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The Aminoglycosides: A Resumé of their
Development

S. SELWYN

Department of Medical Microbiology,
Westminster Medical School, London, UK

Antibiotics have two family trees. The roots of the first lie in the moulds and,
although the background of this family is quite fascinating (Selwyn, 1980, 1982), I
shall not pursue it further. My concern here is with the second family which has its
roots firmly among the bacteria (Fig. 1). The higher bacteria—the Streptomyces

Netilmicin
Amikacin CEFTAZIDIME
Rifampicin THIENAMYCIN
Clindamycin MOXALACTAM
CEFOTAX IME
Gentamicin CLAVULANIC ACID
LARGE TYPE = Beta - lactam antibiotics Doxycycline CICLACILLIN
< : ; . MEZLOCILLIN
Small Type = Other antibacterials Lincomycin
. AZLOCILLIN
K . Tobramycin
C D - antitungal Kanamyein CEFUROXIME
Fusidic acid CEFOXITIN

—— EPICILLIN  MECILLINAM

FLUCLOXACILLIN PIPERACILLIN
AMOXYCILLIN
Polymyxins / Colistin  CEPHALEXIN CEFAMANDOLE
CEPHALORIDINE CARFECILLIN

Erythromycin CEPHALOTHIN PIVMECILLINAM

Chloramphenicol CLOXACILLIN TALAMPICILLIN
Tetracyclines AMPICILLIN CEPHRADINE  BACAMPICILLIN
Streptomycin METHICILLIN ~ CEPHAZOLIN CEFACLOR
"PENICILLIN " PENICILLIN PENICILLINV CARBENICILLIN TICARCILLIN
(1928-29) . PIVAMPICILLIN
I i 1 o
I B B B UL B B B a s L a s B s BaR S BEE S

1920 1930 190 1950 1960 1970 1980

\

Figure 1. The evolution of our antibiotics.

Netilmicin — a Recent Advance in Aminoglycoside Therapy, edited by R. G. Richardson, 1982: Royal
Society of Medicine International Congress and Symposium Series No. 50, published jointly by
Academic Press Inc. (London) Ltd., and the Royal Society of Medicine.



2 S. Selwyn

group of actinomycetes—have produced a remarkably wide range of antibiotics,
quietly and with very little publicity.

The story began over 65 years ago with the work of Selman Waksman (Waksman
and Curtis, 1916), a Russian émigré, at Rutgers University in New Jersey. He was
aware, as he subsequently reported in a number of papers in obscure soil journals,
that antibiotics were produced by bacteria in the soil. He often proposed that these
could be used clinically, but he was a soil bacteriologist and the message fell on
deaf ears.

By 1939 a French Canadian, René Dubos, inspired by the work of Waksman, his
teacher, rather than that of Fleming, was deliberately looking for antibiotics from
soil bacteria. By chance, he discovered a species of aerobic spore-bearing bacillus
from which he produced a number of antibiotics that are still used topically —
notably gramicidin and tyrocidine. The first of these became commercially available
in 1941, but these antibiotics were far too toxic to be given systemically.

Waksman himself had meanwhile isolated the first of a series of antibiotics from
his beloved actinomycetes. At the outset he obtained, in 1940, a toxic agent,
actinomycin, which was quite effective against Gram-positive bacteria and fungi.
This was followed in 1942 by the isolation of streptothricin, which extended the
spectrum of activity to Gram-negative bacteria; but this antibiotic also was too toxic
for systemic use.

Unfortunately for Waksman and for the world, the species of Micromonospora
he was studying at that time in parallel with the actinomycetes produced only very
low activity antibiotics; had fate decreed otherwise, gentamicin and many other
important drugs might have appeared sooner, as they all come from that very genus.
And this in itself is curious—not being a Streptomyces species, the organism is an
outsider.

Streptomycin

By 1944 Waksman had isolated streptomycin and shown it to be active against a
wide range of Gram-positive and Gram-negative bacteria (Schatz et al., 1944;
Fig. 2). Shortly afterwards the main use for streptomycin was proved to be in the
treatment of tuberculosis. By 1947 the structure of the new antibiotic had been
worked out. It was an aminosugar at one end and an aminocyclitol at the other.
Thus ‘‘aminoglycoside’’ is incorrect terminology; the antibiotics should strictly be
called ‘‘aminoglycosidic aminocyclitols’’ since all are mixtures, apart from
spectinomycin (a pure aminocyclitol) and a therapeutically unimportant antibiotic,
kasugamycin (a pure aminoglycoside).

The fact that resistance to streptomycin rapidly developed and was clinically
important was shown by Feldman and others within a few years. Fortunately, para-
aminosalicyclic acid (PAS) had already been discovered in 1946 by Lehmann, and in
1952 the Squibb company introduced isoniazid. These two drugs saved the day for
streptomycin.

Neomycin and Kanamycin

Five years after the isolation of streptomycin, Waksman and Lechevalier (1949)
published a paper on neomycin which they found to be active against streptomycin-
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Streptomycin, a Substance Exhibiting Antibiotic Activity Against Gram-
Positive and Gram-Negative Bacteria.*t

ALBERT SCHATZ, EL1ZABETH BUGIE, AND SELMAN A. WAKSMAN.

From the Now Jerscy Agricaltural Eeperiment Station, New Brunswick, N.J.

With the exception of streptothricin,! most
of the antibiotic substances known at the
present time, including penicillin and other
mold products as well as gramicidin and
actinomycin, act largely upon gram-positive
bacteria. The activity of these substances
upon gram-negative organisms is highly selec-
tive, as in the case of penicillin, which affects
the Neisseria group and has little activity
upon Escherichia coli and other gram-negative
bacteria,” or else much larger quantities are
required to bring about the inhibition of these
bacteria, as in the case of actinomycin.?
Among the antibiotic agents that act selec-
tively alike against both gram-positive and
gram-negative bacteria, streptothricin occu-
pies a prominent place; since this substance
is water-soluble and possesses limited toxicity

* Journal Series puper, New Jersey Agricultural
Experiment Station, Rutgers University, Depart-
ment of Soil Microbiology.

t With partial support from a grant made by
the Commonwealth Fund of New York.

1 Waksman, S. A., and Woodruff, H. B., Proc.
Soc. Exp. BioL. axp MED., 1942, 49, 207; J. Baet.,
1943, 46, 299,

2 Abraham, E. P, Chain, E., Fleteher, C. M,,
Gardner, A., Heatley, D., Jennings, M. A., and
Florey, H. W., Lancet, 1941, 241, 177; Nature,
1942, 148, 758; 149, 356.

3 Waksman, 8. A., and Woodruff, H. B., Proc.
Soc. Exp. Bior. axp MEp., 1940, 45, 609 J. Bact.,
1941, 42, 231.

to animals, it is of particular interest from a
chemotherapeutic point of view. Unfor-
tunately, streptothricin has very little activity
against a number of bacteria found among
both the gram-negative (Pseudomonas flu-
orescens, Ps. aeruginosa) and the gram-
positive (Bacillus mycoides and B. cereus)
groups.

In a search for antagonistic organisms that
are active against gram-negative bacteria, and
from which antibiotic substances could be
isolated, the actinomycetes were found! to
offer extensive potentialities. Although most
of the antibacterial agents produced by these
organisms are also active against gram-
positive bacteria, certain few of them exert a
marked selective activity against many of the
gram-negative types of bacteria. Actino-
myces lavendule, which produces streptothri-
cin, is such an organism. After detailed exam-
ination of a large number of cultures, either
isolated at random from different natural
and enriched soils and composts, or selected
from the culture collection, another organ-
ism was found that produces an antibiotic
substance which apparently combines many
of the desirable antibacterial properties. This
organism is similar, in most of its cultural
characteristics as well as in its morphology,

+ Waksman, S. A, Horning, E. 8., Welsch, M.,
and Woodruff, H. B., Soil Sci.,, 1942, 54, 281;
Welseh, M., J. Bact., 1942, 44, 571.

Figure 2. The 1944 paper which announced the original isolation and features of streptomycin
(Schatzetal., 1944).

resistant organisms. However, not only was it nephrotoxic, but it was also more
ototoxic than streptomycin. Consequently, its systemic administration was regarded
as dangerous. Nevertheless, 10 years later, C. W. H. Havard, Professor Paul
Garrod and Pamela Waterworth (Havard et al., 1959) were faced with a therapeutic
dilemma that is still familiar, even today —though fortunately not in such extreme
terms as is evident from the title of their paper — ‘‘Deaf or dead?’’ (Fig. 3). A patient
with infective endocarditis was dying and they put this question to him: would he
rather face certain death or take the chance of living though he would almost
inevitably become deaf. He chose to live but did indeed become stone deaf. The
tragedy of this case is that 2 years previously kanamycin had been isolated from
a new species of Streptomyces in Japan (Umezawa et al., 1957), but did not
become available until the following year, 1960. This would have treated the
endocarditis very satisfactorily and although there might have been a minor degree
of ototoxicity in view of the large doses required, the deafness would not have
been complete.
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DEAF OR DEAD?

A CASE OF SUBACUTE BACTERIAL ENDOCARDITIS
TREATED WITH PENICILLIN AND NEOMYCIN

BY
C. W. H. HAVARD, BM.,, M.R.CP.
LAWRENCE P. GARROD, M.D., F.R.C.P.
AND

PAMELA M. WATERWORTH, F.LM.L.T.

From the Departments of Medicine and Pathology,
St. Bartholomew’s Hospital, London

The following is the history of a patient who had to be
warned that the treatment necessary to save his life
would probably cause severe deafness. He accepted
this consequence, and suffered it, but he is alive and
well nearly a year later. The history also illustrates
the value of tests of combined antibiotic bactericidal
action in difficult cases of bacterial endocarditis.
Figure 3. The dilemma of choosing between toxicity and efficacy with the earlier amino-
glycosides (Havard et al., 1959).

Gentamicin

In 1963 Marvin Weinstein, another of Waksman’s colleagues, who was now
working in the Schering Laboratories, announced the discovery of gentamicin
(Weinstein et al., 1963), describing it as a drug produced by Micromonospora
purpurea—a close relative of the species that had produced the worst yield for
Waksman. The ‘‘micin’’ part of its name (and subsequently that of sisomicin and
netilmicin) indicates its origin from an organism outside the streptomyces group.
Interestingly, the original proprietary name Garamycin (with its confusing ‘‘y’’) was
given by Weinstein in honour of his son Gary. What was most important was
gentamicin’s activity against Pseudomonas aeruginosa; and minimal inhibitory
concentrations (MICs) of less than 1 ug/ml were reported, as compared with the
much higher levels required of the other aminoglycosides. Thus, although weight-
for-weight gentamicin was more toxic than many other drugs, it could still be used
because of its greater activity. Weinstein also showed that the effect of serum on the
activity of gentamicin was minimal.

The molecular formula of gentamicin was rapidly worked out and the drug was
shown to be comprised of at least three components, C,, C, and C,, being the
essential ones. By 1967, when it was released for free use, gentamicin was able to
provide valuable protection against Gram-negative organisms as well as many other
bacteria, such as Staphylococcus aureus —but resistance was a constant threat.

Amikacin and Tobramycin

Considerable attention was paid to finding new drugs. Amikacin, a modification of
kanamycin, was announced in 1972, again from Japan (Kawaguchi ef al., 1972). Work
in America and elsewhere rapidly vindicated this drug as a very useful addition to the
aminoglycosides. Its value lies in the fact that the inactivating enzymes that destroy
the gentamicin and tobramycin molecules do not always damage the amikacin molecule.
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Tobramycin was originally isolated as ‘‘factor 6’ of the nebramycin groups of
drugs (Wick and Welles, 1968). Except for a modest increase in activity against
pseudomonads, tobramycin has nothing to offer over gentamicin; and because of
the problem of cross-resistance, I do not regard it as an important advance in
aminoglycoside therapy.

Sisomicin and Netilmicin

Sisomicin is a naturally occurring analogue of gentamicin C,, isolated from a
separate species of Micromonospora (Weinstein et al., 1970). Weinstein had
originally intended naming the new antibiotic ‘‘Ricamicin’’ after Richard, a brother
of Gary! When this was not approved the name ‘‘sisomicin’’ was derived from the
last vowel of the species title Micromonospora imyoensis. It appears to have no
consistent advantage over gentamicin, but owes its importance to the fact that its
N-alkyl derivative is netilmicin —whose name is a contraction of N-ethylsisomicin.
The first paper on netilmicin (Fig. 4) came from the Schering Corporation in March

Synthesis of 1-N-Ethylsisomicin: A Broad-spectrum Semisynthetic
Aminoglycoside Antibiotic

By J. J. WRrIGHT
(Chemiical Research, Scheving Corporation, 60 Ovange Street, Bloomfield, Neu' Jersey 07003)

and 3, and adenylylation of the hydroxy group attached to
carbon 2.2 There 1s thus considerable importance attached

Swmmary  Site-sclective reductive N-alkylation of amino-
glycoside antibiotics related to gentamicin is described

and the structure of the products and of related com-
pounds 1s unambiguously cstablished using circular di-
chroism and mass spectrometry

TrHr aminoglycoside antibiotics are important therapeutic
agents because of their activity against gram-negative
bacteria not readily susceptible to other antibiotics.  Their
widespread clinical use has led to a growing number of
resistant bacterial strains, whose resistance usually results

to the preparation of aminoglycoside antibiotics which are
active against a lugh proportion of these resistant organisms.
Amikacin, the 1-N-(S)-4-amino-2-hydroxybutyryl deriva-
tive of kanamycin A has been demonstrated to possess such
desirable properties®  We now report the novel synthesis,
from the gentamicin-sisonmicin class of antibiotics, of 1-N-
alkyl derivatives which also possess an improved resistance
spectrum.

We have found that the relative reactivity of the amine

from enzymic modification of the antibiotic. In the case
of sisomicin (1),' such modes of inactivation include acetyla-
tion of one of thie amine groups attached to carbons 27, 6

groups of the gentamicin antibiotics towards reductive
alkylation in the presence of an aldehyde and a hydride-
donor reducing agent is pH-dependent.  Although the C-6”

Figure 4. The first announcement of the semisynthetic production of netilmicin (Wright, 1976).

1976 and showed that the drug had a number of important advantages over
sisomicin and other aminoglycosides (Wright, 1976). The next month another paper
was published describing the antibacterial activity of netilmicin (Rahal ef al., 1976).
Against 171 isolates of Enterobacteriaceae, Staph. aureus and Ps. aeruginosa—
including those resistant to gentamicin—it showed markedly greater activity than
either gentamicin or amikacin. No hint was given of anything special in terms of
clinical or toxicological effects. Then in November 1976 Weinstein and his colleagues
described these other aspects (Miller ef al., 1976). We shall consider these different
features of the new antibiotic during this conference. We may then be able to decide
whether or not netilmicin is a worthy culmination of almost 40 years of aminoglyco-
side research (see Fig. 1).



