
5056 Biochemistry 1981, 20, 5056-5061 

Reductive Metabolism and Alkylating Activity of Mitomycin C Induced 
by Rat Liver Microsomest 

Maria Tomasz* and Roselyn Lipman 

ABSTRACT: Mitomycin C, an antitumor antibiotic, is rapidly 
metabolized in the presence of rat liver microsomes. NADPH 
and anaerobic conditions are required for the process. The 
products isolated after reexposure to air are 2,7-di- 
aminomitosene derivatives. Specifically, in the presence of 
inorganic phosphate, 1,2-cis- and -trans-2,7-diaminomitosene 
1 -phosphates, 1,2-cis- and -trans-2,7-diamino- 1 - 
hydroxymitosenes, and 2,7-diaminomitosene are formed. The 
last substance is a new mitomycin C derivative, and proof for 
its structure is presented. Mytomycin C has been previously 
postulated to be an alkylating agent requiring reduction for 
activity [Iyer, V. N., & Szybalski, W. (1964) Science 
(Washington, D.C.) 145, 551. The 1-phosphates above rep- 
resent the first chemically characterized bioreductive alkylation 
products of the drug. 5’-Uridylic acid is alkylated analogously 

M i t o m y c i n  c (MC, 1),1 the potent antibiotic and clinically 
useful antitumor agent, binds covalently to cellular DNA 

I (MO 
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(Szybalski & Iyer, 1964) and induces covalent cross-links 
between the complementary strands of the nucleic acid (Iyer 
& Szybalski, 1963; Matsumoto & Lark, 1963). These direct 
damages to DNA are believed to be essential for the cyto- 
toxicity of the drug (Iyer & Szybalski, 1963; Small et al., 1976; 
Mercado & Tomasz, 1972; Weiss et al., 1968). While this 
type of activity is similar to that of synthetic antitumor al- 
kylating agents, MC is unique in that metabolic activation is 
required for its interactions with DNA (Iyer & Szybalski, 
1964). The nature of the activation differs from the widely 
studied liver microsomal oxidative activation of various pro- 
carcinogens to DNA alkylating agents (Miller & Miller, 1976) 
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under these conditions, to give cis- and trans-2,7-di- 
aminomitosene 1 -(S-uridylate), while the phosphodiester UpU 
and uridine itself are inert. Hydrogen gas/Pt02 gives the same 
results as microsomes/NADPH. The formation of the ob- 
served compounds indicates that enzymatic (or chemical) 
reduction of the quinone system of mitomycin C induces ring 
opening of the aziridine function, generating a reactive center 
at the C1 position as previously postulated by others (ibid.). 
The second alkylating center, also postulated, is not evident, 
however, under the conditions tested, indicating that the 
aziridine is the primary bioreductive alkylation function of 
mitomycin C. Identification of the products and mechanism 
of the microsomal anaerobic metabolism of mitomycin C are 
significant in view of the reported toxicity of the drug to 
anaerobic cancer cells. 

by being a reductive process. MC, therefore, has been termed 
the prototype of “bioreductive alkylating agents” (Lin et al., 
1976) and it is presently the only known natural product 
member as well as the best antitumor agent of this class. 

The binding and cross-linking action of MC on DNA can 
be readily observed in vitro when certain reducing agents are 
added for activation of MC in situ (Iyer & Szybalski, 1964). 
The chemical structural details of the MC-nucleic acid com- 
plex are not known yet. The active form(s) of MC itself is 
also unknown due to its extreme instability, as indicated by 
reports that chemical reduction of MC followed by exposure 
to air generates complex mixtures of autoxidized quinones 
(Patrick et al., 1964; Hornemann et al., 1976). 

We investigated the enzymatic reduction of MC in a rat 
liver microsomal system and succeeded in isolating and 
identifying all major metabolites and alkylation products of 
the drug formed under these conditions. The results represent 
characterization of bioreductive metabolites and bioreductive 
alkylation products of MC for the first time. 

Experimental Procedures 
Materials. The sources of mitomycin C, bacterial alkaline 

phosphatase, snake venom diesterase, 5’-UMP, UpU, and 
uridine were given previously (Tomasz & Lipman, 1979). 
NADPH was purchased from Boehringer. Rat liver micro- 
somes (male Sprague-Dawley rats, 200-250 g weight, not 
fasted) were prepared by the method of Cederbaum et al. 
(1976) and were a kind gift from Dr. Arthur Cederbaum, Mt. 
Sinai School of Medicine, New York. The pelleted preparation 
was suspended in 0.125 M KCl and stored at -80 “C. Protein 
content (1 1.2 mg/mL) was determined by the Lowry method. 
MC reducing activity noticeably decreased after several weeks 
of storage. 

Decarbamoyl mitomycin C (11) was synthesized by a pub- 
lished procedure (Kinoshita et al., 1971) and purified by 

’ Abbreviation used: MC, mitomycin C. 
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Table I: Analytical Properties of New MC Derivatives 
elution vol ~.. ...~~ . . 

compd (mL, at peak)a R f  electrophoretic mobility (cm)b kmax (nm) ( E  x 10-3)c 

111 600 0.74 d s  -7.2 (PH 3.5) 313,249 (pH 11); 
-1.6 fDH 7.2) 311. 248. 205 (DH 7); 309, 249 (pH 1.7) 

VI11 1030 0.85d,f -5.0 @H 3.5j 317,243 (PH i i j f  
-2.8 @H 7.2) 314 (10.3), 243 (15.7) (pH 7); 0.13 d i g  

0.55e9h 312, 242 (pH 1.7) 

a On Sephadex G-25 column chromatography; see Figure 1 for conditions. 
3.5 buffer is 0.02 M sodium citrate pH 7.2 buffer is 0.02 M sodium phosphate. 
7) and in 0.1 M H,PO, (pH 1.7). TLC plates (silica, Macherey-Nagel). e TLC plates (cellulose, Macherey-Nagel). 
".OH. 2: 1 (vlv). g Acetonitrile-1-butanol-acetone. 2: 1: 1 (v/v). h 1-Butanol-acetic acid-H,0,4: 1:5 (v/v), upper layer. 

Paper electrophoresis (Whatman 3 MM), 22 V/cm, 2 h ;pH 
Determined in 0.1 M sodium phosphate buffers (pH 11 and 

Isopropyl alcohol-1% 

preparative TLC [silica gel; CHC13-acetone, 1 : 1 (v/v)]. 
Methods. Proton NMR spectra in the FT mode were ob- 

tained by using a 220-MHz Varian instrument. Field de- 
sorption mass spectroscopy was kindly performed at the Na- 
tional Science Foundation Regional Mass Spectroscopy Fa- 
cility at The Johns Hopkins University, Baltimore, by Dr. 
Robert J. Cotter, Facility Manager. Infrared spectra were 
obtained on KBr micropellets (200-pg sample) by Kendall 
Infrared Laboratories, Plainfield, NJ. Cary 219 and Gilford 
250 instruments were used for ultraviolet spectra and absor- 
bance determinations, respectively. 

Activation of MC in a Microsomal System. In two separate 
vessels 0.5 mL of the microsomal preparation at 0 OC and a 
mixture of 13.3 pmol of MC and 13.8 pmol of NADPH in 
10.0 mL of 0.2 M sodium phosphate buffer, pH 7.1, at 37 OC 
were deaerated by bubbling helium gas (chromatographic 
grade) for 15 min; then 50 pL of the microsomal preparation 
(0.56 mg of protein) was transferred to the MC solution. 
Helium bubbling continued for 15 min. A color change from 
blue (MC) to deep purple was noticeable. The mixture was 
exposed to air, filtered rapidly, then applied immediately to 
a Sephadex G-25 column, and eluted with 0.02 M N&HC03. 

Activation of MC by catalytic hydrogenation was accom- 
plished by first deaerating a solution with helium containing 
13.3 pmol of MC and 1.6 mg of P t02  in 10.0 mL of 0.34 M 
sodium phosphate, pH 7.05, followed by bubbling H2 gas for 
3 min and then again helium for 5 min, at room temperature. 
The same color change occurred as above. The mixture was 
exposed to air and filtered and the filtrate chromatographed 
as above. 

Activation of MC by Na2S2O4. MC (6.5 pmol) in 5.0 mL 
of 0.34 M sodium phosphate, pH 7.05, was deaerated as above; 
then 44 pL of 0.29 M Na2S204 (12.6 pmol) (freshly prepared 
under anaerobic conditions) was added at room temperature. 
After l0-min incubation, the mixture was exposed to air (5-min 
bubbling) and chromatographed as above. 

Quantitation of MC and its products was based on UV 
spectrophotometry in aqueous media as described previously 
(Tomasz & Lipman, 1979). Spectral properties of additional 
compounds (111, VIII) are given in Table I. 

Alkaline phosphatase and snake venom diesterase treat- 
ments of phosphate derivatives of MC as well as separation 
and identification of the products of enzyme treatments were 
described previously (Tomasz & Lipman, 1979). 

Synthesis of ZZZ.2 This new MC derivative was obtained 
by hydrolysis of I1 in 0.05 N HCl for 20 min at 25 OC, in 
complete analogy to the conversion of I to a mixture of VI and 
VI1 (Stevens et al., 1964; Taylor & Remers, 1974), and pu- 
rified by Sephadex G-25 chromatography. The single peak 
obtained from the column behaves as a homogeneous com- 

This part of the work was skillfully carried out by Lydia Koppel. 

a 

C 

d 

260 660 800 I O 0 0  

Elution volume, ml 
FIGURE 1: Separation patterns of products of M C  activated under 
various conditions in the presence of inorganic phosphate (see 
Methods). Sephadex G-25 (fine) column chromatography (2.5 X 56 
cm, 0.02 M N&HC03 eluant, void volume 131 mL, inclusion volume 
220 mL) was used. (a) Products of incubation of M C  in 0.34 M 
sodium phosphate, pH 3 - 5 2  h, room temperature (Tomasz & Lipman, 
1979). (b) Products of microsomal activation. (c) Products of catalytic 
hydrogenation. (d) Products of Na2S20, activation. 

pound in all systems tested (Table I). Its structure as I11 is 
proven by its 7-aminomitosene3 spectra at three pH values 
(Table I) and its conversion to the 7-OH analogue of 111, a 
known compound (Webb et al., 1962; Stevens et al., 1964), 
by treatment with 0.2 N HCl for 7 h. These conditions hy- 
drolyze the 7-NH2 to the 7-OH group in mitosenes but are 
too mild to hydrolyze the 10-carbamate if present (same 
references). The stereochemistry of I11 at C, remains unde- 
fined by these experiments. 

7-Aminomitosenes are exemplified by IV-VIII, while a 7- 
aminomitosane is exemplified by I. The UV spectra of these two classes 
ate highly distinguishable (Webb et al., 1962). 7-Hydroxy analogues can 
also be distinguished from the above by their UV spectra (Webb et al., 
1962; Stevens et al., 1964). 



5058 B I O C H E M I S T R Y  

Results 

Activation of MC by Microsomes: Reduction and Alkyl- 
ation Products. The chromatography pattern (Figure lb) 
indicates the following products: microsomal protein peak at 
131 mL (not shown); NADP + NADPH mixture at 205 mL 
(same as that of an authentic mixture); a purple peak Y, 303 
mL, showing a composite UV spectrum of NADP, NADPH, 
and 7-aminomito~ene.~ The peaks marked MC, IVa, Va, VI, 
and VI1 were identified by comparison of various properties 
with those of the authentic compounds described previously 
(Tomasz & Lipman, 1979). The last peak, VIII, is a previ- 
ously unknown derivative of MC. Proof of its structure as VI11 
will be described below. The relative quantities of the various 
fractions are the following (in mol %): MC, 9; IVa, 25; Va, 
21; VI, 17; VII, 16, VIII, 11. 

Control Experiments. When either NADPH or microsomes 
were omitted or when air instead of helium was bubbled 
through the complete microsomal incubation system, all 
conversion products of MC were completely absent from the 
column pattern. Incubation of MC with NADPH alone ov- 
ernight gave similar negative results. 

Catalytic Hydrogenation: Reduction and Alkylation 
Products of MC. The chromatographic pattern (Figure IC) 
yielded the same products as that of the microsomal reduction 
except that the protein and NADP(H) peaks were absent. The 
mol % distribution was the following: MC, 42; IVa, 15; Va, 
15; VI, 9.7; VII, 10.2; VIII, 8. Overall recovery of material 
based on initial amount of MC was usually 80-90%. The 
balance of the material may be accounted for by a precipitate 
filtered out together with the PtO, before chromatography. 
This precipitate was dissolved in dimethyl sulfoxide, diluted 
carefully with column buffer, filtered from PtOz, and chro- 
matographed as above, yielding VI, VII, and VI11 in about 
the same ratios as above. 

Alkylation products of 5'-UMP (IVb and Vb) were obtained 
by both microsomal and H2/Pt02 activation of MC by the 
methods above, except that 0.02 M 5'-UMP, pH 7.4, was 
substituted for the sodium phosphate. The alkylated UMPs 
(IVb, Vb) coeluted with MC from the usual column. Their 
presence was verified in the mixed fractions by paper elec- 
trophoresis and TLC by use of direct comparison with au- 
thentic standards obtained previously by other means (Tomasz 
& Lipman, 1979). In addition, snake venom diesterase 
treatment of the mixed column fractions from the microsomal 
experiment followed by chromatography on the Sephadex G-25 
column yielded 5'-UMP (0.9 pmol), unchanged MC, VI (0.35 
pmol), and VI1 (0.45 pmol). These data indicate that in the 
original mixture of the trans and cis isomers IVb and Vb, their 
molar ratio was approximately 0.8:l. Their combined yield 
was 6%, based on original MC. 

UpU or uridine was not alkylated under conditions analo- 
gous to those above (Le,, UpU or uridine substituted for 5'- 
UMP). 

Activation of MC by N a f i 2 0 4  yielded a column pattern 
(Figure Id) strikingly different from the previous ones. No 
trace of IVa, Va, VI, VII, or VI11 was evident. The over- 
lapping peaks were pooled into four separate fractions; each 
was rechromatographed in order to obtain a reference elution 
pattern and then treated with alkaline phosphatase. Chro- 
matography indicated no change in the elution patterns in any 
of the four fractions as a result of the phosphatase treatment. 
These results suggested that no phosphate alkylation products 
of MC were formed in the original reaction. This was cor- 
roborated by a control reduction of MC by Na2S204 in the 
absence of sodium phosphate which gave the same charac- 

T O M A S Z  AND L I P M A N  

Table 11: 220-MHz 'H NMR Dataa for VI11 and N2-Acetyl-VIII 

Nz-ace tyl-VI11 

8.44 (d, 1, J =  6.6 Hz, 

VI11 

in Me,SW, in 50% acetoned,-D,O in Me,SOd, 

6.47 (br s , ~  4, 5.25 (s, 2, C,,H,) 
C,NHOAc) 

4.23 (dd, 1 , J =  
12.9, 6.5 Hz; 

4.28 (ragged s, 1, C,H) 

4.02 C,Hd (ragged s, 1, 3.92 (dd, 1, C,Hp) 

c,H) 

W p )  w C l H d  

Cl%) 

C & 3 )  

3.76-3.69d (dd, 

3.03 (dd, 1 , J =  
16.6, 6.9 Hz, 

3.25 (dd,J= 16.6, 6.9 

2.70 (dd, 1 , J =  16.6, 
5.4 Hz, C,Hp) 

1.81 (s, 3, C,CH,) 2.5-2.44e (m, 

1.73 (s, 3, C,CH,) 

6.51 (br s,'4, C,NH,, 

5.01 (s, 2, C,,H,) 
CONH,) 

4.79 (m, 1,  C,H) 

4.34 (dd, 1 , J =  13.0, 
7.5 Hz, C,H,) 

4.00 (dd, 1, J =  13.0, 
4.1 Hz, C,Hp) 

3.13 (dd, 1,J= 13.7, 
7.5 Hz, C,H,) 

1.81 (s, 3, 
NCOCH,), 1.73 (s, 

2.70f (dd, C,Hp), 

3, C,CH,) 
In 6 ; Me,Si is used as internal standad. JJ Protons exchange- 

able in D,O are not listed, unless noted otherwise. 
able in D,O. d Distorted by HDO side band. e Distorted by 
Me,SO band. 

teristic pattern of products as that in the presence of phosphate 
(Le., Figure Id). 

Proof of Structure of VZZZ. Properties of VI11 are listed 
in Table I. The UV data indicate the 7-aminomitosene 
chr~mophore.~ The IR spectrum shows a strong band at 17 15 
cm-', known to specify the Clo carbamate group in mitomycin 
derivatives [e.g., Stevens et al. (1964)l. Field desorption mass 
spectra show only two peaks, m / e  304 (100%) and 305 (30%), 
assigned M+ and MH+ ions, respectively (calculated M = 
304). Electrophoresis indicates it is a base (Table I), moving 
about as fast as VI (faster than VII) at pH 3.5 (Tomasz & 
Lipman, 1979). The NMR spectra (Table 11) were analyzed 
in comparison to the known NMR spectra of VI and VI1 
(Taylor & Remers, 1975; also determined by ourselves for 
direct comparison). The main supporting features of the NMR 
for structure VI11 in Me2SO-d6 are the following: (a) The 
Clo protons form a sharp singlet rather than an AB quartet 
as in VI and VII, J = 12.0 and 12.7 Hz, respectively [M. 
Tomasz, unpublished experiments; see also Hornemann et al. 
(1979)l. This indicates that the asymmetry of C1, responsible 
for the AB quartet type splitting in VI and VII, is not present 
in VIII. (b) The C, protons shifted far upfield, from 6 4.60 
in VI and 4.67 in VI1 to 6 3.03 and 2.5, as two double 
doublets: consistent with the C(0H)H - CHI change in VIII. 
As further proof, VI11 was acetylated (4 mg of VIII, 0.3 mL 
of acetic anhydride, 0.8 mL of anhydrous pyridine, ice or room 
temperature, 10 min to 17 h), giving a single compound, Ry 
0.73 in systems d and g of Table I, which crystallized from 
water. The NMR spectrum (Table 11) shows one acetyl group 
(6 1.81) and a low-field doublet (6 8.44), observed in N- 
acetylmitosenes (Taylor & Remers, 1975). These and all other 
features of the spectra are fully consistent with M-acetyl-VI11 
as the sturucture. This fact, in turn, further confirms the 
structure of VIII. 

Chemical Stability of VZZZ. Treatment with 0.01 N HCl 
at room temperature for 2 h converted ca. 50% of VIII to a 

Exchange- 

Distorted by Me,SO side band. 

~ 

NMR spectra in acetone-d6/D,0 allowed observation of C,H, free 
from the overlap with the solvent peak observed in Me2SO-d6; see Table 
11. 



M I C R O S O M A L  M E T A B O L I S M  O F  M I T O M Y C I N  C V O L .  2 0 ,  N O .  1 7 ,  1 9 8 1  5059 

Scheme I 

IVa, R = H 
b, R = uridyl-5'- 

VI 
n 

t o  

H' ( i n t e r n 0 1  r e d o x  r e o c t i o n l  
c 

Table 111: Yield of VI11 at Various pHsa 

PH yield (%) 

5.1 52 
7.0 15 
9.0 0 

MC was activated by catalytic hydrogenation in the presence 
of 0.34 M sodium phosphate as under Methods. The pH of the 
phosphate buffer was varied as indicated. Based on the total 
amount of MC converted. 

7-hydroxymitosene, as evidenced by the indicator and UV 
spectral properties of the product3 and by a lower elution 
volume from a Sephadex G-25 column; 0.2 N HCl(4  h) and 
2 N HCl(2 h, 60 "C) effected partial and complete conversion, 
respectively, of this 7-hydroxymitosene to a new 7- 
hydroxymitosene having yet lower elution volume. These 
conversions are interpreted as acid hydrolysis of the 7-amino 
group followed by hydrolysis of the Clo carbamate under 
stronger acid conditions, in complete analogy to these steps 
known in the 2,7-diamino- 1 -hydroxymitosene series (Stevens 
et al., 1964), although VI11 requires somewhat lower con- 
centrations of HCl for these reactions. 

Occasionally, partial conversion of VI11 to its 10- 
decarbamoyl derivative was observed upon prolonged handling 
or storage in neutral solution at 5 OC. Assignment of structure 
of the conversion product was based on FD mass analysis [m/e  
261 (M+, loo%), 262 (MH', 12%)], lack of the 1715-cm-' 
band (carbamate carbonyl) in the IR spectrum, and the 
presence of the 7-aminomitosene UV spectral  characteristic^.^ 

p H  Dependence of Formation of VIII. The usual experi- 
ment of reduction of MC by H2/Pt02 (Methods) was modified 
by varying the pH of the phosphate buffer as 5.0,7.0, and 9.0. 
A striking pH dependence of product distribution was ob- 
served, as seen in Table 111, indicating that VI11 is maximally 
produced at acid pH. 

Discussion 
Identification of the components of the complex reduction 

mixture of MC was greatly aided by our previous study of 
activation of MC by low pH (3-5) alone to alkylating agent 

. .  
0 3 Z ' . . N H 2  

VI11 

Table IV: Extent of Alkylation of Various Substrates by MCa 

1,2-cis/l,2-trans 
substrate product yield (%) isomer ratio 

I V a t  Va 20-47 -1 
-1 

Pi 
5'-UMP IVb t Vb 14 
UPU no ne 
uridine none 

~ 

MC was activated by catalytic hydrogenation in the presence 
of either 0.34 M sodium phosphate (see Methods), 0.02 M S-UMF', 
0.02 M UpU, or 0.02 M uridine, respectively. Based on the total 
amount of MC converted. 

(Tomasz & Lipman, 1979), which provided a series of rig- 
orously characterized MC-alkylated phosphate derivatives, as 
well as the discovery that simple Sephadex G-25 gel filtration 
chromatography separates MC derivatives with extraordinary 
selectivity. For comparison, Figure 1 includes a representative 
product pattern of alkylation of Pi by low-pH-activated MC 
(Figure la). 

The course of reductive activation of MC by microsomes 
is summarized by Scheme I, showing formation of the five 
major products (IV-VIII) isolated after exposure of the 
anaerobic reduction mixture to air (Figure lb). Four of these 
are identical with the low-pH-activated products (Figure 1 a), 
namely the 1,2-trans and -cis pairs of the mitosene I-phos- 
phates (IVa, Va) and of the hydrolysis products of MC (VI 
and VII). When Pi was replaced by 5'-UMP as the added 
nucleophile, the analogous phosphate alkylation products IVb 
and Vb were formed readily with no change otherwise in 
product pattern. In contrast, the phosphate group of UpU is 
not alkylated by MC (Table IV). Resistance of the phos- 
phodiester group to alkylation was also observed in the case 
of low-pH-activated MC, and its rationale was discussed 
(Tomasz & Lipman, 1979). 

VI11 is a new 7-aminomitosene derivative, quite unusual in 
having no substituent in position 1. Its structure proof is 
discussed under Results. In addition to the identified products 
of Scheme I, NADP(H) itself also appears to be alkylated by 
MC, judging from the UV spectrum of the unknown peak Y 
(Figure lb). This alkylation may occur on the monophosphate 
group of NADP(H), in analogy to alkylation of the phosphate 
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Scheme I1 
O H  I 

T O M A S Z  A N D  L I P M A N  

IX 

of 5’-UMP above, although other possible positions are cer- 
tainly not excluded. 

It was of considerable interest to us to compare the product 
pattern of microsomal activation of MC to that obtained upon 
chemical reduction. Finding a simpler system which gives the 
same products without the protein, NADP(H), and alkylated 
NADP(H) components present in the already complex product 
mixture of MC would facilitate studies of the alkylating 
properties of MC using more complex substrates. Brief cat- 
alytic hydrogenation (3 min, a trace of PtO,) was found to 
be such a system (Figure IC), reproducing the microsomal 
reactions with unexpected fidelity, both qualitatively and in 
relative distribution. Sodium dithionite (Na2S204) reduction 
of MC, however, yielded an entirely different set of products 
(Figure Id). The significance of this last finding will be 
discussed later. 

Rat liver homogenate (Schwartz et al., 1963), bacterial 
lysates (Iyer & Szybalski, 1964), mouse liver microsomes and 
liver nuclear fracAons (Kennedy & Sartorelli, 1979), and 
sonicated mouse tumor cell preparations (Kennedy et al., 
1980a,b) have been shown to metabolize MC, as indicated by 
the decrease of absorbance of MC at its characteristics 367-nm 
UV maximum in the incubation mixtures. Kennedy & Sar- 
torelli (1979) also noted that a certain color test for alkylating 
agents was positive in their microsomal system when MC was 
added. All of these systems required NADPH and anaerobic 
conditions for the above phenomena. Our results are consistent 
with these findings: in the absence of added NADPH or in 
the presence of air, all of the MC is recovered unchanged. 

The microsomal reduction dependent formation of 1- 
phosphate derivatives of MC represents the first direct chem- 
ical evidence that MC is a bioreductive alkylating agent. In 
addition, these products, together with the other three iden- 
tified metabolites, VI, VI1 and VIII, provide the first exper- 
imental insight into the activation mechanism of MC. A 
remarkable hypothetical mechanism was proposed by Iyer & 
Szybalski in 1964, and less directly by Patrick et al. (1964). 
The essential feature of the hypothesis (Scheme 11) is that the 
biologically active form of MC is the hydroquinone IX, formed 
by reduction of the inert quinone I, followed by spontaneous 
loss of methanol. IX then functions as a bifunctional alkylating 
agent; the arrows indicate the postulated sites of attack by 
nucleophiles, resulting in displacement of the C1 aziridine and 
Clo carbamate leaving groups. Formation of IV-VI1 indicates 
that in the reduced state the aziridine ring is indeed activated 
and opens, to give alkylation and hydrolytic products, with 
concomitant loss of methanol from positions 5 and 6, as 
postulated. The fact that enzymatic (microsomal) activation 
and catalytic hydrogenation yield identical products suggests 
that only the first step, i.e., reduction of the quinone to the 
hydroquinone form, is enzymatic (Scheme I). The hydro- 
quinone forms of the products are probably reoxidized to 
quinone during isolation and/or by intermolecular electron 
transfers between various quinones, semiquinones, and hy- 
droquinones present during the reaction. 

In a theoretical paper, Moore (1977) proposed further de- 
tails of the basic Iyer-Szybalski mechanism, namely that the 

Scheme 111 

‘“2 
OH u. 

X 

XI 

Scheme IV 

X 

C aziridine and Clo carbamate are eliminated spontaneously 
from IX, giving rise to intermediates X and XI, consecutively. 
Attack by nucleophiles then follows at C1 and Cl0 of the 
quinone methide XI (Scheme 111). The net result is the same 
as that of the direct attacks on IX. Our findings provide good 
evidence that the “first half’ of this mechanism is correct: 
formation of VI11 is best explained by protonation of the 
presumed intermediate X of Moore (Scheme IV). The 
striking increase of the yield of VI11 with lowering of pH 
(Table 111) supports this mechanism. At pH 5 ,  VI11 is almost 
the sole product of the reductive metabolism, while none is 
formed at pH 9. It is possible that intramolecular proton 
transfer is involved from the protonated 2-amino group of X 
to the 1 position of the double bond. (Note that the IX - 
X - VIII conversion represents an internal redox reaction.) 
In summary, VIII can be regarded as a “trapped form” of X, 
providing strong experimental support for X as an actual 
intermediate. Whether the 1-substituted mitosenes IV-VI1 
are also formed via X by addition of the nucleophile to the 
double bond of X at the 1 position (Moore mechanism) or 
directly from IX is not indicated by our results. The ratio of 
1,2-cis and -trans isomers (approximately 1:l) does not give 
an obvious clue to this question. The fact, however, that X is 
present during the reaction makes the Moore mechanism quite 
likely. 

Our experiments prove that MC is activated to an alkylating 
agent by enzymatic reduction. The reactive site is the C1 
aziridine position, as previously postulated. The second pos- 
tulated alkylating function, namely the Clo carbamate position, 
is inert in our systems. A consistent result was briefly reported 
recently by Hashimoto et al. (1980). They isolated the guanine 
analogue of Vb as the only identifiable product upon reaction 
of 5’-GMP with MC under H2/palladium activating condi- 
tions. It should be remembered that the existence of two 
alkylating functions of MC was originally postulated (Iyer & 
Szybalski, 1964) simply because DNA was found cross-linked 
after exposure to MC, implying two points of attachments of 
the drug. The monofunctional binding mode greatly pre- 
dominated over the extent of cross-linking (Szybalski & Iyer, 
1964; Weissbach & Lisio, 1965). The postulate made no 
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prediction as to which of the two functions (C, or Clo) should 
be more reactive. It is,clear from the present work that the 
aziridine (C,) of activated MC is far more reactive than any 
second potential alkylating function, and consequently, it is 
most likely to be responsible for the observed monofunctional 
binding to DNA. We looked hard for evidence for any re- 
action at Clo. In order to provide an authentic reference for 
the predicted product of reductive hydrolysis at both C1 and 
Clo (111; bifunctional activation product), 111, a new compound, 
was synthesized. However, I11 was not detectable in any 
reduction mixture of MC or in alkaline phosphatase digests 
of phosphate alkylation products isolated from such mixtures. 
Attempts to activate the Clo carbamate by using more drastic 
conditions (10-fold increase of NADPH or more prolonged 
hydrogenation (30 min) resulted in a diffuse pattern of 
products with UV spectra unknown in the MC and mitosene 
~e r i e s ,~  and no phosphate seemed to be attached to any of them 
(unpublished results). This indicated that even if the Clo 
carbamate was lost at this stage, the products were not the 
7-aminomitosene type compounds as predicted by the hy- 
pothesis. These results contrast with those of a chemical model 
system recently reported by Hornemann et al. (1979). When 
NazSz04 as reducing agent in the presence of potassium ethyl 
xanthate (EtOC(S)S-K+) as nucleophile is used, the 1,lO- 
bis(ethylxanthyl)-7-aminomitosene was obtained as the main 
product (40% yield). This NazSz04-induced model alkylation 
system of MC, however, may not be directly comparable to 
the bioreductive system used in the present work since the 
former is known to be complicated by side reactions: HSO,, 
the oxidation product of Na2SZO4, itself reacts rapidly with 
reduced MC, forming one known and three unknown bisulfite 
adducts (Hornemann et al., 1976). Thus, it is possible that 
some of these adducts mediate the course of reactions of MC 
with ethyl xanthate. When we substituted NazSz04 for mi- 
crosomes/NADPH or Hz gas in our MC alkylation system, 
no phoshate alkylation, hydrolysis products, or VI11 were 
observable (Figure Id; Results). It appears that bisulfite 
competes for reduced MC with Pi, water, or the protonation 
reaction so effectively that only the bisulfite adducts are 
formed. In summary, the question of a second alkylating 
function of MC and, therefore, the nature of the cross-links 
in DNA remains open. In order to enhance the low reactivity 
(if any) of such a function under bioreductive conditions, 
“DNA-like” model nucleophiles should be used as probes in 
which the second, weaker alkylation step is facilitated by fixed 
proximities as in double-stranded DNA. 

Elucidation of the anaerobic metabolism of MC receives 
added importance in view of findings of Sartorelli and his 
group (Kennedy et al., 1980a,b) that at low doses MC is 
selectively toxic to hypoxic tumor cells in vitro.5 It is most 
likely that the anaerobic metabolites and/or their reactive 
precursors identified in the present work play a direct role in 
this cytotoxicity. 
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This selectivity disappears at higher doses of MC. The killing of 
well-oxygenated cells at higher levels of drug is suggested by the above 
authors to be due to the repeated one-electron reduction/autoxidation 
cycles of MC, generating hydrogen peroxide (Tomasz, 1976) and its 
precursor, the superoxide radical (Bachur et al., 1978; Lown et al., 1976; 
Handa & Sato, 1975). 
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