of protein-DNA complexes which are 

not detected in cells treated with mi tomycin  C. In addition, active 

metabolite M-18 formed from KW-2149 after i.v. administration also 
increases the amount  of  covalent protein-DNA complexes with a 
potency similar to that of  KW-2149. Probably, some of  the protein(s) 

of  nuclear matrix may participate in the KW-2149-dependent  protein- 

DNA complex formation, and such complexes affect the regulation of  

DNA replication and RNA transcription process by altering the chro- 

matin structure (20). It remains an interesting subject for further 

studies to identify protein(s) involved in the complexes and see 

whether  observed cross-linking of  protein(s) to DNA correlates to the 

excellent antitumor activity or lower side effects of  KW-2149. 
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