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As written briefly by Dr. Umezawa himself in the preface of this bock, the study
of antibiotics in Japan was started in the beginning of 1944 in order to produce
penicillin, In September of 1944, the first penicillin in Japan was extracted
from culture filtrates of Penicillium ¥=176 cultured in Erlenmever flasks placed
on his table. This strain was selected from the strains supplied by the late Dr.
Teijiro Yabuta to Dr. Umezawa on the basis of its activitv to inhibit the growth
of gtaphlococci but not E. coli and its formation of a golden pigment in its cul-
tured broth. At that time, there was no laboratorvy equipped with a cold incubator
for a 25°C culture in Tokyc. Dr. Umezawa was at that time in the Institute of In-
fectious Disease of the University of Tokyo (at present called Institute of Medi-

cal Sciences of the University of Tokyo). Fortunately this institute was not

bombed during the last world war, but all Japanese researchers suffered from the
shortage of glasswares, reagents, ecuipments and foreign journals. Moreover, no
Japanese journals were published from about 1944 to 1948. Japanese Antibiotic Re-
search Association (at that time called Japanese Penicillin Research Association)
was established in August of 1946 and held monthly meetings for the presentation
of papers since September of 1946. This promoted the research of antikiotics in
Japan. This association started the publication of the Journal of Antibiotics
(called Journal of Penicillin at that time) since the end of 1947. Both the month-
ly meetings and this journal promcted antibiotic research in Japan. Dr. Umezawa
alsoc started the screening of new antibiotics. Before October 1946, he obtained

patulin from Penicillium and Aspergillus, a red crystalline antibiotic identified

as actinomycin and streptothricin group antibiotics, from actinomvces strains cul-

tured in bottles. At that time, the late Dr. Foster, Professor of Texas University



came to Japan, introduced penicillin studies in U.8.A. and brought penicillin-pro-

ducing strains including the strain Q-176¢ for deep aerated fermentation. In May,
1947, half of the building and the people of the Institute of Infectiocus Diseases
of the University of Tokyo was transferred to the newly established National Insti-
tute of Health of Japan and Dr. Umezawa together with his laboratory was trans-
ferred to the Department of Antibictics of this new institute. As the director of
this department, he devoted himself exclusively to the study of antibiotics and
other microbial products. From Dr. Umezawa's study in the last 35 years, we can

cbserve a great rapid progress of modern organic chemistry in these areas.

EARLY STUDIES ON ANTIBIOTICS {1950 - 1853)
In the beginning of 1947, he found that strain Q-176 which produced penicillin in
high yields with deep aerated fermentation also produced high yields of penicillin
in a synthetic medium of the bottle culture. This process helped in the produc-
tion of penicillin at that time. At about the same time, the cylinder plate as-
say method was introduced to Japan. This method gave very accurate results as con-
firmed by Dr. Umezawa's statistics study. This method developed by Heatlev and
others at Oxford University contributed a lot to the progress of antimicrobial an-
tibictics. Dr. Umezawa applied the principle of this method to the tuberculin as-
say on guinea pig skin tc establish a quantitative method of tuberculin assay. In
1947, a shaking culture machine was placed in a tin plate box of this laboratory
in the basement and was used for a year until a pilot plant which had four 400 1li-
ter fermenters was built in the storehouse of the institute in 1948. After the
penicillin study, he was asked by the Japanese Government to study the production
process of streptomycin, for tuberculosis was the biggest cause of death of the
Japanese people at that time. It caused many miserable deaths of the young or pre-
vented them from their wish for education or work. During the screening of strep-
tomycin-like antibiotics, he found neomycin from two strains classified as 8. fra-
diae in 1948. He identified this antibiotic from streptothricin on the basis of
its antibacterial spectrum and its low toxicity and named it streptothriein B. 1In
his screening study in 1947, an interesting white crystal inhibiting both Gram neg-
ative and positive bacteria was obtained. Immediately thereafter, chloramphenicol
was published and was confirmed to be identical with this crystalline antibiotic.
From 1945 to 1853, it may be said that these were the years ¢f his random screening

of antimicrcobial antibiotics and the following new compounds were reported from
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1948 to 1953 in the Journal of Antibictics and the Japanese Medical Journal both
of which were started in 1948:

Streptothricin B (neomycin, 1948}, aureothricin (1948), griseolutein A and B
{(1950), nitrosporin (1951), abikoviromycin (1951), moldin (1952), pheofacin (1952),
exfoliatin (1952), sarcidin (1953}, achromoviromycin (1953}, azomycin (1953), pyri-
domycin {1953), phthiomycin (1953}, thiazolidone antibictic (1953). BAmong these
compounds, the structures of azomycin (1955), griseoluteins A (1959) and B (1964},
and pyridomycin {(1967) were determined later in his laboratories. Their action
mechanisms were also later studied: griseolutein A interacted with the cell mem-
brane causing inhibition of DNA and RNA synthesis (1978) and azomycin inhibited
ribonucleotide reductase (1%74). Pyridomycin was shown to inhibit some process

before orotic acid synthesis during the biosynthesis of pyrimidine bases (1970).

COOH OCH

3
N
N o
L C I\NI >
N NO
H 2
{2
Azomycin {1955) O—CO—CHZOH

Griseolutein A (1959)

“
-~
OH
GCOOH H OCH3
N
0 WH
Ir CI§H\rCH3

HO~ CHp MM O

C
U
HOHZC 0 (T uIO
XN o oM
EHZ

Griseolutein B (1964} .
CH3 \\CHS

Pyridomycin (1970}

As shown by the findings of abikoviromyein and achromoviromycin which inactivated
encephalitis viruses, Dr, Umezawa tried the screening of antiviral compounds for
about two years from 1949 to 1950. However, it was difficult for him to find an-
tiviral substances which inhibited the viral growth without interfering with the
growth function of host cells. Moreover, he suspected the possibility of applying

antiviral substances for the chemotherapy of virus diseases, because the amount of



virus was maximum in patients diagnosed by doctors as having virus diseases. He

alsc thought that an antiviral substance might be useful to protect people from
influenza virus infections but with extremely low toxicity in this case. On the
other hand, during his study of antiviral substances, he noticed that microorga-
nisms produced cytotoxic compounds in high freguency. Therefore, as it will be

described later, he initiated the study of antitumor substances in 1951.

DISCOVERY OF KANAMYCIN AND KASUGAMYCIN, RESISTANCE MECHANISMS

AND DEVELOPMENT OF ACTIVE DERIVATIVES AGAINST RESISTANT

INFECTIONS
During the random screening of antimicrobial antibiotics, he concentrated his
study into the screening of new antibiotics useful in tuberculosis chemotherapy.
He endeavoured to find new antibiotices inhibiting the growth of nonpathogenic my-
cobacteria and found pyridomycin (1953) as mentioned above. Pyridomycin showed
good activity against tubercle bacilli in vitro, but in the mouse test it did not
show any therapeutic activity. Its interesting structure was determined in 1967.
This antibiotic also inhibited Gram negative bacteria and had low toxicity.
In 1953, he found thiazolidone antibiotic and phthiomycin. Both inhibited tuber-
cle bacilli. Thiazclidone antibiotic was found by several research groups at the
same time. The action of this antibiotic was counteracted by biotin and was not
active in vivo, ©On the other hand, phthiomycin which was water-soluble and basic
was identified to be an antibiotic closely related to viomycin. It showed activity
against experimental tuberculosis in mice. This proved one of Dr. Umezawa's find-
ings that water-soluble basic antibioctics which showed inhibition of growth of tu-
bercle bacillus in vitro can exhibit the effect also in vivo. He continued the
’ screening of water—-scluble basic antibkiotics inhibiting the growth of mycobacteria
which have no or low delayed-toxicity. Antibiotics in culture filtrates were ex-
tracted by a carboxyl resin process and the toxicity of the extracts to mice was
tested. In this study, he found phleomycin (1956), kanamycin (1957} and albover-
ticillin (1958).
Kanamycin exhibited a similar effect as streptomyein on experimental tuberculosis
in mice and guinea pigs. It was effective also against the infection of tubercle
bacilli resistant to streptomycin. At that time in hospitals, most tubercle bacil-
li of patients became resistant to streptomycin after streptomycin treatment,

therefore, kanamycin replaced streptomycin in the treatment of them. Moreover, it

— 52—



HETERQCYCILES, Vol 13,

inhibited the growth of Gram positive and negative bacteria both in vitro and in
vivo. Staphylococci and Gram negative bacteria resistant to all drugs appeared in
1957. Thus, this antibiotic was evaluated on the merits of its effect on these
resistant infections. Generally, at that time it was difficult to crystallize ami-
noglycoside antibiotics. Incidentally, during evaporation of a fraction obtained
by carbon chromatography, kanamycin crystallized. This was shown to be its mono-
sulfate, and the pH ¢f its water solution was 8.0. Thereafter, the adjustment of
the pH of the kanamycin aqueous solution to 8.0 followed by evaporation and addi-
tion of ethanol or acetone easily gave crystals of kanamycin monosulfate. Start-
ing from this crystalline material, the structure was determined quickly in 1958.
At that time, nmr was not useful and the structure was elucidated by fragmentation
to known hexopyranoses and 2-deoxystreptamine, by the results of the peridodate
reaction, by the isclation of 5-0-methyl-2-deoxystreptamine by the hydrolysis of
totally methylated derivative and by the application of the Hadson rule. This
structure was confirmed by X-ray crystal analysis to he kanamycin monosulfate in

19e8.

kanamycin A: R]=0H, R2=NH2

kanamycin B: R]=NH2, R2=NH2

kanamycin C: R?=NH2, R2=0H

In 1962, Institute of Microbial Chemistry was built and its extention building was
added in 1966. This institute was fully equipped for structure determination.
Moreover, Professor Iitaka started to collaborate with Dr. Umezawa on structure
determination by X-ray crystal analysis. Thus, the amount of study undertocock by
Dr. Umezawa was markedly enlarged.

In Japan, an effective agent against Pyricularia oryzae was requested, for this

infection was causing great damage to rice plants and was creating enormous loss
in rice harvests. Moreover, phenyl mercuric compounds which had been used had to
be withdrawn., Dr. Umezawa started the screening of active agents against this
rice plant disease in 1962: the actinomycetes strains isolated from soils were
carefully selected and the activity to suppress the infection of this fungus on

rice plants was tested by a pot test. This process was an unique screening process
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at that time., Very quickly, a streptomyces strain was selected. Its culture fil-

trate did not show any activity to inhibit Pyricularia oryzae in the usual testing

method at that time. But when the activity against Pyricularia orvzae was tested

by using a medium prepared from rice plant juice, it showed great activity. This
was an acidic medium, that is, a medium of pH lower than 6.0. In this step, pH
5.5 was confirmed to be the known pH of rice plant leaves. The active compound
which inhibited this fungus in the acidic media was extracted and purified rapidly
and was named kasugamycin {1965), because the soil sample was collected from the
garden of Kasuga Shrine in Nara city. The structure was very rapidly determined
by studying the hydrolysis products and performing X-ray analysis of its hydrobro-
mide {1966). This was alsc totally chemically synthesized soon after (19%968). More
than 100 tons calculated as pure kasugamycin has been used every year in Japanh, Ko-
rea, Formosa, Columbia, Brazil etc. since then. This antibiotic also inhibits

Pseudomonas aeruginosa, and its therapeutic effect on pseudomonas urinary infection

was confirmed by clinical studies. As shown by this clinical study, it has ex-
tremely low toxicity and is a safe agricultural drug. After the introduction of
kasugamycin, phenyl mercuric compounds were withdrawn from use. After the intro-

duction of kasugamycin, there was no crop decrease caused by Pyricularia oryzae.
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Kanamycin and kasugamycin both are members of aminoglycosidic antibictics. By
looking at the course of the structure determination of kasugamvein in comparison
with kanamycin, it is apparent that there was a great progress in organic chemis-
try in structure determination in the five years after 1957, It can be said that
organic chemistry promoted the progress of antibiotic research. On the other hand,
in 1967, Dr. Umezawa found and reported resistance mechanism and this vromoted a
rapid progress in sugar chemistry and dehydroxylation reactions.

In 1965, kanamycin-resistant Gram negative bhacteria appeared in hospital patients
and Dr. Umezawa undertook the study to elucidate its biochemical mechanism. He
found and isolated 6'-N-acetylkanamycin and kanamycin 3'-phosphate as the reaction

products of the homogenates of resistant cells with kanamvecin in the presence of
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ColA or ATP {(1967). Most resistant strains produced the latter enzyme (3'-0-phos-
photransferase). Therefore, Dr. Umezawa decided to synthesize 3'-deoxykanamycin
and 3'-O-methylkanamycin. If these or one of these kanamycin derivatives inhibited
the growth of resistant strains, it should be conclusive proof of the enzymic mech-
anism of resistance. Moreover, the active derivatives should be useful in the
treatment of resistant infections. Parallel to syntheses of these derivatives,

the chemical synthesis of 3',4'-dideoxykanamycin B was also started, because it
seemed as if this could be more easily synthesized. Dr. Sumio Umezawa ccllaborated
with Dr. H. Umezawa in the syntheses of these compounds, for Dr. S. Umezawa has
been successful in the total syntheses of kapamycin A, B, and C.

3'-Deoxykanamycin A and 3',4'-dideoxykanamycin A synthesized (1971, 1871} inhibited

both sensitive and resistant strains. Most strains of Pseudomonas aeruginosa were

resistant to kanamycin since the discovery of this antibiotic. One surprise was
that these resistant pseudomonas strains were also inhibited by these derivatives.
Thus, the enzymic resistance mechanism was conclusively determined. The other sur-
prise was that 3'-~O-methylation of neamine {1972) and kanamcyin inactivated these
antibiotics.

Dr. H. Umezawa also analyzed the structures of the inhibitors and the substrates
of 3'-0-phosphotransferase and reported the results in 1969 and 1970. It indicated
that one or both of 1-NH

and 3-NH,, 2'-OH (or 2'-NH,), 3'-OH, 6'-NH, (or 6'-OH)

2 2

were involved in the binding with 3'-O-phosphotransferase. The 3-amino-3-deoxvy-
glucose moiety is not involved in the binding. Therefore, the modification of one
of these groups involved in the binding with the enzyme can give derivatives ac-
tive against both sensitive and resistant strains. In 1970, butirosin was reported
to contain 25-2-hydroxyl-4-amincbutyryl group on 1-NH,, Amikacin synthesized by
Kawaguchi is 1-N- (25-2-hydroxy-4-butyryl)kanamvecin A and exhibits a wide antibac-
terial spectrum against resistant strains. 3',4'-Dideoxykanamycin B and amikacin
have been widely used. The characteristic point of the former is its low ototoxi-
city and that of the latter is a wide antibacterial spectrum against resistant
strains. Thus, a new research area was opened up by Dr. H. Umezawa to obtain new
effective drugs in derivatives and analogs of aminoglycoside antibiotics. As re-
viewed by Dr. H. Umezawa in 1974 (Advances in Carbohydrate Chemistry and Biochemis-
try, 30, 183-225), other enzymes such as 3-N-acetyltransferase, 2'-N-acetyltrans-
ferase, 4'-0O-phosphotransferase, 2"-0-nucleotidyltransferase etc. are involved in

resistance of other resistant strains. Most of these enzymes were found by Dr.
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Umezawa. On the basis of these enzyme reactions, derivatives active against known
resistant strains have been synthesized. Dr. Umezawa demonstrated the application
of affinity chromatography containing an aminoglvcoside antibiotic as the function-
al group for purification of these enzymes and the application of these enzymes in
the s¢lid phase for the rapid isolation of the products of the reaction of amino-
glycosides with CoA or ATP (1974). Thus, it became very easy to isolate enzymes
involved in resistance or enzyme reaction products rapidly. It has also been
shown that the structures of the reaction products, that is, inactivated aminogly-
coside antibiotics, are easily determined by the analysis of their proton or 130-
nmr, The practical necessity of the gynthesis of derivatives of amincglycoside an-
tibictics promoted the progress of the methods for the protection of hydroxyl
groups and the dehydroxylation.

Dr. H. Umezawa elucidated the mechanism of resistance to streptomycin in 1968: the
3-hydroxyl group of the N-methyl-L-gilucosamine moiety is adenylated., There is an-
other enzyme which transfers phosphate to this hydroxyl group. Dr. S. Umezawa was
successful in the total synthesis of streptomycin and dihydrostreptomycin. In his
collaboration, 3"-deoxydihydrostreptomycin was synthesized, This derivative inhi-

bited resistant strains except for Pseudomonas aeruginosa. These vseudomonas

strains were confirmed to produce a phesphotransferase which transferred phosphate
from ATP to the 6-hydroxyl group of streptomycin. On the basis of this result, it
became possible to synthesize streptomycin or dihydrostreptomycin derivatives ac-
tive against resistant strains.

Very recently, a new group of aminoglycoside antibiotics, fortimicins, sporaricins,

istamycins which have structural relationships with deoxystreptamine-containing

Istamycin A: R1=NH2, R2=H

Istamycin B: R'=H, R2=NH2
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antibiotics were found in actinomycetes. Dr. Umezawa collaborated with the struc-—
ture determinations of sporaricins, and his group found istamycins. Istamycin A
was synthesized from 3',4'-dideoxyneamines, The structures of this group will al-
so contribute to the analysis of structure-activity relationships.

The random screening of new antibacterial antibiotics at present is not successful.
There seems to be only a very small possibility of finding useful new tvpes of an-
tibiotics. Thig situation indicates the importance of the research of B-lactam
and aminoglysocide antibiotics to develop useful chemotherapeutic agents. The lat-
ter research area was opened by Dr. Umezawa. It is the first time that a study of

action mechanism was carried out in order to predict active structures.

ANTIBACTERIAL ANTIBIOTICS AND THEIR STRUCTURES OBTAINED

BY SCREENING IN 1953-1979
From 1953 to 1962, the following new antimicrobial antibiotics were found in his
laboratory: seligocidin {antifungal, 1954}, mediocidin (antifungal, 1954), fungi-
cidin-rimocidin-chromin group {(antifungal, 1954), eurccidin group {(antifungal,
1954), trichomycin-ascosin-candicidin group (antifungal, 1954), tertiomycins A and
B (antibacterial, 1955), antitoxoplasmic substance No. 534 (1955), mesenterin (an-
tibacterial, 1955), althiomycin (antibacterial, 1957), unamycin (antifungal, 1958),
niromycin (antiviral, 1960}, amidinomycin {(antiviral, 19260}, phenazine compounds
of S. grisecluteus (1961), ilamycins {antimycobacterial, 1962), pyrimidine com-
pounds (reducing streptothricin toxicity, 1962), griseococcin {antibacterial,
1962), No. A-418-24 apntibiotic (antibacterial, 1962). These antibiotics were
found in the Department of Antibiotics of Japanese NIH. Dr. Umezawa also guided
the discovery of the following compounds in the 6th Department of the Institute of
Applied Microbiology of the University of Tokyo: blastomycin {antifungal, 1957),
mikamycins A and B (antibacterial, 1958), variotin (antifungal, 1959), emimycin
(weakly antimicrobial, 1960), bacimethrine {antibacterial, 1961l). The following

structures were reported in the years shown in parenthesis.
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Umezawa found that polyene antifungal antibiotics are pro-
of actinomycetes and he first discovered pentaene compounds
Umezawa studied the synergism between mikamycin A and B not

inhibit bacterial growth but also in the inhibition of pro-

tein synthesis on bacterial ribosomes and he extended this study to other antibio-

tics and found a strong synergism between O-carbamoyl-D-serine and D-4-amino-3-

igsoxazolidone (1964).

These compounds inhibit the enzymatic reactions which work

successively in the synthesis of peptidoglycan, and the reason of the synergism was

understood,

From 1963 to now, the following antimicrobial antibiotics were found by Dr. H, Ume-

Zawa:

monazomycin (antibacterial, 1963), spinamycin (antifungal, 1966), josamycin

{antibacterial, 1967), leucinamycin (antibacterial peptide, 1967}, laspartomycin
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{antibacterial peptide, 1968), pepthiomycin (antibacterial and antifungal peptide,
1968), oryzoxymycin (antifungal, 1968), gougeroxymycin (antifungal, 1969), dieno-

mycin (antimycobacterial, 1970), macarbomycin {antibacterial, 1970), negamycin {an-
tibacterial, 1970), deoxynybomycin (antibacterial, 1970), leucylnegamycin (antibac-
terial, 1971), cyclamidomycin {(desdanine, inhibitor of nuclecside diphosphate kin-
ase, 1971), requinomycin (antibacterial, inhibitor of R-factor transfer, 1972), 8-
lactamase inhibitors (antibacterial, 1973), four minor antibiotics of a macarbomy-
cin-producing strain {antibacterial, 1973), minosaminomycin (antibacterial, 1974),
amicleonomycin {antibacterial, antagonized by biotin, 1974), calvatic acid (anti-

bacterial, produced by a mushroom, 1975), S5-228Y (antibacterial, 1975), aplasmo-

mycin (antiprotozoa and antibacterial, 1977), 3-epi-deoxynegamycin (antibacterial,
1977}, leucyl-3-epi-negamycin (1977}, pheganomycin {antibacterial, 1977}, aplasmo-
mycins B and C (1978). The following structures were reported in the vears in pa-

renthesis.
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Among the antimicrobial antibiotics, josamycin has been developed for practical
use. As already described, in 1953, Dr. Umezawa found tertiomycins A and B which
were crystallized. They were macrolide antibiotics and had low toxiecity but their
oral administration did not produce a high enough blood level. Therefore, studies
of tertiomycins were given up and Dr. Umezawa continued the screening of macrolides
and found josamycin. Soon after the start of the clinical study, it was found that
josamycin did not cause stomach irritation and produced a high enough blood level,
Since 1970, this antibiotic has been widely used. It inhibited about a half of
the erythromycin-resistant strains. The resistance of these strains was induced
by erythromycin. After josamycin had bheen found, leucomycin A3 was found as a very
minor component of leucomycin. Leucomycin A3 cannot be found in the present sam-
ple of leucomycin, therefore, josamycin has been used for the structure study of
leucomycin A3. It can be said that josamycin produces the highest blood level af-
ter its oral administration as compared with other l6-member-ring macrolides.
Negamycin has low toxicity and inhibits the growth of Gram negative organisms in-

cluding Pseudomonas aeruginosa both in vitro and in vive. Negamycin inhibits the

terminal step of protein synthesis on bacterial ribosomes. However, a hvdrolysis
preduct (N-methylhydrazinoacetic acid) inhibits glutamate pyruvate transaminase
and the daily administration of negamycin to dogs caused reversible hepatic coma
and the clinical study was stopped. Althiomycin which was discovered at the time
of the discovery of kanamycin showed a strong action to protect mice from bacteri-
al infections. Althiomycin inhibits protein synthesis on bacterial ribosomes but
not on mammalian ribosomes. Ttg structure was finally proposed.

The bicactive chemical structures found by the screening of antibacterial activi-
ties may contribute tc the study of structure-activitv relationships. Especially,
the structures of low toxic antibiotics such as negamycin and althiomycin are in-
teresting. Their chemical studies may lead us to their derivatives or analogs

which are useful in the treatment of resistant infections in the future.

INITIATION OF ANTITUMOR ANTIBIQTIC RESEARCH, DISCOVERY THEREQOF,

AND CHEMICAL STUDIES OF BLEOMYCIN
One of the most important chemical studies is to open up a new research area where
new chemical structures with new biocactivities can be found.
As described in a previous paragraph, in about 1949-1951, Dr. Umezawa observed the

production cof cytotoxic compounds by many soil actinomycetes strains during his




study of antiviral substances. On the cther hand, in about 1951, resistant patho-

genic bacteria did not yet appear in hospitals and chemotherapy of bacterial dis-
eases seemed to be completed by use of penicillin, streptomycin, chloramphenicel,
aureomycin and terramycin. Therefore, Dr. Umezawa initiated the study of antitu-
mor antibiotics. His publications on antitumor antibiotics cbtained by the screen-
ing have been started in 1953. By screening for antitumor antibiotics which inhi-
bited the growth of experimental tumors, he discovered finding No. 289 and sarko-
mycin. These papers stimulated the study of antitumor antibiotics in the world.
The screening of antitumor antibiotics has contributed to the findings of useful
cancer chemotherapeutic agents and has dug up various new chemical structures which
had cytotoxic or antitumor activity. Up to now, Dr. Umezawa reported the findings
of the following new antitumor antibioctics: No. 289 antitumor substance (1953},
sarkomycin (1953}, actinoleukin (1954), ractinomycin (1955), pluramycin (1956},
phleomyecin (1956), raromycin (1957), peptimycin (1961), cytomycin (1961}, 3-car-
boxy-2,4-pentadienal lactol (1962}, enomycin (1963), labilomyecin (1963}, formycin
(1964), formycin B (1965}, plurallin (1966), bleomvcin (1966), phenomycin (1967},
coformycin (1967), macromomycin (1968), coriolin {(1969), neopluramycin (1970), di-
ketocoriolin B {1971}, macracidomycin (1975}, revistin (1975), glyoxalase I inhi-
bitor (1975}, aclacinomycins A and B (1975}, neothramycin (1976}, rhodirubins
(1977), baumycins Al, A2, Bl, B2, C€l, €2 {(1i977), anthracyclines M1, N1, S (1977},
roseorubicins A and B (1979}, auromomycin (1979), clazamycins A and B, 2-hydroxy-
5-imincazacyclopent-3-ene (1979}.

The following structures were determined {(the year in parenthesis is that of the

publication of the structure).

$OCH,CH3 HC—CH-OH
H3C CH3 g \0
N /
0-CCHICH=CH) JCOCH,CH o=~
HO 2
0CH,
LabiTomycin (1964} f;g:gﬁ"”{‘{ggé‘)“pe"tad‘E"a‘
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Neopluramycin:
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N
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Coformycin (1974)

3
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Coriolin C {1971}
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Sarkomycin which Dr. Umezawa found in his earliest screening study had no chronic
toxicity. Therefore, this was clinically studied, but clear results were not ob-
tained. One of the reasons may be due to its unstable property. Pluramycin exhi-
bited a strong effect on Ehrlich carcinoma, but it had chronic toxicity. The le-
thal dose of this compound as well as actinomycin, mitomyein and chromomycin
caused bleeding in the intestine and the colon. Phleomycin which was first found
as one of the water-soluble basic antibacterial antibiotics was found later to ex-
hibit a strong inhibition against Ehrlich carcinoma and this antibiotic was iso-
lated as a copper-containing blue powder. Dr. Umezawa who was interested in this
chemical property selected this compound as the one to study in detail. The ther-
apeutic index calculated from the ratio of the maximum tolerable dose of daily in-
jection for seven days to the minimal daily dose given for seven davs was 32-64.
It was significantly high compared with the indices of other antitumor compounds:
the indices of antitumor antibiotics isolated before 1960 were 4-8. But, phleomy-
cin showed a strong renal toxicity to dogs. Dr. Umezawa gave up his plan to con-
duct clinical study of phleomycin and continued the screening to find antibiotics
of a similar type. 1In this study, Dr. Umezawa found bleomycins which were shown
by paper chromatography and found its stability to be different from phleomycins.
A mixture of bleomycins caused hepatotoxicitv, but did not show irreversible renal
toxicity to dogs. As shown in his first and second papers on bleomycin in 1966,
various bleomycins were preduced in the same culture filtrate by fermentation and
individual bleomycins which were purified showed a weaker activity against Ehrlich
carcinoma than a mixture which consisted mainly of A2 (about 70%) and B2 {about
25%). Therefeore, this mixture was presented for clinical study.

As shown by the structural formulae of bleomycins and phleomycins, their structure
determination was not an easy one. However, by applying the reactions for the spe-
cific cleavage of aminoacylthreonine, or histidyl bond, transferring the carbonyl
group of the histidyl moiety to the hydroxyl group of 4-amino-3-hydroxv-2-methyl-
pentancic acid moiety, the amino acid segquence was successfullvy determined. This
structure determination process is a useful material in teaching peptide chemistry.
It ig also interesting that after testing hydrolysis conditions, the treatment of
bleomycin for several hours in 0.3N sulfuric acid at 80°C gave the disaccharide
moiety. The most difficult part for the structure elucidation was an aminc acid
moiety called pyrimidoblamyl moiety. As written by Dr., Umezawa in this book, the

side chain of this aminc acid was finally determined by X-rav crystal analysis of
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a biosynthesis intermediate (demethylpyrimidoblamylhistidylalanine) and synthesis
of model compounds of this amino acid.

As written by Umezawa in this book, the structure of the metal complexes of bleomy-
cin gave the fundamental basis for the understanding of the action of bleomycin in
causing DNA fragmentation, and the inactivation of bleomycin by bleomycin hydro-
lase which hydrolyzes the o-aminocarboxamide group of pyrimideblamyl moiety leads
to the interesting derivatives which were resistant to bleomycin hydrolase. The
difference in the degree of renal and pulmonary toxicity was shown in various bleo-
mycins which differed with each other in the terminal amine moiety, and less toxic
bleomycins have been developed. Bleomycin is one of the group of compounds on
which action mechanisms and structure-activity relationships have peen studied in
most detail., On the basis of this study, more useful bleomvecins have been devel-
cped.

Formycin found by Dr. Umezawa is a structural analog of adenosine and replaces ade-
nosine in almost all enzyme reactions in vivo where formvcin is converted to formy-
cin triphosphate. Coformycin was found in the same culture filtrate from which
formycin was isclated. It inhibkits adenosine deaminase strongly. This enzvme al-
so deaminates formycin. It may be said that the structure of coformycin openedupa
new nucleoside research area. Isocoformycin, one of the analogs, inhibits deami-
nase more weakly and has low toxicity,

In order to find effective cancer chemotherapeutic agents Dr. Umezawa extended his
study to anthracycline antibiotics and demonstrated the presence of anthracyclines
which had a low cardiac toxicity. As written in this book by Dr, Umezawa, anthra-
cyclines which will be more effective than adriamycin is being developed.

Dr. Umezawa emphasized the necessity of the study of macromolecular antibiotics.
He, himself, found enomycin, phenomycin, macromomycin, macracidomycin ete. It is
interesting that enomycin and phenomycin inhibit preotein synthesis on mammalian
ribosomes but very rarely bacterial ribosomes.

At present, it is one of the duties of chemists to contribute to the accomplish-
ment of cancer chemotherapy. In this study, active structure should be provided
to chemists and starting from this structure and its action mechanism, chemigts

can design the experiment to reach the goal. It c¢an be said that in the last near-
ly 30 years Dr. Umezawa has dug up the useful chemical structures which exhibited
antitumcr action. From the compounds with these structures and on the basis of a

high therapeutic index, he selected phleomycin as a worthwhile study and reached
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bleomycin. Bleomycin thus found exhibited therapeutic effect on head, neck and
skin cancers, Hodgkin's lymphoma and testis tumors. As written by Dr. Umezawa in
this book, the relation between the bleomycin structure and action has been ana-
lyzed in detail, and on the basis of this relationships it became possible to de-
sign the chemical synthesis of active derivatives or analogs which might exhibit a
stronger therapeutic effect than the present blecmycin did. It can be said that
bleomycin and its structure were dug uvp by Dr. Umezawa for chemists as one of the
most important basis in the development of cancer chemotherapeutic agents. It may
be said that Dr., Umezawa is the pioneef of the chemistrvy of antitumor antibiotics

useful in the treatment of cancer,

SMALL MOLECULAR ENZYME INHIBITORS
It is not easy or it is very rare to be successful in opening up a completely new
research area. In about 1965, Dr. Umezawa planned the study of small molecular
enzyme inhibitors produced by microorganisms, entered this research and found many
important compounds. According to him, there were several reasons why he initiated
this study: (1) In case of the study of small molecular inhibitors of enzymes, the
rapid structure determination is the absolute requirement to understand the mecha-
nism of the inhibition and in about 1965, from his experience in the structure de-
termination of antibiotics, he thought that organic chemistry had been developed
fully enocugh; (2} Still at present, it is often said that microorganisms in nature
produce antibiotics to suppress the growth of others, but he suspected whether or
or not antibiotics were produced in nature, kecause in general, the production of
an antibiotic depends on medium compositions; {(3) He thought that the many genes
which caused the production of various microbial compounds had been generated and
the compounds which were not necessary for the growth were produced; (4) He experi-
enced that the ability of a strain to produce antibictics was lost without causing
the death of the strain. He thought it would be highly possibkle to find small mo-
lecular enzyme inhibitors in microbial culture filtrates. Moreover, on the basis
of the bicchemistry of diseases, he expected that compounds useful in the treatment
of diseases would be found in enzyme inhibitors. The inhibitors found by him are
described below. {1) Inhibitors of hydrolvtic enzymes: leupeptin inhibiting plas-
min, trypsin, papain, cathepsin B (1969), pepstatin {1970), pepstanone (1972}, hy-
droxypepstatin (1973) inhibiting pepsin, cathepsin D and renin, chymestatin inhi-

biting chymotrypsins strongly and papain weakly (19270), antipain inhibiting trypsin,
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papain, cathepsins A and B (1972), phosphoramidon inhibiting zinc endopeptidase

{1973}, elastatinal inhibiting pancreas elastase (1973), panosialin inhibiting

clostridium sialidase (1971), siastatins A and B inhibiting sialidase (1974}, pyri-

dindolol inhibiting B-galactosidase (1975), isoflavone rhamnosides inhibiting B-

galactosidase (1975), p-hydroxyphenylacetaldoxime inhibiting f-galactosidase

{1979).
o
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(971} Siastatin B (1974)
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Pyridindolol {1975) 0-Rha H OH daidzein 7-a-L-rhamnoside

0-Rha OH O0-Rha genistein 4',7-di-o-L-rhamnoside

0-Rha OH OH genistein 7-a-L-rhamnoside

HO@ CH,-CH=N-0H

Hydroxypnenylacetaldoxime (1979}

New types of structures which inhibit serine thiole proteases were found in leupep—
tin, antipain, chymostatin and elastatinal. They contain argininal, vhenylalaninal
or alaninal to inhibit the enzymic hydrolysis of arginyl, phenylalanyl or alanyl
bond in peptides. Pepstatin presented a very active inhibitery structure of car-
boxyl peptidases. The unusual amino acid, 35,45=-4—-amino- 3~hydroxy-6-methylhepta~-
neic acid, is the key structure and this amino acid is called statin. Phosphora-
midon indicated that the leucine phosphate should be the structure of a strong in-
hibitor of zinc endopeptidases. Zinc endvpeptidases hydrolyze the peptide bond
at the amino side of hydrophobic amino acid. These inhibitors of proteases found
by Dr. Umezawa have been used by biochemical, biological and medical researchers
in the world. Leupeptin, antipain and pepstatin have alsc been reported to have

a potential usefulness in the treatment of muscular dystrophy.




(2) Inhibitors of enzymes involved in biosynthesis and metabolism of catechol-
amines: aquayamycin inhibiting tyrosine hydroxylase and dopamine B~hydroxylase
(1968), chrothiomycin inhibiting tyresine hydroxvlase and dopamine B-hydroxylase
(1969), fusaric acid (5~butylpicolinic acid) inhibiting dopamine R-hvdroxylase
(1969), oudenone inhibiting tyrosine hvdroxylase (1970), oosponecl inhibiting dopa-
mine B-hydroxylase (1972), dopastin inhibiting dopamine g-hydroxylase {1972},
methylspinazarin and dihydromethylspinazarin inhibiting cathechol-O-methyltrans-
ferase (12973}, monoamine oxidase inhibitors (1973), 7-0O-methylspinochrome B and
its 6-{3-hydroxy-n-butyl)-derivatives (1973), new iscflavones inhibiting cathechol-
O-methyltransferase (1973}, new iscflavones inhibiting dopa decarboxylase (1976),
dehydrodicaffeic acid dilactone inhibiting cathecol-O-methyltransferase {1976},
tetra-O-methyldehydrodicaffeic acid dilactones inhibiting cathechol-0~methyltrans-

ferase (1977).
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HO [iill' 0 OH
l R
Ry 1 ‘1!!;’ 3
OH 0
(+) and {-)-Dehydrodicaffeic acid New isoflavones inhibiting
dilactone {R=H, 1976) dopa decarboxylase (1976}
tetra-0-methyldehydrodicaffeic acid It Rqy=H, Ry=0CH;, Ry=0H
dilactone (R=CHy, 1977) I1: Ry=0CHs, Ry=H, Ry=0CH,

I1I: R]=H, R2=0CH3, R3=UCH3
The inhibitors of enzymes involwved in the biosynthesis of noradrenaline such as
tyrosine hydroxylase, dopa decarboxylase and dopamine B-hydroxylase exhibited hy-
potensive effect on hypertension of spontaneously hypertensive rats. Among them,
oudenone and fusaric acid have been studied clinically. Especially the latter
showed a strong hypotensive effect and is becoming a useful hypotensive agent.
The inhibitors of tyrosine hydrowylase and dovamine B-hydroxylase have no struc-
tural relationships with tyrosine and dopamine. This may be due to the compli-
cated structures of these enzymes, The enzymes involved in the blosynthesis or
the metabolism of norepinephrine have nc function in microorganisms and theirxr in-
hibitors were produced by microorganisms. This is one of the facts that microor-
ganisms produce variocus compounds which are not utilized by microbial cells.

(3) Inhibitors of variocus enzymes: 5-formyluracyl inhibiting xanthine oxvdase
(1972}, lecanoric acid inhibiting histidine decarboxylase (1974), 1-[2-(3,4,5,6-
tetrahydropyridyl) -1, 3-pentadine inhibiting nonspecific N-methyltransferase
(1974), coformycin inhibiting adencsine deaminase (1974), revistin inhibiting re-
verse transcriptase (1975), glyoxalase inhibitor (glyc I, MS=3) (1975), reticulol
inhibiting cyclic AMP phosphodiesterase (1975}, PDE-I and IT inhibiting cyclic AMP

phosphodiesterase (1978}, 2,5-dihydro-L-phenylalanine inhibiting trvptophan hydrex-
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ylase (1977),
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Phosphodiesterase inhibitors {1977)
PDE-1: R=NH2
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Lecanoric acid has been isolated from lichens and was found for the first time by

the screening of an inhibitor or of histidine decarboxylase. Lecanoric acid is

not effective in vivo because of a rapid enzymic hydrolysis. But, it suggested a

specific inhibitory structure for the inhibition of histidine decarboxylase. The

compounds which were structurally related o lecanoric acid but contained an amide

group instead of the ester group have been confirmed to inhibit histidine decar-
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boxylase. The compound MS-3 inhibits glyoxalase but it is not effective in vive
due to the hydrolysis of the ester group. Another, Glyo II, which was described
in’the previous paragraph, inhibited glyoxalase and showed antitumor activity also
in vivo. Reticulel, PDE-I and PDE-II inhibited cyeclic AMP phosphodiesterase and
they were found by searching for inhibitors of cyclic AMP phosphodiesterase.

Their structures are unique and they may be utilized for the design of chemical
synthesis of phosphodiesterase inhibitors.

{4) Inhibitors of hydrolytic enzymes on the cellular surface (immunomodulators);
bestatin inhibiting aminopeptidase B and leucine aminopeptidase (1976), forpheni-
cine inhibiting chicken intestine alkaline phosphatase (1978), amastatin inhibi-

ting aminopeptidase A {1978), esterastin inhibiting esterase (1978).
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3V72°4 (7) 2 (2) 2| 21 275773
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|
o
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Esterastin (1978)

On the basis of a known fact that lectins such as concanavalin A, phytochemoaggulu-
tinin etc. bind to lymphocytes and cause mitogenesis, Dr. Umezawa thought that even
small molecular compounds which bound tc cells might cause mitogenesis and enhance
immune responses. In order to find compounds which bind to the cell surface, he
first examined the enzyme activities of the cellular surface and searched for inhi~
bitors of enzymes on the cell surface. Thus, he found bestatin, amastatin, for-
phenicine and esterastin. As written by Dr. Umezawa in his paper in this book,
bestatin, amastatin and forphenicine enhanced immune responses and esterastin sup-
pressed them. This study is very unique. It can be said that again he opened a
new research area to dig up new bioactive structures and new compounds with poten-

tial usefulness in treatment of cancer, resistant infections in immunodeficient
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patients and autoimmune diseases.

NEW ASPECT OF MICROBIAL SECONDARY METABOLITE—GENETICS
Although it is said that microorganisms produce antibiotics to suppress the growth
of others, Dr. Umezawa searched for enzyme inhibitors in microbial culture fil-
trates and found compounds which had no antimicrebial activity. 1In another
screening study, that is, in the sc¢reening of color reaction positive compounds,
Dr, H. Umezawa found the following compounds: sphydrofuran, arglecin, argvalin

and KD-16-Ul.

CH
g 3
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0 ey CHALH,CH, a
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OH h
0 C=NH  Argvalin (1973) "
OH OH ' A
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T oH
oM KD16-UT (1974)

Furthermore, the following compounds were obtained as by-products.
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Thus, it has been shown by Dr. Umezawa that compounds which have widely varied
structures are produced by microorganisms. This led Dr. Umezawa to study the rea-
son why the almost unlimited number of various compounds are produced by microor-
ganisms. It can be said to be ingenious that he undertock this study from the
viewpoint of genetics of characteristic structural parts of microbial secondary
metabolites. Antibicotics can be divided into various groups on the basis of their
structure relationships. BAntibkiotics of each group contain a characteristic struc-

tural part common to them. It indicates the presence of a special gene or a gene
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set involved in the biosynthesis of this characteristic structural part and a wide
distribution of such a gene or gene set among strains producing the antibiotics of
the same group. As described in his paper in this bock, he proposed a principle
for genetics and biosynthesis of characteristic structural parts of microbial sec-
ondary metabolites. This can indicate the most possible reason why so many vari-
ous microbial secondary metabolites can be found in microorganisms. He confirmed
the involvement of multienzymes in the biosynthesis of leupeptin acid. The gene
or gene set involved in the biosynthesis of this multienzyme was transferred by
conjugation, indicating this gene or gene set is on a plasmid. Moreover his study
on the biosynthesis of pepstatin and the peptide part of bleomycin etc. as des-
cribed in his paper in this book suggested their synthesis by multienzymes speci-
fic to each of them. On the basis of these observations, he suggested that it
might be interesting to study whether multienzymes are also involved in the bhio-
synthesis of characteristic structural parts other than peptides. Biosynthesis

of natural products is one of the research areas of organic chemists. Dr. Umeza-

wa's study led these studies to their genetics.

CONCLUSTION
The skillful application of principles and methods of organic¢ chemistry, or the
work of pioneering a new important application area is one of the great accomplish-
ments in organic chemistry, and chemistry of bicactivities and the development

of useful organic compounds on the basis of molecular mechanisms of bioactions are

recent research areas of significant account in organic chemistry. It can be said
that Dr. Umezawa pioneered an application area of organic chemistry for the devel-
opment of useful aminoglycosides on the basis of resistant mechanisms and for the
development of bleomycin group compounds on the basis of the relationships between
structures and activity or toxicity, by extending the antibiotic research to small
molecular enzyme inhibitors, he dug up new biocactive chemical structures, and he
pioneered the research area in genetics of characteristiec structural parts of mi-
grobial secondary metabolites on the basis of their chemical structures and was
successful in proposing the reason why the almost unlimited number of various com-
pounds are found in microorganisms.

As shown by Dr. Umezawa's study, it is now reasonable to search for useful biocac-
tive compounds in microbial culture filtrates. If a quantitative exact screening

method is used, compounds which have the purposed activity will be found in high
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probability. As reported in Current Content (Life Sciences), No. 35, 1978, his
works were cited in 5781 papers during the years 1961 to 1976. It is also inter-
esting that most biocactive compounds found by him contain nitrogen, oxvgen or both
and many of them contain heterocycles.

In closing this report, we would like to add that we are honored and privileged to
have studied under Professor Hamao Umezawa's pertinent guidance and we would like
to express our sincerest congratulations to him on his 65th birthdav and send him
our best wishes for his perscnal and everlasting scientific future with our deepest

gratitude.




