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Apstract -— The synthesls, biclogical activities and
structure-activity relationships of mitomycin derivatives and

analogs are described.

INTRODUCTION

The mitomyecins sre a group of alkylating antibiotics which shows strong
activity agalnst both gram-pesitive and gram-negatlve bacteris as well as varilous
kinds of tumors.

Mitomyein A and B were lisoclated firstly from the culture broth of Streptomyces
caespitosus by Hata and his co-—workers1 in 1956, Thereafter, mitomycin C was
1solated from the same culture broth by Wakakl and his co—worker52 and it showed
the strongest activity against varicus types of tumors and has widely been used
s a cancer chemotherapeutic agent.

After the discovery of the mitomycins, the structure elucidation, mode of
actlon and synthesis of their derivatives have been studied by many groups and
¢linical applications have also been attempted.

In this review we will deseribe the advance of the studies of mitomyein

derivatives, including their chemical and bilological properties.

THE STRUCTURES OF MITOMYCINS

Several natural mitomyclns were found after the first discovery of mitomycin

3

A, B and C. Porfiromyelin was isolated by Herr and his co-workers” and mitiromycin

was Cound as a minor product of the culture broth of Streptomyces verticillatus

by Lefemine and his co—workersu
Although the studies of structural elucidation of natural mitomycins using
chemical degradation techniques were initiated by our group soon after the

dlscovery of mitomycin C, the complexity of its structure prevented rapid
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elucidationS’S. Porfiromycin was shown to be a N-methyl derivative of mitomycin C

in 19627. In this same year, Webb and his co—worker58’9 at the Lederle

Laboratcry reported the structure of the mitomycins and Tulinskyl

0,11 Showed the

absoluted configuration of mitomyein A by using X-ray crystallographlc methods

of N-brosyl-mitomycin A as shown in Filg 1.

Fig 1

Structures of Natural Mitomycins
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As mitomycin C and porfiromycin were derived from mitomycin A by known

chemical reactionslg,

was declded to be the identical.

not clarified,

mitomyclins was not successful., Recently, Yahashil and Matsubara

the stereochemistry of mitomyein A, C and porfiromycin
The absolute configuration of mitomycin B was

since any attempt %o derive mitomycin B from the other natural

13 reported the

absolute configuration of mitomyein B by using X-ray analysis of T-demethoxy-

T-bromoanilino-mitemycin B. The structure of mitomycin B (Fig 1) is distinguilshed

from other natural mitomycins at the stereochemistry of position 9

Structure of mitiromycin was clarified by Morton and his co-workers™ ,

the absolute configuration is not yet reported. (Fig 1)

4 but

It is important to note that the mitemycins have unique structures which

contain three antlcancer functional groups; guinone,

in one molecule.

MCDE OF ACTICN

It was known by earlier research that mitomycin C inhibited DNA synthesis
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Iyer and Szybalskyl6 proposed & hypothesils concerning the mcde of action cf
mltomyein in 1964. According to their hypothesis, the mitomycins are reduced
with NADPH-dependent reductase in living cells and resulting hydrogenated
mitomycins are protonated at position 10 and 1. Then, protonated mitomycins
link covalently to the double strand c¢f DNA and inhibit DNA synthesis as shown
in PFilg 2. This hypothesis was not disclosed directly for reason of instability

of resulting hydrogenated mltomycins.

Fig 2 Activation Mechanisms of Mitomycins
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A simple solution to the problem of mitomycln activation in vitro was
provided by Tomasle. She proved that mitomycln C semiquinone radicals invelved
initial binding to DNA., This interacts of activated mitomycin with DNA prevents
subsequent DNA synthesis resulting the inhibitlon of cell division and loss of
cell viability.

It 1s believed that binding sites on DNA 1s Guanine-0-6-position.

STUDIES OF MITOMYCIN DERIVATIVES
During the structural elucidation of the mltomycins, several chemical
reactions or degradation methods were developed. These methods were used to
prepare varilous mitemycin derivatives which were subsequently utilized to
examine structure-activity relationships of the mitomycins.
Mitomyein derivatives can be classified 1n two types, mitosane type and

mitosene type. (Fig 3)
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Fig 3 ,Two Types of Mitomycin Derivatives
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A. MITOSANE TYPE DERIVATIVES

Various mitosane derivatives have been prepared through several synthetic
routes as shown in Pig 4, and their structure-activity relationships have been
investigated,

Varlocus 7-alkylaminomitosanes were synthesized by treating 7-methoxy-
mitomycins wilth alkylamine in methanollg’lg. These derivatives retained strong
antibacterial and antitumor activities. The biclogical activitilies of
7-substituted mitosanes paralleled the reduction potential of the quincne as
shown in Table I.

According to the activation mechanisms of mitomycins, the active form of the
mitomyeing 1s hydrogenated compounds which result from the enzymatic reduction
cf the mitomycins. Thus, 1t 1is anticipated that the most readily reduced compound
should have the highest activity. As shown in Table I, this anticipation 1s
reallzed 1n antibacterial activity, except for mitomycin ¢ whieh shows the
strongest activity against gram-negative bacteria. However, antlitumor activity
1s inversely related to reduction potential.

This result suggests the presence of another factors which may effect to the
biological activifles of mitosanes.

la-Acyl or alkyl mitosane derivatives were prepared by treating with
acylating agents or alkyl halide in pyridine from la-unsubstltuted mitosaneslg.
{(mitomyecin A or C), and were tested bilological activities as shown in Table I .
la-Substituted mitosanes having large alkyl or acyl groups diminlsh both
antibacterial and antitumor activities. This indicates that the position la is
one of the active sites of the mitomycins. On the other hand, derivatives having
smaller alkyl or acyl groups still retained the bilological activities. This may
indicate that la-substituents can be eliminated enzymatically in living cells.

These results may suggest that la-substituted derivatives will include
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Fig 4 Synthetic Routs of Mitosane Derivatives
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useful compounds as prodrugs,

Effects of 9a-substituents of mltosanes were also studiedlg. Elimination

of natural mitomycins. Although these 9a-hydroxy compounds were derivatlves of
mitomycin B, which had different stereochemistry from other natural mltomycins
at position %a, the fact that 9a-demethoxymitosane in which position 9a was
hydrogen failed to show antibacterial activity suggests that the activatlon

of mitosanes needed to form Indole nuclecus in which methanol or water was

lost at position 9a of mitosanes.

9a-Sodium sulfonate derivatives of mitomycin C was synthesilzed, when
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Table T

Effect of 7-Substituents of the Biclogical Activities of Mitosane Compounds

o}
X OCONH2
CH N §
> 8 Nz
MIC{pg/ml) Antitumor
Reduction LD50 Gram- Gram- Activity
X Y Z Potential (mg/kg) positive negative Sarcoma-180
CH30 OCH3 )1 ~0.19 2.0 0.01 0.57 +
C6!{5NH OCH3 H -0.233 9.3 0.09 7.55 +
(CHB)ZN (JCH3 H -0.25 9.38 0.03 7.29 ++
EtNH OCI-Z3 H -0.307 9.38 0.107 17.7 =+
NH2 CiCI-[3 H -0.395 9.0 0.208 0.48 +H
CH30 OH CH3 -0.21 3.0 0.65 50 +
CGHSNH OH CI'!3 -0.23 5.62 0.47 »>50
(CH3) 2N OF CH3 -0.25 12.5 3.32 50
EtNH OH CH, -0.32 >100 4ob >50
NH2 OH CH3 -0.37 180 2.39 23.0 +
Table II

Effect of la-Substituents on the Blologlcal Activities of Mitosane Compounds

7 OcowH,
CH 3
. NZ
MIC(Pg/ml) Antitnmor
LDSO Gram=- Gram— Activity
Z (mg/kg) positive negative Sarcoma-180
H 9.0 0.20 0.42 4=+t
C2H5 48.0 0.27 11.4 +
CH300 27.0 0.39 2.5 +
CH3502 100 10 50 -
Cco 100 3.23 29.2 +
Ccl
c1-O-co 18.75 0.965 13.5 +
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mitomyein ¢ was reduced wlth sodium dithlonate and reoxidized with air. Mitomycin
¢ was recovered from the 9a-sodiumsulfonate derivatives in MeONa-MeOE soluticn
under reducing condition by Hornemann and his co-workers2O.

9a-3odlumsulfonate derlivatives of mitomycin C showed a substantially
increased acid stabllity in comparison with mitomyecin C and weaker antibacterial
activity than mitomycin CEO.

Decarbamoyl mitosanes which were hydrolysed selectively at 10-carbamoyloxy

1 by treating wilth natural mitomycins in

group of mltosanes were obtained2
MeONa~MeOH sclutlon. Among the 10-substituted mltosane derivatives, 1l0-acetyloxy-
decarbamoylmitomycin C and decarbamoylmitcomycin C showed strong antibacterial
activitlies against both gram-posltive and negative bacterla as shown in Table 1L
However, remarkable decrease of activities was observed in the presence of
rabblt serum in the medium22. This observatlicon may show that bindlng ability to
serum protein may give a great influence to biological activities of mitomycin
derivatives. In fact, binding ability of mitomycin C 1s less than that of the

above derlvatives.

Table TI

Antibacterial Activities of Decarbamecylmitosanes and theiy Derivacives

8]
x ¢ OR
N
CH3 ¢ 8 MIC(Fg/ml)
Staph. Bacillus Barcina E.coli Pseudo-~
aureus subtilis lutea K-12 monas
X Y Z R 209p ATCC6633 ATCCL0O01 aeruginosa
NH, OCH3 H H 0.78 0.195 3.12 0.78 1.56
NH, OCH3 COCH3 COCH3 0.048 0.015 12.3 1.56 25.0
NH2 OCH3 H COCH3 0,039 0.039 0.39 0.156 5.47
NH, OCH3 3| CONH, 0.195 0.097 0.097 0.39 0.78
NH,, oce, CH, H 12.5 3.125 1.95 5.0 25.0
I*T['l2 OCH3 CHB COCH:3 0.78 0.039 6.25 25.0 25.0
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In contrast of lO-acetyloxydecarbamoylmitemycin C, some of the
l0-alkylcarpamoyidecarbamoylmitosane derivatives showed strong antilileukemia
actlvity as comparable as mitomycin C against L-121C murine Leukemla in vivo by

23

KoJima and his co-workers™-,

B. MITOSENE TYPE DERIVATIVES
Patrick and his co-wor’kerszll obtained a mitosene compound, aziridinomitosens
(1), which was prepared from mitomycin B by catalytic reduction rollowing
reoxldaticn. This compound showed strong activities against gram-positive and

negative bacteria and was active both by oral and subcutaneous routes against

infectlon of 3taphylococcus aureus (var Smith) and Streptococcus pyogenes C-203

in mice. Moreover, a mitosene compound (2) obtained from mitomycln A by acid
hydroly51518 and a synthetlic mitosene (3) prepared by Allen and his co—workers25
showed antibacterial activities,

These observation that some of the mitosene derlvatives showed strong

bleleglcal activities have driven to the study of the relating mitosene analogs,

0 0 0
CH 40 OCONH,, CH,0 OCONH, CH,0 OCONH.,
oH
CH, - o CH N CH, N
8] 3 0 NH 0
2
Aziridinomitosene (1) (2) (3

Synthetic routes of mitosene derivatives were studied as shown in Fig 5, and

19,21 pntibacterial

bilolegical activities of these derivatives were also examined
activities and gquinone reduction potentials of 7-substituted mitosenes were
determined as shown in Table IV.

Although the aziridine ring 1s not essential for antibacterial activities,
the quinecne reduction potential gives streng influence to antibacterial
activities.

Remers and Schepman26 alsc reported concerning with bieclegical activities of
various synthetic analogs of mitcsenes. They found that the synthetic analogs (4)

and (5} were highly actlve against both gram-positive and negative bacteria in

vitro, but less active in mice infected with some bacteria.
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Fig 5 Preparation of Mitosene Derivatives from Mitomycins
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Generally, antitumor and antibacterial activities of mifosene derlvatlves

are less than

hypothesis of

those of the mitosane from whieh they are derlved. According to the

activation mechanisms of mitemycins by 5zybalsky16, aziridine ring

and carbamoyloxy group of mitomyclns play an important role in binding to DNA.
Then, mitosene analogs lacked aziridine ring cannot bind to double strands of
DNA bifuncticnally.

Otsuji27 reported that decarbamoylmitomycin C and 7-methoxymitosene (2)
bound to DNA monofunectionally. If another alkylating sites 1s introduced at
pesition 1 or 2 of mitosene analcgs, the more blological active mitosene
compounds may be obtained from mitosenes wlthout aziridine ring.
employed the prophage inducing ability of variocus

Endo and his co-workers28

alkylating agents for the sereening of antitumor agents. Using this method, the
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Table W

Effect of 7-Substituted Mitosenes of the Biological Activities

0
X /\OCONH2
CH N
3 7 Z
MIC(,(g/ml)
Gram- Gram—
Reduction positive negative
X Z Potential bacteria bacteria
CH 0 DNCHS -0.39 1.10 12.0
OH
CH,0 [NHCH3 -0.39 1.12 28.12
(CH,) N [:Ncn3 -0.415 1.152 . 50
o
(CH,) ,N [NHCH3 -0.415 1.30 50
OH
O—NH NHCr -0.420 4.76 50
EtNH [ucH ~0.495 >50 >50
H
EtNH NHCH, -0.495 350 350
NH, bl -0.529 550 >50
H
W, NHCH, -0.529 >50 >50

prophage inducing activitles of mitosene derivatives were examined as shown In
Table Vzl. When an electron-withdrawing group was introduced at the oxygen of C-1
in mitosene compounds, prophage inducing activities of mitosenes were enhanced.
This result may suggest that bifunctional alkylating sites are reproduced by
introducing electron-withdrawing group at position 1 of mitosenes.

Induction of i-bacteriocphage 1in E.ccll of mitosenes were also examined by
Taylor and his co—workers29. A few l-substltuted mitosene derivatives show
significant activities. Especially, l-acetoxymitosene (5) was most active and
when tested against P-388 Leukemia in CDF, 1t gave 65% increase in the
survival ¢ime. But it was less active than mitomycin A against a-phage
inductivity in E.coli and P=-388 Leukemia in mice.

These studies may suggest that active sites of mitomyeins, carbamoyloxy

group and aziridine ring, are not essential and can be replaced by another

substituents without the loss of bilolegieal activities.
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Table ¥V

Prephage Inductivity and Antibacterial Activities of Mitosene' Derivatives

Q0
CH3O OR1
CHy N OR, Mlcgyg/ml)
o NHAc Prophage
Inductivity
{1mg /ml)
Plaque Index Staph, Bacillus Sarcina E.coli Pseudo-
(Sample's plaque) aureus subtilis lutea B{H) monas
Rl R, (Control's plaque) 209P ATCC PCI aeruginosa
CON'H2 H 1.0 0. 38 0.38 1.56 6.12 50
CONH2 COCH3 1.8
CON'[-[2 COCH2C1 5.6
CONH2 COCHCl2 6.6
H H 1.0 750 250 >50 >50 >50
COCH3 COCH3 1.8 0,383 0.191 0,383 1.53 250
coci, H 1.0 0.38 .38 0.76 3.06 >50
COCHZCl COCH2C1 7.2 3.06 1.53 3.06 6.12 >50
COCH3 COCH201 4.7 0.38 0.38 0.76 6.12 250
Aziridinomlitosene 14.0

Remers and his co-workers3o’31’32 investigated the sterecchemistry of
1,2-disubstituted mltosenes whilch were cbtained from acid solvolysis cf
mitomycins. When natural mitomyclns were hydrolysed with 0.05N-hydrochloric acid,
two mitosene compounds were obtalned. The major product was confirmed to be
¢ls-2-amine-1-hydroxy mitosene {6) and the minor one was assigned to be

trans-2-amino-l-hydroxy mitosene (7) as shown in Fig 6.

Fig 6
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Of the two mltosene compounds lacked aziridine ring, cis iscmer has higher
getlvity than the trans isomer against the induetien of A-bacteriophage in
E.coll. This observation may antlcipate an interesting feature of the binding
process between DNA and the mitomycins. On the activation of the mitomyecins, the
reduced mitemycins bind to DNA with alkylation by opening of the aziridine ring.
Thus the structure and stereochemistry of 1l,2-substituted mitosene may play an
important role in alkylation on DNA.

In earlier studies of mitosene derivatives, the stereochemistry of
1,2-position of mitosenes has never been discussed, and most of derivatives
without aziridine used in earlier experiments would be mixtures of cis and trans
isomers. Therfore, 1t is interesting to examlne the role of 1,2-position for

alkylation of DNA.

In the course of the studies of the blologlcal activities of mitomycin
derivatives, 1t 1s clear that active sites of mitomycins, carbamoyl group and
aziridine ring, 1s not essential and can be replaced by the other appropriate
substituents., Furthermore, indole nucleus of mitomycins may be replaced by the
simpler molecule withcout the loss of the activlity of mitomycins to act as
bioreductive alkylating agents. Many lnvestigators have tried to prepare the
bloreductive alkylating agents having the simpler structures, for example,

32,33

benzogquinone or naphthogquinone Some of these compounds shows the strong

activities against tumor cells comparable to mltomycins.

CONCLUDING REMARKS

As we summerized in the foregoing section, the mode of action of the
mitomycins has been clarified and many derivatives have been synthesized and
tested for biclogical activities. In splte of these efforts, no supericr
derlvatives than mitomycin C have been found as yet. The fallure in developing
analogs or derivatives may be due in part to the fact that the most analcgs or
derivatives lack one or more of the important physicochemical properties of
mitomyeln C. Namely, mitomyein C has a good water solubility, low lipophylicity,
low binding tc serum protein and low reductlon potential of guinone enough to
permit faclle enzymatic reduction,

When we look back the past studies of the mitomycins, meost investigations
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have been concentrated on modification of active-sites of the mitomycins.
Since the total synthesis of the mitomycins and porfiromycin has been made

35,36,37

by Klshl and his cec-workers and the rapld and elabolated advancement
of the mitomycin chemistry have been achleved, the more complex and elabolated
modifications will be performed successfully for developing c¢linically useful

derivatives.
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