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kidney and liver samples were washed with water to remove excess 
blood. The brain and plasma samples were stored frozen (-15 
°C) until analyzed. A second group of 10 mice was given the same 
apomorphine dose daily for 14 days. Twenty-four hours after the 
14th dose, the mice were sacrificed. Blood and tissue samples 
were collected as described above. 

The plasma samples were analyzed for total radioactivity by 
counting 20-50-ML portions mixed in 10 mL of Redi-Solv. Ex-
tractable radioactivity was determined by mixing 50 /JL of plasma 
with 150 tih of 0.1 M phosphate buffer, pH 6.8 (final pH = 7.0), 
containing 1.0 mg/mL of ascorbic acid, and extracting with 1.0 
mL of ethyl acetate by shaking 30 min in a horizontal shaker. The 
samples were centrifuged at 0 °C and 2000g for 10 min. The ethyl 
acetate layers (0.8 mL) were counted for tritium after addition 
to 10 mL of Redi-Solv. The organ samples were thawed and 
homogenized with a Polytron homogenizer in convenient volumes 
of deionized water. The tissue homogenate (0.2-0.5 mL) was 
solubilized in 0.5-1.5 mL of protosol by incubating at 50 °C for 
30 min with occasional hand mixing. The samples were bleached 
by mixing with 0.5-1.0 mL of 30% hydrogen peroxide added in 
small portions and kept at 50 °C for 30 min. Subsequently, the 
samples were mixed with 15 mL of Redi-Solv and neutralized by 
adding 40 nL of acetic acid for each milliliter of tissue solubilizer 
added. The samples were kept in the dark for at least 48 h before 
counting for tritium. 

Covalent Binding of Apomorphine in Mice. Apomorphine 
(30 mg/kg) fortified with [3H]-1 (0.153 mCi/kg) was administered 
to 25 male CD-I mice. After 24 h, blood samples and brains were 
collected from 15 mice. The plasma was separated after cen-
trifugation, and the samples were pooled so that each sample 
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Numerous Streptomycete s trains isolated from soil 
samples are known to produce orange-red chromopeptides, 
actinomycins, which are very active as antibiotics and are 
effective as inhibitors of tumor growth.1 Combined 
t rea tment by surgery, radiotherapy, and actinomycin has 
led to impressive successes for Wilms' tumor in children. 
T rea tmen t of gestational choriocarcinoma in adults with 
actinomycin D (AMD, la) alone or in combination with 
methotrexate has been successful and curative.1,2 But the 
clinical application of AMD is restricted to only a few 
tumors because of its high toxicity in the host. The de-

(1) J. Meienhofer and E. Atherton in "Structure-Activity Rela
tionship among the Semisynthetic Antibiotics", D. Perlman, 
Ed., Academic Press, New York, 1977, p 427. 

(2) S. Farber, J. Am. Med. Assoc, 198, 826 (1966). 

represented five mice. The pooled plasma samples were stored 
frozen (-15 °C) until analyzed. The brains were separated into 
striata, cerebella, and remaining forebrain areas and then pooled 
into three samples. The pooled brain samples were stored frozen 
(-15 °C) in 0.5-2.0 mL of 1.0 mg/mL of ascorbic acid solution 
until analyzed. The other 10 mice were given daily doses of 1 
(as above) for 2 weeks. Twenty-four hours after the 14th dose 
the mice were decapitated and the samples were collected as in 
the single dose study, except that the blood and brain samples 
were pooled into five samples. All samples were analyzed within 
24 h of animal sacrifice by use of method A described above. 
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velopment of modified actinomycins of lower toxicity 
and /or broader anti tumor activity is thus highly desirable. 

AMD forms a complex with DNA; its planar chromo-
phore unit intercalates between pdG-dC base pairs.3'4 The 
key to this interaction also lies in the steric fit of the 
peptide moieties (P) and thus a specified conformation of 
the cyclic pentapept ides is impor tant for DNA binding. 
The overall effect of this is the inhibition of DNA-de-
pendent RNA synthesis.5 However, intercalation may 

(3) H. M. Sobell and S. C. Jain, J. Mol. Biol., 68, 21 (1972). 
(4) W. Muller and D. M. Crothers, J. Mol. Biol, 35, 251 (1968). 
(6) I. H. Goldberg and E. Reich, Fed. Proc, Fed. Am. Soc. Exp. 

Biol, 23, 958 (1974). 
(6) C. W. Mosher, K. F. Kuhlmann, D. G. Kleid, and D. W. Henry, 

J. Med. Chem., 20, 1055 (1977). 

"Reverse" and "Symmetrical" Analogues of Actinomycin D: Metabolic Activation 
and in Vitro and in Vivo Tumor Growth Inhibitory Activities 

Departments of Obstetrics and Gynecology and Biochemistry, Boston University School of Medicine, Boston, 
Massachusetts 02118. Received April 19, 1984 

Two new classes of actinomycin D analogues, tetracyclic "reverse" analogues and a tricyclic "symmetrical" analogue 
of actinomycin D, are reported. These analogues bind to DNA and the binding does not occur by an intercalation 
mechanism. The analogues inhibit the synthesis of DNA and RNA in P388 tumor cells and the growth of CCRF-CEM 
cells in vitro at nanomolar concentrations. The tetracyclic "reverse" analogues, which are structurally related to 
the previously reported actinomycin D oxazolyl analogues, are metabolized in the presence of rat hepatic microsomes 
and tumor cell homogenates. The metabolism takes place with the loss of the oxazole ring; thus the "reverse" analogues 
produce a major metabolite which is the "symmetrical" analogue; the actinomycin oxazolyl analogues generate 
7-hydroxyactinomycin D. Further, the microsomes activate the analogues to free-radical states which catalyze the 
production of superoxide as shown by stimulation of epinephrine oxidation and also indicated by electron paramagnetic 
resonance studies. The "symmetrical" and "reverse" analogues also demonstrate very high activities in these systems. 
In in vivo studies using P388/S, P388/ADR leukemia, and B16 melanoma in mice, the analogues showed increased 
activity and superior therapeutic index values, in comparison to actinomycin D. 
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account only in par t for the antineoplastic activity of the 
drug. Recent evidence suggests that cell death may result 
from damage to DNA caused by free-radical species formed 
or induced by quinone xenobiotics such as actinomycins 
and anthracyclines.8 - 1 2 In the presence of cofactors, 
cellular microsomes and isolated nuclei can activate these 
xenobiotics to free-radical states.12"15 Oxygen is consumed 
during this process, and it is believed tha t actinomycin, 
like other quinone xenobiotics, can serve as an electron 
carrier between a flavoprotein and molecular oxygen to 
produce superoxide.11-15 Superoxide is an extremely re
active species and can dismutate to a variety of other toxic 
radicals tha t can cause damage to biological macromole-
cules. 

I t is reported tha t the quinone imine chromophore of 
actinomycin can be reduced by red-ox enzymes, one of 
which is a heme enzyme, NADPH-cytochrome P-450 re
ductase. The reaction can be mediated by flavoproteins 
with the transfer of an electron to quinone imine in AMD 
to generate a quinone imine radical. Nakazawa and 
Bachur and others1 1 1 2 have demonstrated tha t AMD can 
be st imulated to an intermediate ion radical form which 
causes the chromosomal damage and DNA fragmentation 
in cells; this process is lethal, especially to rapidly prolif
erating cells. 

We have been interested in the bioactivation of acti
nomycin and related tetracyclic analogues, which were 
designed as better substrates for microsomal enzymes and 
for generation of free-radical species and which presumably 
would make them more specific for the hypoxic tumor 
cells, e.g., melanoma and colon carcinoma.36 Typical of 
these analogues, actinomycin D oxazolyls "AMD-OZL" 9a 

(7) S. Moore, M. Kondo, M. Copeland, J. Meienhofer, and R. K. 
Johnson, J. Med. Chem., 18, 1098 (1975). 

(8) B. K. Sinha, M. G. Cox, and C. F. Chignell, J. Med. Chem., 21, 
958 (1978). 

(9) W. Ostertag and W. Kersten, Exp. Cell. Res., 39, 296 (1965). 
(10) M. F. Bridge and M. R. Melamed, Cancer Res., 32, 2212 (1972). 
(11) H. Nakazawa, F. E. Chou, P. A. Andrews, and N. R. Bachur, 

J. Org. Chem., 46, 1493 (1981). 
(12) N. R. Bachur, M. V. Gee, and S. L. Gordon, Proc. Am. Assoc. 

Cancer Res., 19, 75 (1978). 
(13) N. R. Bachur, M. V. Gee, and R. D. Friedman, Cancer Res., 42, 

1078 (1982). 
(14) B. K. Sinha and M. G. Cox, Mol. Pharmacol, 17, 432 (1980). 
(15) B. K. Sinha, M. G. Cox, C. F. Chignell, and R. L. Cysyk, J. 

Med. Chem., 22, 1051 (1979). 
(16) S. K. Sengupta, S. K. Tinter, H. Lazarus, B. L. Brown, and E. 

J. Modest, J. Med. Chem., 18, 1175 (1975). 

Figure 1. (A) EPR spectrum of actinomycin D (la) free-radical 
anion formed in anaerobic 0.5-mL incubations of 5 mM NADPH, 
1 mM AMD, 0.2 M potassium phosphate buffer (pH 7.4), and liver 
microsomes (0.25 mg). EPR conditions at room temperature were 
microwave power, 5 mW; microwave frequency, 9.51 GHz; mod
ulation amplitude, 8 G; time constant, 0.5 s; scan time, 8 min; 
receiver gain, 6.3 X 104, magnetic field, 3380 G. (B) EPR spectrum 
of "symmetrical" AMD analogue (4a) free-radical anion formed 
in anaerobic 0.5-mL incubations of 5 mM NADPH, 1 mM 4a, 0.2 
M potassium phosphate buffer (pH 7.4), and liver microsomes 
(0.25 mg). EPR conditions at room temperature were microwave 
power, 5 mW; microwave frequency, 9.51 GHz; modulation am
plitude, 8 G; time constant, 0.5 s; scan time, 8 min; reciver gain, 
6.3 X 104; magnetic field, 3380 G. (C) EPR spectrum of "reverse" 
analogue 7a free-radical anion formed in anaerobic 0.5-mL in
cubations of 5 mM NADPH, 1 mM 7a, 0.2 M potassium phosphate 
buffer (pH 7.4), and liver microsomes (0.25 mg). EPR conditions 
at room temperature were microwave power, 5 mW; microwave 
frequency, 9.51 GHz; modulation amplitude, 8 G; time constant, 
1.0 s; scan time, 8 min; receiver gain, 1.25 X 106; magnetic field, 
3380 G. (D) Control and model derivatives under identical 
conditions (see text). 

and 10a and "reverse" AMD analogues 7a and 8a are 
shown (Figure 1 and Char t I). They retain the cyclic 
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pentapeptides of AMD; however, they also feature an extra 
oxazole ring at tached to the original phenoxazine chro
mophore of AMD. The model analogues l b - 8 b retain the 
chromophores but not the pentapeptide lactone (P) groups; 
instead they carry diethylamide functions (Chart I) at the 
sites of the pept ide lactones. The "reverse" AMD ana
logues 7a and 8a carry the entire chromophore of AMD 
but differ from AMD in their three-dimensional structure. 
The oxazole ring in these analogues was formed a t the 
expense of the original 2-amino and 3-oxo functions located 
on the B ring of AMD; these functions are regenerated on 
the A ring. Consequently, the relative steric relationship 
of the newly generated functions and especially that of the 
2-amino function in relation to the hydrogen bonded P 
groups (see Figure 1) is different from the one in AMD. 
The two (a, /?) peptide (P) lactones in actinomycin D ( la) 
are reported to be hydrogen bonded by interannular bonds, 
thereby giving a relatively rigid geometry of the one P vs. 
the other. In addition, the /3-peptide is hydrogen bonded 
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further to the 2-amino function of AMD and the a-peptide 
is not. As a result of this and other nonsymmetrical hy
drogen bondings of the peptide (P) and the chromophoric 
functions (2-amino and N-10),17 the original peptide con
formations of AMD would appear to be reversed in the 
"reverse" analogues (imagine rotating the "reverse" ana
logues 180° around their N5-O l° axis).29 

Chemistry. Synthesis of the "Reverse" and 
"Symmetrical" AMD Analogues. 7-Hydroxy-
actinomycin D (2a) was nitrated at the 8-position with 
aqueous sodium nitrite in ethyl acetate medium at 0 °C 
to give 3a in a respectable yield (75-80%). The 2-amino 

(17) M. S. Madhavarao, M. Chaykovsky, and S. K. Sengupta, J. 
Med. Chem., 21, 958 (1978). 

(18) S. K. Sengupta and D. Schaer, Biochim. Biophys. Acta, 521, 
89 (1978). 

(19) Y. C. C. Chiao, K. G. Rao, J. W. Hook, III, T. R. Krugh, and 
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(20) S. K. Sengupta, J. E. Anderson, Y. Kogan, D. H. Trites, W. R. 
Beltz, and M. S. Madhavarao, J. Med. Chem., 24,1051 (1981). 

(21) E. J. Modest and S. K. Sengupta, Cancer Chemother. Rep., 58, 
35 (1974). 

(22) S. K. Sengupta, J. E. Anderson and C. Kelly, J. Med. Chem., 
25, 1214 (1982). 

(23) T. F. Brennan and S. K. Sengupta, J. Med. Chem., 26, 448 
(1983). 

(24) S. K. Sengupta, H. Lazarus, and L. M. Parker, Proceedings of 
the 5th International Symposium on Medicinal Chemistry, 
IUPAC, Paris, July 9-12, 1976, Abstr. 090. 

(25) S. K. Sengupta, D. H. Trites, M. S. Madhavarao, and W. R. 
Beltz, J. Med. Chem., 22, 797 (1979). 

(26) M. S. Madhavarao, W. R. Beltz, M. C. Chaykovsky, and S. K. 
Sengupta in "Advances in Medicinal Oncology, Research, and 
Education", 12th International Congress, Buenos Aires, Ar
gentina, Oct 5-11, 1978, Pergamon Press, Elmsford, NY. 

(27) S. K. Sengupta, Y. Kogan, J. E. Anderson, T. F. Brennan, S. 
C. Chattoraj, and K. E. Edelin, Proc. Am. Assoc. Cancer Res., 
21, 270 (1980). 

(28) T. F. Brennan and S. K. Sengupta, In "Peptides, Structure and 
Function", Proceedings of the Sixth American Peptide Sym
posium, Georgetown University, Washington, DC, June 17-22, 
1979, E. Gross and J. Meienhofer, Eds., Pierce Chemical Co., 
Rockford, II, 1979, p 937. 

(29) S. K. Sengupta and S. K. Tinter, J. Heterocycl. Chem., 17,17 
(1980). 

and 3-oxo functions in compound 3a were transformed into 
an oxazole ring following the procedure described by 
u s 29,30,32 Ei t n e r pyruvic acid or benzoyl formic acid gave 
the respective oxazoles. However, in analogue 3a (P = 
peptide lactones), the condensation reaction could be ac
complished only with a prior treatment of 3a with chloral 
hydrate, which is known to disengage the hydrogen bonds 
between the 2-amino group and the peptide lactones.32 

The yields of the 7-nitro-8-hydroxyoxazoles 5a and 6a are 
in the order of 70-80%. In the model analogues (3b, P = 
NEt2), the reaction proceeds without aid of chloral. Al
ternatively, benzaldehyde could be used instead of ben-
zoylformic acid to synthesize 6a.29'32 Catalytic reduction 
of the 7-nitro group in 5a and 6a to the 7-amino group 
produced intermediate 7-amino-8-hydroxy derivatives, 
which were readily oxidized in air, as before, to the red 
amino o-quinone derivatives. The yields of the "reverse" 
analogues 7a and 8a were almost quantitative. The 
"symmetrical" analogue 4a was obtained via a similar 
catalytic reduction of 3a (Chart I). 

The synthesis of 5a-8a was accomplished following the 
procedures for 5b-8b which were reported.29,30,32 

Physical Properties. In physicochemical properties, 
the "reverse" analogues of actinomycin D are closer to 
AMD than to the AMD-OZL analogues. The UV-visible 
absorption spectra for "reverse" methyl analogue 7a in 
chloroform show the characteristic double absorption 
maxima of the amino o-quinone of phenoxazine, e.g., Xmax 
(CHC13) 450 and 430 nm, compared to AMD, \max (CHC13) 
442 and 424 nm.18"20 Similarly, the "reverse" phenyl 
analogue 8a has a double maxima at 458 and 445 nm. On 
the other hand, the AMD-OZL analogues show lone 
long-wavelength maximum at 498 nm (for phenyl-OZL, 6a) 
and 510 nm (for methyl-OZL, 5a). The long-wavelength 

(30) S. K. Sengupta, S. K. Tinter, and E. J. Modest, J. Heterocycl. 
Chem., 15, 129 (1978). 

(31) M. H. N. Tattersall, J. E. Sodergren, S. K. Sengupta, D. H. 
Trites, E. J. Modest, and E. Frei, III, Clin. Pharm. Ther., 17, 
701 (1975). 

(32) S. K. Sengupta, M. S. Madhavarao, C. Kelly, and J. Blondin, 
J. Med. Chem., 26, 1631 (1983). 
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Table I. Comparison of NMR Chemical Shifts (t> Values) of Protons in 
Phenyl AMD Analogue (8a), and AMD" 

'Symmetrical" AMD, 2-Phenyl-AMD-OZL (10a), "Reverse" 

proton 

H7» 
H8> 
4-Me6 

6-Me6 

D-Val NH (or 
D-Val NH (a 
Thr NH (a oi 
Thr NH (a oi 

or/3) 
or/3) 
•/?) 
• / ? ) 

AMD 

7.37 
7.64 
2.56 
2.34 
8.09 
7.94 
7.82 
7.20 

"symmetrical" analogue 4a 

2.32 
2.32 
8.09 
7.93 
7.82 
7.21 

proton 

H8 

H7 

11-Me 
9-Me 

"reverse" phenyl 8a 

2.64 
2.36 
8.07 
7.92 
7.81 
7.18 

AMD-OZL 
(2-phenyl) 

10a 

6.75 
2.67 
2.27 
8.55 
8.48 
6.82 
6.73 

"In CDC13 solvent, 100 MHz (JEOL FQ-90MHZ). Chemical shifts in parts per million (d) to low field from internal Me4Si. 6H7, H8, 6-Me, 
and 4-Me in AMD s Hs, H7, 11-Me, and 9-Me in "reverse" and AMD-OZL. 

absorption maximum of the "symmetrical" analogue 4a is 
at 473 nm. 

The NMR chemical shifts (Table I) and specific rotation 
data suggest that the molecular conformations of AMD 
and the "reverse" and "symmetrical" analogues are similar 
and are different from those in AMD-OZL analogues. In 
AMD (la) the peptide lactones are held in a special con
formation by the interannular hydrogen bonds between 
the NH of D-valine (a, /3) and the carbonyl of D-valine (a, 
/3), respectively. Moreover, one of the protons in the 2-
amino group in AMD is shown to be hydrogen bonded, 
linking the /3-pentapeptide lactone threonine NH and the 
chromophore N-10.17'20""28 The conformations of the pep
tide lactones in AMD-OZL analogues 9a and 10a are al
tered due to the lack of these functions. Also, the A ring 
in AMD-OZL analogues 9a and 10a is in the form of 
quinone imine as is the B ring in AMD; the A-ring methyl 
protons in these derivatives approach the character of the 
B-ring methyl protons in AMD. This is more so for the 
"reverse" analogues where the quinoid ring methyls and 
the benzenoid ring methyls have almost identical chemical 
shift values of the AMD ring methyls (Table I). However, 
in spite of a closer similarity between the two-dimensional 
structures of AMD and the "symmetrical" AMD analogue, 
there is some difference in the UV absorption and in NMR 
properties. The NMR chemical shifts (5) of the two ring 
methyls and also of the two ring amino hydrogens in the 
"symmetrical" analogue are the same; this is due to a rapid 
tautomerization between the quinoid and the benzenoid 
rings, A and B. 

The peptide conformations of AMD and of the previ
ously reported AMD-OZL analogue 9a are somewhat 
different; in contrast, there is a striking similarity in these 
features in AMD and the "reverse" analogues which are 
also evident from the chemical shift (5) values of the D-
valine and threonine NH (Table I).25,31 Also, there appears 
to be a relationship between the specific rotation values 
([<*]20nm) and ellipticity values ([0]) in the circular dichroic 
spectra of AMD and analogues;32 that these values can 
serve as indicators of the peptide conformations has been 
established.32 The specific rotation values of AMD and 
"symmetrical" and "reverse" analogues are practically the 
same. In short, conformation of peptides in AMD is no
ticeably different from that of "AMD-OZL" analogues. 

Biophysical Studies. The "reverse" analogues bind 
to calf-thymus DNA, but the spectrophotometrically de
termined binding (Xapp and I?app, equilibrium binding 
values) constants are found to be lower than those of AMD. 
The binding was also measured by thermal denaturation 
of DNA.5-18"22 The results of these studies suggest that 
there is a pronounced effect on the DNA-binding prop
erties by the amino group at C-7 of 7a and 8a; the 
"AMD-OZL" analogues do not carry this amino group and 
fail to bind to DNA (ATm = 0-1 °C). To investigate the 

modes of equilibrium binding, we also examined these 
bindings by viscometry experiment. 

The equilibrium binding constants (Kapp and Bapp) of the 
"reverse" methyl 7a and the "reverse" phenyl 8a were 
determined from the Scatchard plots of binding isotherms; 
the Scatchard plots were produced according to the pre
viously described methods using calf-thymus DNA.18 The 
Kapp values are 2.5 X 106 and 2.3 X 106 M"1, respectively; 
corresponding Sapp values are 0.038 and 0.036. DNA 
melting temperature showed ATm values 5.5 ± 0.3 for 7a 
and 6.7 ± 0.2 for 8a, exhibiting DNA binding. But, these 
"reverse" analogues associate with DNA less strongly; their 
frequency of binding is also lower compared to that of 
AMD.27'28 However, the "reverse" analogues failed to cause 
any measurable change in the ratio of the intrinsic viscosity 
(7) of DNA with the increasing ratios of [ligand] /DNA 
base pair (r), even when low molecular weight DNAs (0.5 
X 105 to 1.0 X 105) were employed. Under identical con
ditions, AMD showed a steady rise in the value of y with 
increasing r values.5,18 These viscometric experiments 
establish the fact that these "reverse" analogues, in contrast 
to AMD, do not intercalate into DNA. 

The "symmetrical" analogue 4a was found to associate 
with DNA more strongly than AMD (ATm = 7.9 ± 0.2 and 
Kapp and J5app values 6.3 X 107 M"1 and 0.13, respectively, 
compared to the corresponding values for AMD (ATm = 
7.1 ± 0.15 and Kapp = 2.3 X 107 M"1 and fiapp = 0.108). Like 
the "reverse" analogues, the "symmetrical" analogue 4a 
demonstrates lack of intercalative binding by viscometry. 
There is an apparent dichotomy in the absence of inter
calative binding and the evidence of a strong binding to 
DNA by the "symmetrical" analogue. We have observed 
that this molecule demonstrates rapid equilibration in 
solution. In this respect, this analogue is unique and is 
distinctly different from AMD and its various other ana
logues or even other tricyclic intercalative agents that we 
have known so far. 

Metabolic Studies. Metabolism in the Presence of 
Tumor Cell Homogenates. We have developed a method 
of using tumor cell sonicates to study the metabolism of 
the analogues of AMD. By use of sonicated cells, the 
dilution effects that would occur if flasks of cultured cells 
were used are avoided. Although the cells are disrupted 
by this method, their enzyme systems appear to remain 
active. Large numbers of tumor cells (P388 murine leu
kemia) were sonicated (Experimental Section) in Earle's 
balanced salt solution (EBBS) and were incubated with 
tritiated AMD and its analogues 7a and 9a (Table II) for 
16 h. In another experiment, the analogues were treated 
with rat hepatic microsomes at 37 °C for 6 h in the pres
ence of a NADPH-generating system. The metabolic 
products were isolated and identified with the following 
results (Table II). The analogues were found to be me
tabolized to major known products with the loss of the 
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Table I I . Percent Metabolite Isolated from Incubation Mixture 
Containing Tumor Cell Homogenate (T) or Rat Liver 
Microsomes (M) 

Tab le I I I . Inhibition of Nucleic Acid Synthesis by AMD-OZL 
and "Reverse" and "Symmetrical" AMD Analogues 

products 
isolated from 
the mixture 

drugs examined 

AMD, % 
"AMD-OZL" 
CH, 9a, % 

"reverse" CH3 7a, 
% 

unconverted 
7-hydroxy-

AMD (2a), 
5.1 min (I), 
12.8 min 
(II)" 

"symmetrical" 
AMD (4a), 
7.7 min (I), 
20.0 min 
(II)° 

2a glucuronide 
and/or 
sulfate, 12.0, 
13.0 min 
(II); 19.0, 
22.0 min 
(III)0 

4a glucuronide 
and/ or 
sulfate, 8.0, 
10.5 min 
(II); 16.0, 
21.0 min 
(HI)0 

protein 
conjugates 

"tissue" bound 
unidentified 

metabolite 

100 (T, M) 20 (T), 38.5 (M) 
8.5 (T), 40.5 (M) 

40 (T), 21 (M) 

15.5 (T), 62.5 (M) 

12.2 (T), nil (M) 

17.5 (T), nil (M) 

5.5 (T), 9.5 (M) 5.5 (T), 3.5 (M) 

7.5 (T), 5.5 (M) 
46.3 (T), 6 (M) 

8.8 (T), 3.7 (M) 
12.7 (T), 8.5 (M) 

°HPLC tR in minutes (systems used I, II, and III, see Experi
mental Section). 

oxazole ring from both "reverse" and "AMD-OZL". The 
"symmetrical" analogue 4a was found to be formed from 
the "reverse" 7a analogue; the AMD-OZL analogue 9a was 
metabolized to 7-hydroxy-AMD (2a). In the microsomes 
the major metabolites were in unconjugated forms; in the 
tumor cell homogenates the major identified metabolites 
were glucuronide and sulfate conjugated forms. It should 
be pointed out that in these metabolic experiments, the 
identification of these glucuronide and/or sulfate conju
gates were made only on the basis of the disappearance 
of the peaks from the HPLC chromatograms upon treat
ment with deconjugating enzymes glucarase. In each case, 
large amounts of unmetabolized materials were also iso
lated, suggesting slow metabolism of the substrates in these 
experimental systems. 

Some protein adducts and tissue-bound products were 
also isolated. These adducts were probably formed by 
drugs or their metabolites binding covalently to proteins; 
they were not deconjugated from the protein fraction on 
Sephacryl gel filtration in denaturing 6 M guanidine hy
drochloride medium, pH 5.0, which is known to dissociate 
noncovalently bound materials from protein. 

Actinomycin D did not form any detectable metabolite 
or conjugate, confirming that AMD is not metabolized in 
these systems. Formation of covalently bound protein 
metabolite adducts indicates that reactive metabolites, 
possibly free-radical intermediates of drugs, were formed 
during the formation of these adducts (see the following 
section). 

Biochemical Pharmacology. Bachur et al.13 and Sinha 
et al.14 have demonstrated that the phenoxazinone ring 
system in AMD and some of its analogues is capable of 
enzymatic single-electron reduction. A free-radical in
termediate is formed, which subsequently transfers an 

in vitro 
(CCRF. IC50 values, ^M ICBI 

compd 

AMD 
7-hydroxy-AMD 

(2a) 
AMD-OZL-C6H5 

(10a) 
"reverse" CH3 7a 
"reverse" C6H5 8a 
"symmetrical" 

analogue (4a) 

CEM)° 
ID60, nM 

50 
1000 

500 

110 
30 
30 

RNA6 

synth 

0.05 
5.1 

3.2 

0.09 
0.07 
1.15 

DNAC 

synth 

1.12 
5.1 

5.7 

1.01 
0.80 
1.11 

DNA/ 
IC60 RNA 

22.40 
1.00 

1.78 

11.22 
11.43 
0.97 

"Human lymphoblastic leukemic cells.41 6IC6 0 (RNA) = con
centration of inhibitor in MM required to cause 50% reduction (in 
1 h) in 2-[14C]uridine incorporation into acid precipitable material 
with use of P388 cells.20 c IC50 (DNA) = concentration of inhibitor 
in nM required to cause 50% reduction (in 1 h) in methyl[3H]thy
midine incorporation into acid precipitable material with use of 
P388 cells.20 

electron to oxygen, yielding a superoxide 62~. The acti
vation to free-radical intermediates is known to be me
diated by microsomal enzymes which requires cofactors, 
one of which is NADPH. In this process NADPH is ox
idized to NADP+; and an electron is transferred to quinone 
imine, forming the quinone imine radical. This ion radical 
can generate superoxide radicals by transferring the 
electron to oxygen. When these superoxides are allowed 
to react with epinephrine they produce another chromo-
phore, 7V-methylindolequinone, commonly known as 
adrenochrome.36,37 The progress of this reaction therefore 
can be monitored spectrophotometrically by the rate of 
oxidation of NADPH to NADP+ at 340 nm and also by 
the absorbance of adrenochrome at 480 nm.37 The relative 
efficiencies of induction of the above processes by AMD 
and its analogues 2a, 4a, 7a, 9a and the corresponding 
model analogues lb, 2b, 4b, 7b, and 9b were measured at 
37 °C in the presence of purified phenobarbital induced 
microsomes (Experimental Section) with the results shown 
in Table IV. The data show that actinomycin D induced 
the stimulation of oxidation of NADPH at 9.9% over the 
basal level, i.e., when no drug was used. 7-Hydroxy-AMD 
(2a) promoted the rate to 228% and the "symmetrical" 
analogue 4a did so by 606%. The "reverse" analogue 7a 
stimulated the process by 134% and the AMD-OZL ana
logue 9a expedited it by 110%. The corresponding model 
derivatives (b series) did not have any measurable effect. 

Some AMD analogues show high absorbance values at 
480 nm; therefore, no more than 100 /uM of drug was used 
during assay of adrenochrome formation at this wave
length. AMD and its analogues showed stimulation of 
adrenochrome formation, which is an indicator of gener
ation of superoxides. The rate of stimulation by AMD was 
found to be 8.5% over the basal level (see Table IV), by 
7-hydroxy-AMD 245%, by the "symmetrical" analogue 4a 

(33) T. A. Connors, P. J. Cox, P. B. Farmaer, A. B. Foster, and M. 
Jarman, Biochem. Pharmacol., 22, 115 (1974). 

(34) N. R. Bachur, S. L. Gordon, M. V. Gee, and H. Kon, Proc. 
Natl. Acad. Sci. U.S.A., 76, 954 (1979). 

(35) V. Berlin and W. A. Haseltine, J. Mol. Biol, 256, 4747 (1981). 
(36) S. Green, A. Mazur, and E. Shorr, J. Biol. Chem., 22, 237 

(1956). 
(37) W. S. Thayer, Chem. Biol. Interact., 19, 265 (1977). 
(38) O. H. Lowry, N. J. Rosenberg, A. L. Farr, and R. J. Randall, 

J. Biol. Chem., 193, 265 (1951). 
(39) M. Belew, J. Fohlman, and J. C. Janson, FEBS Lett., 91, 302 

(1978). 
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Table IV. Stimulation of NADPH Oxidation and Adrenochrome 
Formation by Actinomycin D and Its Analogues by Rat Hepatic 
Microsomal Incubations 

Table V. In Vivo Antitumor Activity of AMD, AMD-OZL, and 
"Reverse" and "Symmetrical" Analogues against P388 Leukemia" 
(Treatment: Days 1, 5, 9) 

compd 

AMD (la) 

7-OH-AMD (2a) 

4a 

7a 

9a 

l b , 2b, 4b, 7b, 
and 9b 

NADPH oxid," 
nmol min"1 (mg 

of protein)"1 

9.11 ± 0.30 
10.01 ± 0.90 (9.9) 

29.9 ± 1.91 (228) 

64.3 ± 2.11 (606) 

21.3 ± 1.93 (134) 

19.1 ± 1.70 (110) 

8.9 ± 0.90 (-2) 

SOD,6 5 
Mg/mL 

-
-
+ 
-
+ 
-
+ 
-
+ 
-
+ 
-

adrenochrome 
formation," 

nmol min"1 (mg 
of protein)"1 

2.11 ± 0.11 
2.29 ± 0.33 (8.5) 
inhibited 
7.29 ± 0.79 (245) 
inhibited 
19.3 ± 1.04 (815) 
inhibited 
6.04 ± 0.19 (186) 
inhibited 
4.36 ± 0.21 (106) 
inhibited 
2.13 ± 0.19 (+1) 

"The percentage stimulation = [(drug-stimulated rate - basal 
rate)/basal rate] X 100 and is shown in parentheses. NADPH ox
idation was measured at 340 nm and adrenochrome formation was 
measured at 480 nm; the values are the average ± standard errors 
of triplicate analyses. b SOD, superoxide dismutase from bovine 
liver, 3000 units/mg of protein. 

815%, by the "reverse" analogue (7a) 186%, and by the 
AMD-OZL analogue 9a 106%. The model derivatives 
lb-9b were ineffective, as in the preceding experiment. 
Furthermore, addition of 5 Mg/mL of SOD in these ex
periments completely inhibited formation of adreno
chrome, suggesting that 62~ was indeed responsible for this 
adrenochrome formation. 

Inhibition of Nucleic Acid Synthesis in Tumor 
Cells in Vitro. These experiments were carried but with 
P388 tumor cells, details of which were reported. 16'17>20-27 

AMD is known to be more effective in inhibiting RNA 
synthesis than DNA synthesis in P388 and L1210 leukemia 
cells in culture.6'22 Table III shows that the ICso DNA value 
for AMD is 22 times the IC50 RNA value, indicating the 
strong preference shown by AMD for blocking RNA syn
thesis in these cells. 7-Hydroxy-AMD inhibits RNA syn
thesis with less selectivity and is also less potent than 
AMD. AMD-OZLs inhibit either process with equal ac
tivity and with the potency of its metabolite 7-hydroxy-
AMD. Whereas the "reverse" analogues appear to mimic 
AMD activity, their metabolite "symmetrical" analogue 4a 
is different and is about equally active in inhibiting both 
the processes transcription and replication in cells and is 
about as potent as its precursor "reverse" analogues and 
AMD in inhibiting replication. 

Reductive Activation to Free Radicals. A free-rad
ical intermediate with broad resonance peaks was detected 
by EPR when anaerobic solutions of NADPH, actinomycin 
D (la), and potassium phosphate buffer were reacted with 
liver microsomes (Figure 1A). Free-radical intermediates 
were also detected when the "symmetrical" analogue 4a 
and "reverse" analogue 7a were treated with microsomes 
under identical conditions. 

Detailed procedures, e.g., molarity of buffer and NAD
PH, pH of the medium, amount of the microsomes, scan 
time, and amplitude and frequency of the magnetic field 
in EPR, are shown in Figure 1. No free-radical interme
diates were detected in the absence of enzyme or sub
strates. However, no free-radical intermediates were de
tectable by reductive activation of the actinomycin model 
derivatives, e.g., "reverse" 7b or "symmetrical" 4b under 
similar conditions. 

Biological Activity in Vivo. The analogues were 
tested for their antitumor activities in P388 lymphocytic 

compd 

optimal 
dose, 

Mg/kg per 
mj 

MST 
(range), 

days 
% ILS 
(surv) 

no drug (control) 
actinomycin D (la) 
7-hydroxy-AMD (2a) 
AMD-OZL-CHg (9a) 
AMD-OZL-C6H6 (10a) 
"reverse" CH3 7a 
"reverse" CeHB 8a 
"symmetrical" AMD (4a) 

300.0 
1200.0 
1200.0 
1000.0 
450.0 
375.0 
600.0 

11.0 (9-12) 
26.0 (16-37) 
26.0 (19-39) 
29.0 (19-58) 
31.5 (29-57) 
42.5 (39-43) 
52.0 (49-58) 
52.0 (48-55) 

136 (1/8) 
136 (0/8) 
164 (0/8) 
186 (2/8) 
277 (3/8) 
382 (4/8) 
382 (4/8) 

° 106 P388 cells implanted ip on day 0 into groups of eight BDFj 
male mice. Drugs administered ip. MST (range), median survival 
time in days (range of individual animal deaths); % ILS, percent 
increase in life span, calculated 100(T/C - 1), where T and C are 
median survival times of treated and control animals; surv, num
ber of surviving mice/total mice, at 60 days. 

Table VI. In Vivo Antitumor Activity of AMD and AMD 
Analogues against Bi6 Melanoma" (Treatment: Days 1, 5, 9) 

compd 

no drug (control) 
actinomycin D (la) 
7-hydroxy-AMD (2a) 
AMD-OZL-CHg (9a) 
AMD-OZL-CeHs (10a) 
"reverse" CH3 7a 
"reverse" C6H6 8a 
"symmetrical" AMD (4a) 

optimal 
dose, 

Mg/kg per 
mj 

250 
1200 
750 
900 
300 
300 
300 

MST 6 

(range) 

29 (20-48) 
43 (36-54) 
44 (39-53) 
45 (32-55) 
45 (33-56) 
55 (33-57) 
59 (53-59) 
57 (33-61) 

% ILS 
(surv)c 

48 (2/9) 
52 (1/9) 
55 (1/9) 
55 (2/9) 
90 (3/9) 

103 (5/9) 
96 (4/9) 

"0.2 mL of 1:5 (weight/volume) brei of B16 melanoma implanted 
ip on day 0 in groups of nine BDFi mice. Drugs administered ip. 
b MST (range) median survival time in days (range of individual 
animal deaths). ° % ILS (surv), percent increase in life-span (sur
vivors on day 65/total injected). 

leukemia in male BDFi mice. The tumor was implanted 
intraperitoneally (ip) with 106 cells. The drugs were also 
administered ip once daily on days 1, 5, and 9, beginning 
1 day after tumor transplantation. Analogues were tested 
over a range of doses, but only the optimal nontoxic doses 
are listed. In this system, in which AMD is known to be 
very effective, the "reverse" analogues and the 
"symmetrical" 4a are found to be about threefold more 
effective than AMD in respect of % ILS values and also 
in producing long-term survivors. The analogues 9a and 
10a are less effective than the above analogues, but they 
are better effective than AMD or 7-hydroxy-AMD and 
produce more longer living animals during this treatment 
(Table V). 

By use of a similar protocol with B16 melanoma, the 
"reverse" and the "symmetrical" analogues were again 
found to be superior antitumor agents (Table VI). 
AMD-OZL analogues 9a and 10a were about as active as 
AMD and 7-hydroxy-AMD. The potencies of these ana
logues are reduced in comparison to that of AMD; their 
optimal doses were higher than that of AMD. 

The most active analogue of each type, e.g., AMD-OZL 
10a, "reverse" analogue 8a, and "symmetrical" analogue 
4a, was tested against in P388/ADR murine leukemia 
tumor cell line following the standard protocol (Table 
VII).40 This tumor line is known to be resistant to in-

(40) R. K. Johnson, M. P. Chitnis, W. M. Embrey, and E. B. 
Gregory, Cancer Treat. Rep., 62, 1535 (1978). 
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Table VII. Effect of AMD, AMD-OZL (10a), and "Reverse" 
(8a) and "Symmetrical" (4a) Analogues on BDFj Mice with 
P388/ Adriamycin-Resistant Leukemia" 

drug 

dose 
range, 
mg/kg 

per inj, ip mg/kg % ILS mg/kg % ILS 

P388/S 
optimal dose 

P388/ADR 
optimal dose 

adriamycin 2.5-4.5 3.0 97 (1/8) 3.5 33 
actinomycin D 0.075-2.5 0.25 132 (1/8) 0.25 22 

(AMD) 
"reverse" C6H5 0.10-0.8 0.35 382 (4/8) 0.6 132 (1/8) 

8a 
AMD-OZL- 0.20-1.2 1.0 186 (2/8) 1.2 88 

C6H6 (10a) 
"symmetrical" 0.3-1.8 0.6 382 (4/8) 1.2 176 (3/8) 

AMD (4a) 
mitomycin C 1.0-5.0 3.0 136 (1/8) 3.0 400 (5/8) 

"Male BDFX mice inoculated ip: 106 cells inoculum, day 0. 
Drugs administered in 10% dimethyl sulfoxide-saline on days 1, 5, 
and 9. % ILS = percent increase in life span. Fractions in par
entheses = tumor-free survivors/total on day 60. P388/S (adria
mycin sensitive) and P388/ADR (adriamycin resistant) tumors 
were evaluated in the same experiment with the agent listed. 

Table VIII. Comparison of AMD with 
Chromophore-Substituted and Tetracyclic Chromophoric 
Analogues of AMD vs. P388 Leukemia0 

drug 

AMD (la) 
7-OH-AMD (2a) 
AMD-OZL (10a) 
"reverse" C6H5 8a 
"symmetrical" AMD (4a) 

MED 6 

0.0625 
0.275 
0.20 
0.03 
0.025 

MTD" 

0.25 
3.50 
2.0 
1.80 
2.40 

therapeutic 
index 

M T D / M E D 

4 
13 
10 
60 
96 

"Drugs administered ip once on days 1, 5, and 9 starting 1 day 
after tumor implantation. Determinations were made from analy
sis of plotted log-dose response data. b MED (minimum effective 
dose) is the dose (milligram/kilogram) providing an increase in life 
span of 45% over control in P388 tumor bearing mice. CMTD 
(maximum tolerated dose) is the lethal dose (milligram/kilogram) 
for 10% normal BDFt male mice (18-22 g); animals observed for 
deaths during 21 days (LDi„ = 21 days). Values were calculated 
from a plot of log-dose vs. percent mortality. 

tercalating agents including actinomycin D and adriamy
cin; however, the tumor is highly sensitive to mitomycin 
C, which is believed to act via activation of its quinone 
chromophore to a free-radical form. The "reverse" and the 
"symmetrical" analogues show high levels of activity, and 
we have found that these analogues do not intercalate into 
DNA. The activities of the analogues 4a and 8a were 
found to be intermediate between those of mitomycin C 
and actinomycin D. The active analogues were also found 
to be active over a broader dose range compared to AMD 
in this and also in actinomycin-sensitive P 388/S and B16 
tumor lines. 

These analogues were also tested in tumor-free BDFX 
male mice for determination of their MTD values (Table 
VIII).20 The animals (18-22 g) were given a broad range 
of doses of drugs in 5% dimethyl sulfoxide-saline on days 
1, 5, and 9. Drugs were administered ip and the maximum 
tolerated doses of agents which caused death in only 10% 
of the tested animals in 21 days (i.e., LD10) were recorded 
as MTD. Data in Table VIII show that the MTD values 
of all the analogues except that of 7-hydroxy-AMD are 
about seven- to tenfold of the MTD dose of AMD; for 
7-hydroxy-AMD it is higher and is about 14-fold of the 
MTD value of AMD. However, the MED values of 7-
hydroxy-AMD and its precursor AMD-OZL 10a are high 
and are seven to tenfold of the MED values of 4a and 8a. 
On the basis of these MED values, the therapeutic indices 
of 8a and 4a are 60 and 96. The therapeutic index of 2a 

is 13, of 10a 10, and of AMD only 4. 
The analogues were tested for their cytotoxicity against 

tumor cells (time, 48 h). The in vitro cytotoxicity (ID50, 
CCRF-CEM)41 value of AMD is 50 nM (Table III), of 7a 
110 nM, and of 8a and of 4a 30 nM. Like the "reverse" 
analogue, the "symmetrical" analogue demonstrates sub
stantial reduction of toxicity in vivo in spite of extremely 
high in vitro cytotoxicity. This may be associated with the 
initial microsomal transformation of the "reverse" ana
logues to "symmetrical" analogue and/or other alternate 
bioactive forms (e.g., free-radicals, 02~), followed by 
deactivation via formation of conjugates and facile elim
ination of these from the host. We note that the "reverse" 
analogues show reduced toxicity in vivo and also the tri-
tiated "reverse" 7a is metabolized in vitro. An examination 
of their in vivo metabolism in liver, tumor, and the whole 
animal and the rates of distribution of the active metab
olite^) in animal organs will be of extreme importance. 
These studies might provide us with new information 
about the metabolites and their selective action in the 
tissues and organs of the host which might help in de
signing the most suitable protocol for the maximum 
therapeutic effects and in their further investigation in in 
vivo experiments. 

Results and Discussion 
These experiments establish the "symmetrical" analogue 

as the most active agent; it is a very efficient agent in 
stimulating radical formation. 7-Hydroxy-AMD, which is 
the closest in structure to this analogue 4a, is the next best 
inducer of radicals; like the "symmetrical" analogue, 7-
hydroxy-AMD is also in an equilibrium of its two isomeric 
forms in solution.18 The biological activity of the "reverse" 
analogue 7a is intermediate between those of 2a and the 
"symmetrical" analogue. AMD is least active in all these 
systems. The peptide-free analogues lb-9b are ineffective. 
These results strongly suggest that the peptide moieties 
play an important role when the analogues participate in 
the transport of electrons from the enzymes to oxygen with 
consequent biological activity. Also, those chromophores 
which have extended resonating structures act as better 
intermediaries in the radical-forming reactions. 

There is a noticeable similarity in the metabolism of 7a 
and 9a. Although a large portion of the metabolites are 
not identified, the pattern of metabolic conversion for each 
analogue is practically the same. There are some differ
ences in the quantities of the metabolites obtained from 
these analogues. We have mentioned earlier that AMD-
OZL analogues do not bind to DNA and that their peptide 
conformation is somewhat different from the "reverse" 
analogues and also from AMD. It probably indicates that 
this small alteration in the peptide conformation does not 
eliminate the analogues' ability to react with digestive 
enzymes and to undergo metabolic conversions. 

The crucial role of the peptide lactones in the mecha
nism of electron transfer is noteworthy. Bachur et al.13 

have suggested that the formation of "site-specific radicals" 
may be the important step in these mechanisms which can 
bring about distinct biological events, e.g., "selective 
damage of essential macromolecules", thereby causing 
selective cell damage and subsequent death. Our data 
appear to be in agreement with this hypothesis. 

Conclusion 
It is becoming more evident that in biological systems 

actinomycin and its quinone inline chromophoric analogues 

(41) G. E. Foley and H. Lazarus, Biochem. Pharmacol., 16, 659 
(1967). 
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can be activated like other quinone xenobiotics to free-
radical intermediates. The formation of these ion radicals 
is found to be facilitated in modified actinomycin ana
logues. These modified actinomycins are found to act as 
improved ant i tumor agents against leukemia and mela
noma in mice. DNA intercalation and radical formation 
are not apparently related because these analogues do not 
intercalate into DNA. Extended resonance conjugation 
in quinone imine chromophore in active analogues en
hances the sensitivity for radical formation, and other 
structural features like the conformation of the peptides 
determine the specificity for interaction with activating 
enzymes. T h e analogues which are metabolized in cell 
homogenates and in microsomes show reduced toxicity in 
vivo, suggesting tha t metabolic conversions of these agents 
in vivo might play an impor tan t role in improving the 
therapeutic index values. The present in vitro metabolic 
experiments will form the basis of future in in vivo studies. 
We are hopeful t ha t further investigation will result in 
better analogues for the t rea tment of hypoxic tumors like 
melanoma and colon carcinoma which are known to be 
marginally sensitive to conventional chemotherapy. 

Exper imenta l Sect ion 
Melting points were determined on a Thomas-Hoover melting 

point apparatus at a heating rate of 2 °C/min. Thin-layer 
chromatography was performed on silica gel plates (Brinkmann 
Instrument Inc.). Solvent systems were (A) EtOAc-acetone (4:1), 
(B) CHCl3-MeOH (9:1), and (C) Cifferri, the organic phase of the 
mixture EtOAc-MeOH-H20 (20:1:20). High-performance liquid 
chromatography was carried out on a Varian Model 5020 gradient 
liquid chromatograph equipped with a CD-111L chromatography 
data system and fitted with a Varian reversed-phase Ci8 column 
with the following solvent systems: I, CH3CN-5 mM NH4OAc 
buffer, pH 6.4 (68:32 isocratic), flow rate 1.5 mL/min; II, 65-95% 
water-methanol gradient for 60 min, 1 mL/min; III, 10-90% 
H20-MeOH gradient for 120 min, 1 mL/min, with UV-visible 
variable- and fixed-wavelength dual detectors at 254, 440, 470, 
and 520 nm. IR spectra were obtained on a Perkin-Elmer Model 
237 Infra Cord with KBr micropellets or in chloroform solutions. 
UV-visible spectra were obtained on a Gilford 250 spectropho
tometer, which, with the addition of a base-line reference com
pensator (Analog Multiplexer 5053) and thermoprogrammer, auto 
four cell programmer, and thermoelectric cell holder 2577, were 
used to obtain thermal denaturation curves. Specific rotation 
values were determined in chloroform solutions with a Cary 60 
spectropolarimeter. NMR spectra were obtained in a JEOL FQ-90 
MHz spectrometer equipped with Fourier transform. EPR spectra 
were recorded in a Varian E-9 EPR spectrometer. All elemental 
analyses were within ±0.4%. The a-keto acids and aldehydes 
were purchased from Aldrich Chemical Co. or were synthesized. 
[3H]Actinomycin D was purchased from Amersham, and [G-
14C] pyruvic acid was purchased from New England Nuclear. 
Actinomycin D (NSC 3053, lot L554651-0-10) was generously 
provided by Dr. John Douros, Natural Products Branch, National 
Cancer Institute, Silver Spring, MD. Calf-thymus DNA, glucarase 
(bovine liver), and superoxide dismutase EC 1.15.1.1 were pur
chased from Sigma Chemical Co., St. Louis, MO. Sephacryl S-200 
superfine gel was purchased from Pharmacia Fine Chemicals, 
Uppsala, Sweden. NADPH and L-epinephrine were obtained from 
Calbiochem-Behring, San Diego, CA. A sample of adriamycin 
was obtained through the courtesy of Dr. Mervyn Israel of 
Dana-Farber Cancer Center, Boston, MA. Mitomycin C was 
purcahsed from Sigma Chemical Co. 

Synthesis . 2,8-Diamino-l,9-bis(diethylcarbamoyl)-7-
hydroxy-4,6-dimethyl-3ff-phenoxazin-3-one (4b). Compound 
3b29 (500 mg, 1 mmol) was reduced with P t 0 2 and hydrogen in 
methanol (50 mL). The reddish purple color of the initial solution 
was discharged and turned to light green. The solution was diluted 
with 250 mL of methanol and filtered under nitrogen, which upon 
slow exposure to air for 18 h turned deep purple. Evaporation 
of the solvent gave a dark purple solid, which was crystallized 
from a mixture of ether-ligroin (30-60 °C) (1:1) twice to give a 
dark solid: 395 mg (84%), mp 262-265 °; Rf 0.54 in CHCl3-MeOH 

(9:1) (solvent B) (Rf 0.22 in solvent A compared to Rf 0.57 of 3b); 
IR (in KBr) showed absence of the nitro band at 6.5 ixvcv, UV Xmax 
475 nm (e 24100), 287 (inf), 248 (35100); NMR (CDC18) 5 2.26 
(s, 6 H, 6-CH3 and 4-CH3), 4.16 (s, 4 H, 2-NH2 and 8-NH2). The 
identical (d) values of 6- and 4-CH3 and 2- and 8-NH2 protons, 
respectively, indicate a rapid equilibrium between the quinone 
at C-3 and hydroxyl at C-7, which renders the molecule perfectly 
symmetrical; in contrast, such equilibrium is not possible in AMD 
chromophore and consequently AMD has a stable quinone form 
which is characterized by a double absorption band at 444 and 
425 nm. NMR and absorption properties (a lone long-wavelength 
absorption maximum at 475 nm) tend to support that the amino 
o-quinone form of 4b is not its predominant form in solution. 
HPLC tR 10.1 min (CH3CN-5 mM NH4OAc, 62:38,1.5 mL/min); 
mass spectrum 469 (M+). Anal. (C24H31N606) C, H, N. 

The actinomycin D analogues 3a-8a were synthesized according 
to the method described above and reported previously for the 
corresponding model analogues Sb-Sb.29,30,32 The physicochemical 
properties of the various analogues and the yields of their chemical 
syntheses are as follows: 

"Symmetrical" AMD Analogue. 7-Hydroxy-8-amino-
actinomycin D (4a): yield 66%; TLC Rt 0.30 (solvent A); UV 
TW (CHCls) 473 nm (e 19000), 330 (inf), 248 (28140); [a]m

m -310 
± 15° (c 0.3, CHC13); HPLC tR 5.1 min (system I), 12.8 min (system 
II). Anal. (C62H87N13O ir2H20) C, H, N. 

8-Hydroxy-2,9,l l-trimethyl-7-nitro-5H-oxazolo[4,5-fc ]-
phenoxazine 4,6-bis[carbonyl-L-threonyl-D-valyl-L-prolyl-
sarcosyl-L-JV-methylvaline-( Mireonyi hydroxyl)] lactone 
(5a): yield 85%; TLC Rf 0.56 (solvent A); UV \max (CHC13) 520 
nm U 6300), 345 (9900); [ a ] 2 0 ^ -180 ± 20° (c 0.2, CHC13); HPLC 
tR 14.7 min (system I). Anal. (C64H87N13019-H20), C, H, N. 

8-Hydroxy-9,ll-dimethyl-7-nitro-2-phenyl-5H-oxazol6-
[4,5-b ]phenoxazine 4,6-bis[carbonyl-L-threonyl-D-valyl-L-
prolylsarcosyl-L-iV-methylvaline-(£lireonyi hydroxyl)] 
lactone (6a): yield 80%; TLC R, 0.71 (solvent A); UV Xmal 
(CHCla) 498 nm (<• 11700), 392 (13300), 301 (20000); [a]m

m -178 
± 22° (c, 0.2, CHCI3); HPLC tR 15.7 min (system I), 34.0 min 
(system II). Anal. (C69H89N13019-H20), C, H, N. 

"Reverse" AMD Analogue (2-Methyl). 7-Amino-2,9,ll-
trimethyl-8jff-8-oxooxazolo[4,5-fe ]phenoxazine 4,6-bis[car-
b o n y l - L - t h r e o n y l - D - v a l y l - L - p r o l y l s a r c o s y l - L - J V -
methylvaline-(tAreoaine hydroxyl)] lactone (7a): yield 91%; 
TLC Rf 0.20 (solvent A); UV X ^ (CHC13) 450 nm (e 28600), 430 
(27000); [a]20

644 -280 ± 20° (c 0.1, CHC13); HPLC tR 11.3 min 
(system I), 28.5 min (system II). Anal. (C64H87N13017-H20) C, 
H, N: calcd, 13.53; found, 13.06. 

"Reverse" AMD Analogue (2-Phenyl). 7-Amino-9,ll-di-
methyl-2-phenyl-8jff-8-oxooxazolo[4,5-6 ]phenoxazine 4,6-
bis[carbonyl-L-threonyl-D-valyl-L-prolylsarcosyl-L-JV-
methylvaline-(threonine AydroxyV)] lactone (8a): yield 91%; 
TLC Rf 0.33 (solvent A); UV Xmax (CHC13). 458 nm (e 33 300), 445 
(31000); [a]20

644 -280 ± 20° (c 0.1, CHC13); HPLC tR 13.9 min 
(system I), 31.0 min (system II). Anal. (C69H89N13017-2H20) C, 
H, N. 

Metabolism of AMD-OZL (9a) and "Reverse" (7a) Ana
logues in Tumor Homogenates. A large number of P388 cells 
(108 cells) were sonicated in Earle's balanced salt solution (EBBS) 
in ice. Tritiated analogues 7a, 8a, and AMD, 0.4 Ci/mmol, were 
added and the mixtures were incubated at 37 °C for 16 h. Drugs 
in EBBS without the addition of the cell sonicates served as 
controls. The samples were treated with urea to bring the urea 
concentration to 5 M. The procedure helped to free all drugs that 
associated noncovalently with DNA. After 60 min at room tem
perature, the samples were centrifuged through Amicon 1053 cone 
filters (molecular weight cut-off approximately 25 000) after ad
justment of pH to 5 to facilitate extraction of unconjugated 
metabolites in organic solvents. 

Unconjugated or uncoupled products were first extracted with 
ethyl acetate (step A) and aliquots of aqueous layers were treated 
with equal volumes of glucarase (a preparation of /3-glucuronidase 
and sulfatase) or with buffer (control); see following section. The 
glucuronide and the sulfate derivatives were thus deconjugated 
and the freed products were extracted in ethyl acetate (step B). 
A highly sensitive technique for detection of a series of AMD 
analogues using HPLC was employed; sensitivity of this assay 
ranges from 50 nmol when UV-visible absorbances are used to 
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1 pmol when radioactive analogues of appropriate specific activities 
are used. 

The products in the ethyl acetate extracts were analyzed by 
HPLC using system I, Prior to deconjugation, the above aqueous 
layers were examined by systems II and III, which are more 
suitable for the water-soluble metabolites (see the following 
section). 

The aqueous layers from step B were combined with the ma
terial which was left as residues in the cones in step A. The 
residues in the cones were extracted in dilute sodium hydroxide 
and separated from the cell debris by centrifugation (2500 rpm), 
and the biopolymers were precipitated from the extract with excess 
ethanol. The precipitated polymers, mostly protein, were lyo-
philized and dissolved in 0.05 M Tris-HCl and were fractionated 
on Superfine Sephacryl S-200 and the molecular weights of the 
major fractions were approximated37 (see the following section). 
The major parts of radioactivity were confined to high molecular 
weight proteins with molecular weights above 67 000. The amount 
of the tissue-bound material was estimated from the pellets in 
the above centrifugation (2500 rpm). The percentages were 
calculated on the basis of the total radioactive materials recovered. 
In most cases, it was over 90%. 

Preparation of Microsomes. Adult male Sprague-Dawley 
rats (6-8 weeks old) were treated ip with phenobarbital (80 mg/kg) 
dissolved in 0.9% sodium chloride solution once a day for 3 days; 
they were killed 7 days later by decapitation after a fast for 18 
h. The livers were immediately perfused with 1.15% potassium 
chloride solution from the inferior vena cava to the portal vein 
and were excised to prepare 25% homogenates in 1.15% KC1 
solution with the use of a Potter-Elvenhjem homogenizer and a 
Teflon pestle. Liver homogenate from the supernatant of 9000g 
(20 min) was recentrifuged at 190000g for 1 h, and the pellets 
containing the microsomes were washed once by suspension in 
1.15% KC1 solution and recentrifuged at 190000g for 30 min.33 

Washed microsomes and the 190000g supernatant were stored 
at -70 °C until used. Protein concentrations were determined 
by following the methods of Lowry et al.,38 with use of bovine 
serum albumin as the standard. Protein concentrations in mi
crosomes averaged 29.9 mg/mL and in the supernatant 20.8 
mg/mL. A portion of the mitochondria-free homogenate was 
similarly preserved; protein concentration of this fraction was 11.3 
mg/mL. 

Metabolism of AMD-OZL 9a and "Reverse" Analogues by 
Rat Liver Microsomes. The incubation mixture consisted of 
500 jug of microsomal protein, 1.6 mM NADP+, 16 mM glucose 
6-phosphate, 10.1 U of glucose-6-phosphate dehydrogenase, 12 
mM MgCl2,10 mM sodium phosphate-potassium phosphate (pH 
7.4), and 0.4-0.8 mM of tritiated drugs (including AMD) in a final 
volume of 5.0 mL. The mixtures were incubated at 37 °C for 6 
h after which the reaction was stopped by chilling at 0 °C. The 
chilled mixtures were filtered by centrifugation in tubes containing 
centriflow membrane cones (Amicon, 1053, molecular weight 
cut-off 25 000). The filtrates were adjusted to pH 5.0 before 
extraction with water-saturated ethyl acetate (step A). 

Equal aliquots of the aqueous layer (step A) were treated either 
with equal volumes of glucarase (5 mg/mL) in 0.05 M acetate 
buffer, pH 5.0, overnight at 37 °C under nitrogen in a shaking 
water bath or with buffer alone (step B). The aqueous fractions 
from step B was mixed with an extract of the Amicon cone-re
tained material. The metabolites at each step were separated by 
HPLC (Table II). For extraction of the high molecular weight 
protein conjugates and other tissue-associated materials, the cones 
were soaked in 0.1 N NaOH solution overnight at 0 °C and were 
processed as in the preceding section before gel filtration. A 
Sephacryl S-200 superfine column, 1.0 X 60 cm, was made in 6 
M guanidine hydrochloride, pH 5.0, and the lyophilized material 
in minimum water, pH 7.0, was added to the top of the column 
and eluted overnight with 6 M guanidine hydrochloride, pH 5.0, 
at a flow rate of 2 cm/h. A 2% solution of blue dextran 2000 (100 
nL, Pharmacia) was added to the column for calibration. Fractions 
were collected, and the distribution of the material in the fractions 

was determined by liquid scintillation counting. Over 90% of 
radioactivity was found to be eluted immediately after the void 
volume and along with blue dextran, indicating that almost all 
the radioactive material was conjugated with a high molecular 
protein fraction (~67000).37 For assay of metabolites, a Varian 
Model 5020 gradient liquid chromatograph equipped with a 
CD-111L chromatography data system was used. The chroma
tograph was fitted with a Varian reversed-phase C18 (octa-
decylsilane, average column particle size 10 /xm) column (0.39 X 
30 cm); a 0.39 X 2.0 cm precolumn containing ODS Sil-X-1 (av
erage particle size 13 fim) was used as a guard column. The solvent 
systems used was CH3CN-5 mM NH4OAc buffer, pH 6.4 (62:38, 
v/v), at a flow rate 1.5 mL/min (system I was used isocratically 
for organic solvent soluble materials). Two other water-methanol 
gradient solvents (65-95% water-methanol, 60 min, 1 mL/min, 
system II; 10-90% water-methanol, 120 min, 1 mL/min, system 
III, in concave gradient modes) were used mainly for the sepa
ration of water-soluble metabolites. The peaks in the chroma-
tograms were monitored by dual detectors, one at a fixed 254 nm 
and the other at 440, 470, 520 nm, with a variable wavelength 
detector. The fractions were also collected in a fraction collector 
every 0.5 min and were quantitated by specific activity. The 
sensitivity of the assay was 1-10 pmol for the drugs and metab
olites. All peaks of the known analogues were confirmed by 
cochromatography with authentic materials. The specific activity 
of the agents used for metabolic studies was 0.5 Ci/mmol. 

Enzymatic Activation of AMD and Analogues (Stimula
tion of Superoxide Generation). In these experiments, rat liver 
microsomes that were prepared as mentioned above were used. 

(a) Adrenochrome Formation. The adrenochrome assay of 
02" was performed in Gilford 250 spectrophotometer equipped 
with base-line reference compensator (6064) and a cell program
mer, auto four cell programmer, and thermostated cell holder 2577. 
A solution of epinephrine (30 nL, 0.01 N HC1) and the microsomes 
(300 /ug) were added to both cuvettes maintained at 37 °C. One 
minute later, NADPH (0.4 mM) was added to the sample side 
only; the absorbance at the sample side was monitored. The rate 
of adrenochrome formation was measured at wavelength 480 nm 
(c 4.02 mM"1 cm"1). Drug solutions were freshly prepared in 150 
mM KC1-50 mM Tris at pH 7.4. The drug-dependent percent 
stimulation of adrenochrome formation are given in Table IV. 
In the above assays, no more than 100 ^M drug solutions were 
used in order to avoid complication from the high absorbance of 
the analogues or the metabolites at 480 nm. 

(b) NADPH Oxidation. NADPH oxidation, a function of 
NADPH cytochrome P-450 reductase, was detected by using the 
above spectrophotometer. Microsomes were added to both cu
vettes as in the previous experiment (but epinephrine was not 
added). NADPH (0.4 mM) was added to the sample side only. 
Percent NADPH oxidation was calculated in the following manner 
by monitoring the absorbance at 340 nm: percent NADPH ox
idation was equal to (1 - A340/A'340) X 100, where A340 is the 
absorbance at 340 nm of the experimental cuvette and A'340 is 
the absorbance at 340 nm of control cuvette not activated by 
microsomes. Drug solutions were made as before. The results 
of this assay are shown in Table IV. 
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