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Fig. 2. Relation between the toxicities in 
vivo of DDT analogs (9) toward mos- 
quito larvae (Aedes aegypti) and the 
amount of the Na+,K+,Mg+-adenosine tri- 
phosphatase activity remaining after inhibi- 
tion by 10- M of these analogs [expressed 
in percent activity of the enzyme remain- 
ing in probability units (16)]. The toxicities 
are expressed in terms of insecticide con- 
centration which gives 50 percent of 
mortality (LC0o) in the mosquito popula- 
tions as tested by the World Health Orga- 
nization standard method. The LC50 value 
for D'DA could not be determined because 
of its low toxicity to mosquito larvae. 

phosphatase in this preparation and that 
one of them was particularly sensitive 
to DDT. The inhibitor concentrations 
that resulted in 50 percent inhibition 
(I,() of Na+,K+,Mg2'-adenosine tri- 
phosphatase was for DDT approximately 
3 x :10-7M as opposed to 3 X 10-4M 

for DDE. 
The same enzyme source was also 

tested against DDT and DDE in the 
K-+,Mg'2+ buffer at pH 7 (3). The in- 
hibition curves obtained for K+,Mg24- 
adenosine triphosphatases were almost 
identical to those in Fig. 1. 

To study the relation between the 
actual toxicities in vivo and the extent 
of adenosine triphosphatase inhibition, 
several DDT analogs (final concentra- 
tion, 1 0M) were incubated with the 
same enzyme preparation. The results 
(Fig. 2) indicated that the degrees of 
inhibition of the Na-,K+,Mg-2-adenosine 
triphosphatases were closely related to 
the actual toxicities in vivo against mos- 
quito larvae of those DDT analogs. 

The insecticide DDT is much more 
toxic at lower temperature (negative 
temperature correlation). Experiments, 
at 37"C, indicated that the activity of 
Na*,K+,Mg'2+-adenosine triphosphatase 
in relation to the total adenosine tri- 
phosphatase activity (mainly Mg2+- 
adenosine triphosphatases) was much 
less at 37?C (less than 10 percent). Ac- 
curate assessment of toxicity of DDT to 
this small portion of Na+,K+,Mg2+-- 
adenosine triphosphatase activity was, 
therefore, difficult. The Io0 value ap- 
peared to be, however, higher than 

122 

Fig. 2. Relation between the toxicities in 
vivo of DDT analogs (9) toward mos- 
quito larvae (Aedes aegypti) and the 
amount of the Na+,K+,Mg+-adenosine tri- 
phosphatase activity remaining after inhibi- 
tion by 10- M of these analogs [expressed 
in percent activity of the enzyme remain- 
ing in probability units (16)]. The toxicities 
are expressed in terms of insecticide con- 
centration which gives 50 percent of 
mortality (LC0o) in the mosquito popula- 
tions as tested by the World Health Orga- 
nization standard method. The LC50 value 
for D'DA could not be determined because 
of its low toxicity to mosquito larvae. 

phosphatase in this preparation and that 
one of them was particularly sensitive 
to DDT. The inhibitor concentrations 
that resulted in 50 percent inhibition 
(I,() of Na+,K+,Mg2'-adenosine tri- 
phosphatase was for DDT approximately 
3 x :10-7M as opposed to 3 X 10-4M 

for DDE. 
The same enzyme source was also 

tested against DDT and DDE in the 
K-+,Mg'2+ buffer at pH 7 (3). The in- 
hibition curves obtained for K+,Mg24- 
adenosine triphosphatases were almost 
identical to those in Fig. 1. 

To study the relation between the 
actual toxicities in vivo and the extent 
of adenosine triphosphatase inhibition, 
several DDT analogs (final concentra- 
tion, 1 0M) were incubated with the 
same enzyme preparation. The results 
(Fig. 2) indicated that the degrees of 
inhibition of the Na-,K+,Mg-2-adenosine 
triphosphatases were closely related to 
the actual toxicities in vivo against mos- 
quito larvae of those DDT analogs. 

The insecticide DDT is much more 
toxic at lower temperature (negative 
temperature correlation). Experiments, 
at 37"C, indicated that the activity of 
Na*,K+,Mg'2+-adenosine triphosphatase 
in relation to the total adenosine tri- 
phosphatase activity (mainly Mg2+- 
adenosine triphosphatases) was much 
less at 37?C (less than 10 percent). Ac- 
curate assessment of toxicity of DDT to 
this small portion of Na+,K+,Mg2+-- 
adenosine triphosphatase activity was, 
therefore, difficult. The Io0 value ap- 
peared to be, however, higher than 

122 

10-5M. When the incubation tempera- 
ture was lowered to 13?C, the activity 
of the Na+,K+,Mg2+-adeonosine triphos- 
phatase increased to 50 percent of the 
total adenosine triphosphatase activity 
and the Io0 value toward DDT de- 
creased to approximately 5 X 10--8M. 
Moreover at this temperature, 100 per- 
cent of the Na+,K+,Mg2+-adenosine 
triphosphatases were sensitive to DDT. 

Electrophysiological studies (11) in- 
dicate that the minimum concentration 
for DDT to elicit the neurophysiologi- 
cal symptoms of DDT poisoning in the 
isolated abdominal nerve cord (central 
nervous system) of the German cock- 
roach at 24?C is 1 to 3 X 10-6M. Eaton 
and Sternburg (12) showed that when I 

/Ag (threshold or sublethal amount) of 
DDT was injected into a male Ameri- 
can cockroach only a portion (25 per- 
cent) of given DDT (approximately 
lO-6M) reaches to the nerve cord itself, 
and the remainder stays with the lipid 
sheath. Our L,0 value, therefore, is at 
least in the same order as the actual 
threshold concentration of DDT in the 
central nervous systems of the Germnan 
and American cockroach. 

Another piece of evidence supporting 
the view that this enzyme system is in- 
volved in the actual poisoning processes 
of DDT is the fact that the same en- 
zyme preparation contains a component 
which specifically binds with. C-4-DDT 
(13). The concentration of specific 
DDT-binding substances is also in the 
same magnitude at 3 X 1.0--M (13, 14). 

The Na+,K+,Mg2+-adenosine triphos- 
phatases are known to be present in 
many biological membranes and the 
evidence of their contribution to the 

process of active transport of Na- and 
K+ is accumulating (4). Although the 

synapses are not known to be the most 
sensitive site for DDT attack (sensory 
endings are), they take part in. the 

process of DDT poisoning (15) and 
contain significant amounts of NaK.+, 

Mg+2-adenosine triphosphatases. There- 
fore, the involvement of an adenosine 
triphosphatase or an adenosine triphos- 
phate-utilizing system, or both, in DDT 

poisoning is a likely possibility. 
FUMIO MATSUMURA 
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Abstract. Phosphonomycin is a newly 
discovered antibiotic produced by strep- 
tomycetes. It is efjective, when admin- 
istered by the oral route, to mice in- 
fected with Gram-positive or Gram- 
negative microorganisms. The antibiotic 
is bactericidal and inhibits cell-wall syn- 
thesis. 

A new antibiotic, phosphonomycin, 
was discovered during a search for or- 

ganisms producing broad-spectrum anti- 
biotics. We report here some of the bio- 

logical properties of the agent. 
Phosphonomycin is produced in aer- 

ated, submerged cultures of strains of 
Streptomyces fradiae (ATCC 21096), 
Streptomyces viridochromogenes (AT- 
CC 21240), and Streptomyces wed- 
morensis (ATCC 21239) grown on a 

variety of media. One medium which 

produced activity and was employed for 
the isolation studies had the following 
composition: oatmeal, 20 g; tomato 

paste, 20 g; and water to 1 liter. Phos- 

phonomycin was differentiated from 
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Table 1. Efficacy of phosphonomycin, tetracycline, and chloramphenicol in experimentally 
infected mice. The cultures are designated by numbers that are used for internal identification. 
Female Swiss white mice, average weight 21 to 24 g, were infected intraperitoneally with 3 to 
30 LD50 (dose lethal for 50 percent of the mice) doses of the test organism and treated by 
the oral route at the time of infection and again 6 hours later. The ED,0 (amount of drug 
required to protect 50 percent of the infected animals) was calculated from the survival 
data 7 days after infection. Fourfold dilutions of the drug were used, and six mice were 
tested at each concentration of the drug. The ED.o values for phosphonomycin are given in 
micrograms of disodium salt. 

ED,o (A,g/dose) 
Organism 

Phosphonomycin Tetracycline Chloramphenicol 

Escherichia coli 2017 330 125 160 
Klebsiella pneumoniae 3068 760 2020 160 
Proteus vulgaris 1810 220 > 5000 320 
Pseudomonas aeruginosa 3210 1110 > 10000 5000 
Salmonella schottmuelleri 1814 80 1110 500 
Salmonella schottmuelleri 3010 4 690 275 
Staphylococcus aureus 2949 90 250 570 
Streptococcus pyogenes 3009 1130 130 675 

Table 1. Efficacy of phosphonomycin, tetracycline, and chloramphenicol in experimentally 
infected mice. The cultures are designated by numbers that are used for internal identification. 
Female Swiss white mice, average weight 21 to 24 g, were infected intraperitoneally with 3 to 
30 LD50 (dose lethal for 50 percent of the mice) doses of the test organism and treated by 
the oral route at the time of infection and again 6 hours later. The ED,0 (amount of drug 
required to protect 50 percent of the infected animals) was calculated from the survival 
data 7 days after infection. Fourfold dilutions of the drug were used, and six mice were 
tested at each concentration of the drug. The ED.o values for phosphonomycin are given in 
micrograms of disodium salt. 

ED,o (A,g/dose) 
Organism 

Phosphonomycin Tetracycline Chloramphenicol 

Escherichia coli 2017 330 125 160 
Klebsiella pneumoniae 3068 760 2020 160 
Proteus vulgaris 1810 220 > 5000 320 
Pseudomonas aeruginosa 3210 1110 > 10000 5000 
Salmonella schottmuelleri 1814 80 1110 500 
Salmonella schottmuelleri 3010 4 690 275 
Staphylococcus aureus 2949 90 250 570 
Streptococcus pyogenes 3009 1130 130 675 

known antibiotics on the basis of anti- 
bacterial spectrum, cross-resistance (1), 
and physicochemical characteristics. 

The antibiotic, a highly polar, op- 
tically active, low-molecular-weight 
acid, was isolated from fermentation 
broth by a combination of ion-exchange 
chromatography, gel filtration, and ad- 
sorption chromatography (2). Purifica- 
tion from broth was monitored by an 
agar disc diffusion assay in vitro (3) 
with Proteus vulgaris as indicator or- 
ganism and a mouse protection test in 
vivo (4) in which Salmonella schott- 
muelleri 3010, a strain highly sensitive 
to phosphonomycin, was used. Both as- 
says showed excellent agreement; a 
linear relation was obtained between 
the reciprocal of the activiity in vitro 
and the ED5o (the concentration re- 
quired to protect 50 percent of the in- 
fected mice). 

Phosphonomycin was obtained from 
fermentation broth as a crystalline cal- 
cium salt. The isolation (2), elucidation 
of chemical structure, and synthesis (5) 
of the antibiotic have been described. 
The natural antibiotic was identical 
to synthetic (-)-cis-l,2-epoxypropyl- 
phosphonic acid having the absolute 
configuration lR,2S (5). 

Phosphonomycin is effective in vitro 
against a variety of bacteria, Gram- 
negative and Gram-positive, by both the 
agar diffusion and tube dilution meth- 
ods. Measurement of sensitivity to the 
antibiotic is affected by medium con- 
stituents. As much as a 500-..fold differ- 
ence in end points in a tube dilution as- 
say can be obtained depending on 
whether nutrient broth or brain heart 
infusion broth is used. The presence of 
glucose and phosphate in the assay 
medium apparently diminish the activ- 
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ity of phosphonomycin significantly. In 
studies of the accumulation of anti- 
biotic by sensitive and resistant bac- 
teria, it has been established that entry 
of phosphonomycin is mediated by an 
L-a-glycerophosphate transport system 
(6). This system (7) is repressed or in- 
hibited by the same nutrients (glucose 
and phosphate, respectively) that dimin- 
ish antibiotic activity in vitro. 

Phosphonomycin is bactericidal in ac- 
tion. Its effect on the integrity of the 
bacterial cell wall is evident from the 
detection of spheroplasts with a number 
of bacterial strains exposed to antibi- 
otic in media of high osmolarity. More- 
over, biochemical investigations (6) 
show that phosphonomycin attaches co- 
valently to, and thus inhibits irreversi- 
bly, pyruvate-uridine diphospho-N-ace- 
tylglucosamine transferase (8) in ex- 
tracts from several Gram-positive and 
Gram-negative microorganisms. This 
enzyme catalyzes the first step in the 
biosynthetic pathway of the nucleotide 
muramyl peptides that serve as cell-wall 
precursors in all bacteria. 

Phosphonomycin is effective orally in 
protecting mice against a number of 
infections caused by Gram-positive and 
Gram-negative organisms. It is an effec- 
tive chemotherapeutic agent against a 
number of systemic infections and 
compares favorably with tetracycline 
and chloramphenicol (Table 1). Phos- 
phonomycin shows little if any toxicity 
to mice; 50 percent of the mice died 
only after the intraperitoneal dose of 
the disodium salt reached 4000 mg/kg. 
The toxicity can be ascribed to the 
sodium content of the administered 
dose. 

Phosphonomycin, as a calcium salt, 
is absorbed from the gastrointestinal 
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the disodium salt reached 4000 mg/kg. 
The toxicity can be ascribed to the 
sodium content of the administered 
dose. 

Phosphonomycin, as a calcium salt, 
is absorbed from the gastrointestinal 

tract in man, and adequate antibac- 
terial concentrations appear in the 
serum within 2 hours. It is excreted by 
the kidneys in an unchanged form and 
appears in high concentration in the 
urine. It may also be administered in- 
travenously with development of ap- 
preciably higher concentrations in the 
serum and with remarkably little local 
irritation. Toxicity has been absent by 
both routes of administration in clinical 
and pharmacological trials (9). On the 
basis that it appears to be a broad- 
spectrum antibiotic and because of its 
low toxicity and effectiveness when ad- 
ministered by the oral route, phos- 
phonomycin appears to have potential 
as an effective chemotherapeutic agent. 

D. HENDLIN, E. 0. STAPLEY 
M. JACKSON, H. WALLICK 
A. K. MILLER, F. J. WOLF 
T. W. MILLER, L. CHAIET 

F. M. KAHAN, E. L. FOLTZ 
H. B. WOODRUFF 

Merck Institute for Therapeutic 
Research-Merck Sharp & Dohme 
Research Laboratories, 
Rahway, New Jersey 

J. M. MATA 
S. HERNANDEZ, S. MOCHALES 

Compania Espanola de la Penicilina y 
Antibioticos, Madrid, Spain 

References and Notes 

1. E. 0. Stapley, Appl. Microbiol. 6, 392 (1958). 
2. L. Chaiet, T. W. Miller, A. Kempf, R. Goegel- 

man, F. J. Wolf, in preparation. 
3. J. G. Vincent and H. W. Vincent, Proc. Soc. 

Exp. Biol. Med. 55, 162 (1944). 
4. A. K. Miller, Chemotherapia 8, 154 (1964). 
5. B. G. Christensen, W. J. Leanza, T. R. Beat- 

tie, A. A. Patchett, B. H. Arison, R. E. 
Ormond, F. A. Kuehl, Jr., G. Albers-Schon- 
berg, 0. Jardetzky, Science, this issue. 

6. F. M. Kahan and J. E. Kahan, in preparation. 
7. J. P. Koch, S. Hayashi, E. C. C. Lin, J. Biol. 

Chem. 239, 3106 (1964). 
8. J. L. Strominger, Biochim. Biophys. Acta 30, 

645 (1958); K. G. Gunetileke and R. A. 
Anwar, J. Biol. Chem. 243, 5770 (1968). 

9. E. L. Foltz and H. Wallick, in preparation. 
27 June 1969; revised 11 August 1969 

Phosphonomycin: 
Structure and Synthesis 

Abstract. Synthesis and resolution of 
the antibiotic phosphonomycin are de- 
scribed. The structure is (-)(IR,2S)- 
1,2-epoxypropylphosphonic acid. 

The biological properties and mode 
of action of a promising new antibiotic, 
phosphonomycin, have been described 

tract in man, and adequate antibac- 
terial concentrations appear in the 
serum within 2 hours. It is excreted by 
the kidneys in an unchanged form and 
appears in high concentration in the 
urine. It may also be administered in- 
travenously with development of ap- 
preciably higher concentrations in the 
serum and with remarkably little local 
irritation. Toxicity has been absent by 
both routes of administration in clinical 
and pharmacological trials (9). On the 
basis that it appears to be a broad- 
spectrum antibiotic and because of its 
low toxicity and effectiveness when ad- 
ministered by the oral route, phos- 
phonomycin appears to have potential 
as an effective chemotherapeutic agent. 
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