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Summary; --mm-- 
The action ._ - of low and moderate concentrations of strepto- 

mycin has been studied with Esoherichia colk B growing in syn- 
thetic media with glucose or'~1~%F~I'Z~'?Iie carbon source.The 
inception of lethality depended on the carbon source and the 
presence of cyclic AMP or ATP in the 

$ 
owth medium.At low con- 

centration of streptomycin (2.5 pg/ml ,cells in salts-glyc;;;l 
media lost their viability following two and a half hour 
period.Glucose repressed the bactericidal effect of streptomycin 
allowing the cells to grow normally although at a slightly re- 
duced rate.The addition of cyclic AMP to the growth medium re- 
versed glucose repression and rendered the cells sensitive to 
the action of the drug.At higher concentrations of streptofycin 
(up to 20$g/ml)glucose and ATP prolonged and glycerol 
cyclic AM shortened the lag before the cells began to lose their 
viability.At streptomycin concentration of 5 pg/ml,ATP protected 
the cells against the bactericidal effect of the drug allowing 
them to grow normally.This effect of ATP could be abolished by 
the addition of cyclic AMP.At streptomycin concentrations above 
20 ug/ml,the effect of glucose,cyclic AMP and ATP was no lon- 
ger measurable. 

Introduction. ------------ 
The common characteristics of bacterial operons with cata- 

bolite sensitive promoters is that they are repressed by glucose 
or certain other rapidly metabolized carbon sources (1). This 
repression called the "glucose effect" or more recently "Cata- 
bolite repression" can be overcome by cyclic AMP (2). Several 
observations suggest that ATP may be the catabolite involved in 
the manifestation of catabolite repression (3). 

In this communication we report that the bactericidal 
effect of low and moderate concentrations of streptomycin is 
repressed by glucose and ATP and that this repression can be 
overcome by cyclic AMP. 

Materials and Methods. --------------------- 
Escherichia coli strain B was grown in the synthetic ----------w----- 

medium of Davis and Mingioli (4) supplemented with 0.25% glu- 
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coae or 0.4% glycerol as the carbon source.All cultures were 
grown at 37'C with vigorous agitation and were in the exponen- 
tial phase at a density of 1~10~ cells/ml when used for the 
experiments.Growth was determined in a Klett photometer calib- 
rated with viable counts.Viability was determined by spreading 
0.1 ml of the appropriate diluted bacterial cultures on the 
surface of nutrient agar plates. 

Dihydrostreptomycin sulfate,cyclic AhP,ANP and ATP were ob- 
tained from Calbiochem.Los Angeles,Calif.All chemicals were of 
analytical grade. 

Results ------- 2 
E.coli strain B were growing exponentially in salts-glu- w--w-- 

case and salts-glycerol media.When the titer of 1~10~ cells/ml 
was reached,streptomycin (2.5, 5.0, 10.0 and 20.0 ug/ml) was 
added to the growing cultures.At sero time and after various 
time intervals cell viability was determined.The results illus- 
trated in Fig.1 show that when the cultures were growing with 
glycerol as the carbon source,the addition of streptomycin , 
2.5 pg/ml ,caused no significant change in the number of viable 
cells for about two and a half hours followed by a precipitous 
decline thereafter of the viable count.Cells growing with glu- 
cose as the carbon source were not affected by this concentra- 
tion of streptomycin. 

At higher concentrations of streptomycin ( 5.0 to 20.0 yg/ml) 
the duration of the lag before the decline of the viable count 
depended on the carbon smurce in the growth medium.Cells gro - 
wing in glucose as the carbon source survived in the presence 
of streptomycin almost twice as long as glycerol-growing cells, 
under otherwise similar conditions. 

These results were interpreted in terms of glucose rep- 
ression of the bactericidal effect of streptomycin.Since the 
repression by glucose of the synthesis of catabolite enzymes 
can be overcome by cyclic AEP,it deemed of interest to examine 
the effect of cyclic AMP on streptomycin lethality. 

Fig.2 and 3 illustrate the effect of cyclic AMP on strep- 
tomycin lethality.Cells of E.coli B growing in salts-glycerol e-e--- 
media,in the presence or absence of cyclic AMP ,were sensitive 
to streptomycin at a concentration of 2.5 pg/ml and began to 
lose their viability after a lag of two and a half tiurs duration. 
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Fig.l.The effect of glucose on the viability of E.coli in the 
presence of streptomycin.The cells were growing Tii-Sata-glyBe- 
rol O--O, or salts-glucose O-4 media.When the titer of 1x10 
cells/ml was reached,streptomycin was added to the growth media. 
At zero time and after various time intervals,samples were ta- 
ken and cell viability was determined. 

Fig.P.The effect of cyolic AMP on the viability of E.coli in the WV---- presence of streptomycin.For experdmental oonditions,see Fig.1. 
A.-Cells growing in salts-glucose media.Control,without strep- 
tomycin,u-- D ;COntrOl + CyClfC AMP ( 5 m),b--A ;Stre tomycin 
(2.5 pg/ml),O--0;streptomycin (2.5 pg/ml)+ cyclic AMP]25 mM), O--O; 
B.-Cells growing in salts-glycerol media,Streptomycin (2.5 pg/ml), 
O--0;streptomycin (2.5 pg/ml) + oyclic ANP (5 mM),O--0. 
Fig.S.The effect of cyclic ANIP on the viability of E.coli B in 
the presence of streptomycin.For ex erimental condi%Iiin'zrsee 

.- Cell6 growing in salts-g ucose media. B.-Cells gro- P 
%?glinAsalts-glycerol media.Streptomycin,5 pg/ml,O--4; 
+ cyclic AMp (5 mM),o--0. 

ditto, 
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Fig. 4. Fig. 5. 

Fig.4,The effect of ATP on the viability of E.coli B in the -w---m presence of streptomycin.Cells were groping exponentially in 
salts-glucose medium to a titer of 1x10 cells/ml and exposed 
to streptomycin,5 pg/ml.The concentration of AMP,ATP and cyc- 
lic AMP,when present,was 5 mM.Growth was followed in a Klett 
photometer.#ith E.coli B,the loss of viability coincides with 
cell lysia.Contr~I~~I%h or without ATP,O--0;control + cyclic 
AMP,O--0;control + AMP,@--B;streptomycin,a--P;streptomycin + 
cyclic AMP5-4; streptomycin + AMP&--L;streptomycin + ATP,n--n ; 
streptomycin + ATP and cyclic ANP~I--B. 

Fig.S.The effect of ATP on the viability of B.coli B in the B-B -- 
presence of varying concentrations of etreptomyc'in.For expe- 
rimental conditions,see Fig.C.Control,with and without ATP, 
x--x;streptomycin,5 pg/ml,*--O;ditto,+ ATP,O--O;streptomycin, 
10 pg/mlP--b;ditto,+ATP,t--b; streptomycjn 20 pg/ml,r--a; 
ditto,+ ATP,o--il . 

At this cencentration,streptomycin was not lethal to cells gro- 
wing with glucose as the sole source of carbon,but became bactee 
ricidal after cyclic AMP had been added to the growth medium. 

iihen glycerol growing cells were incubated with streptomy- 
cin at a concentration of 5 pg/ml,the cells began to lose their 
viability after one hour lag.The duration of the lag was not 
influenced by the presence of cyclic AMP in the growth medium. 
When glucose served as the carbon source ,the lag before kil- 
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ling was prolonged to two hours,and the addition of cyclic AMP 
reduced it to one hour (Fig.'J).At higher concentrations of strep- 
tomycin,cell viability was lost so rapidly following exposure 
to the drug that the effect of cyclic AMP was no longer measu- 
rable. 

In a recent report Aboud and Burger (3) showed that addi- 
tion of ATP to spheroplasts of E.coli ,i,nduced for/&gala&o - --s--M 
sidase,reduced the differential rate of ensyme synthesis.Since 
the effect of ATP was reversed by cyclic AMP,the authors sug- 
gested that ATP was the catabolite involved in the manifesta- 
tion of catabolite repression. 

In view of the results of experiments described in the 
present communication on the effect of glucose and cyclic AMP 
on streptomycin lethality,it seemed of interest to determine 
whether ATP would repress the bactericidal effect of strepto- 
mycin.It was hoped that in these experiments intact cells could 
be used,inasmuch as streptomycin is known to alter the permea- 
bility barrier and to increase membrane permeability to nuc- 
leotides in sensitive cells within minutes (5,6). 

The results of the experiments on the effect of ATP on 
streptomycin lethality are illustrated in Fig.4 and 5.It can 
be seen from Fig.4 that IJ&QQJ.~ 3 cells grew in the salts-glu- 
cose medium supplemented with ATP at the same rate as the cont- 
rol cultures.Cyclic AMP reduced the rate of growth of the cells 
by about 2056 as compared with control cultures.Cells exposed to 
streptomycin,5 pg/ml,grew for about two hours and began to lyse. 
Addition of ATP to the growth medium protected the cells against 
the lethal effect of streptomycin allowing them to grow normally 
although at a slightly reduced rate.Cyclic AMP completely abo- 
lished the protective effect of ATP and rendered the cells sen- 
sitive to streptomycin(the cells began to lyse after a lag of 
about 90 minute duration).AMP prolonged only slightly the lag 
before lyais,its effect being much less pronounced than that mf 
ATP. 

Fig.5 illustrates the effect of ATP on the growth of E.coli ---m-v 
incubated with increasing concentrations of streptomycin.ATP 
protected the cells against the bactericidal effect of strepto- 
mycin over a narrow concentration range of the antibiotio.At 
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streptomycin concentrations above 5 pg/ml,ATP only prolonged 
the survival time,but could not prevent cell death. 

Similar experiments with penicillin and chloramphenicol 
showed that cyclic AMP had no effect on the action of these 
antibiotics. 

It has recently been reported that the action of cyclic 
AMP is mediated by a protein,called the catabolite gene acti- 
vator protein,CAP (7,8).In order to ascertain whether the 
effect of cyclic AMP on streptomycin lethality is also media- 
ted by CAP we attempted to isolate a mutant of E.coli I3 which w--m-- 
would be defective in CAP production.So far our attempts have 
been unsuccesaful.We decided,therefore,to use the CAP- mutant 
of Schwars and Beckwith (g),generously provided by Dr.Arditti. 
Both the parent strain,CA-8000,an Hfr Hayes prototroph,and the 
CAP mutant,CA-7900,were used. 

The results obtained with the parent strain,CA-8000, were 
analogous in all respects to those o-btained with E.coli B . --s--m 
At low streptomycin concentration,2,5 )rg/ml,the cells were 
killed only in the presence of cyclic AMP.At higher streptomycin 
concentrations,cyclic AMP shortened the survival time of cells 
exposed to this antibiOtic.AiP protected the cells against strep- 
tomycin when the concentration of the latter was 5 pg/ml,and 
prolonged the survival time of cells incubated with higher strep- 
tomycin concentrations. 

The CAP mutant was sensitive to streptomycin at the concen- 
tration of 5 pg/ml.Cyclic AMP did not enhance streptomycin le- 
thality at all concentrations of the drug studied(from 2.5 to 
20 pg/ml).ATP,on the other hand,protected the cells or prolon- 
ged their survival in the presence of &reptomycin,depending on 
the drug concentration,ss in the case of the wild CA-8000 strain. 

It should also be mentioned that whereas the parent strain 
CA-8000 grew in the presence of cyclic AMP at a slightly reduced 
rate,cyclic AMP had no effect on the growth rate of the CAP mu- 
tant. 

Discussion. ---------- 
Thelee are many hypotheses concerning the possible site of 

lethal action of streptomycin,but existing data have not yet 
established the validity of a single hypothesis (lO).Recently, 
it has been proposed (11) that streptomycin-stimulated RNA 
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synthesis may be the primary cause of death of sensitive cells. 
Although the nature of the RNA the synthesis of which is stimu- 
lated by streptomycin has not been elueidated,the authors (11) 

suggested that it may be messenger RNA which by binding irre - 
versibly to ribosomes was lethal to the bacterial cell. 

The results of our experiments which shww that cyclic AMP, 
a compound known to stimulate the synthesis of messenger RNA 
of many inducible enzymes,enhances the lethal effect of strep- 
tomycin suggest that streptomycin may actually induce the syn- 
thesis of a specific messenger RNA the synthesis of which is 
stimulated by cyclic AMP.To explain the lethality of this hypo- 
thetical messenger RNA,we propose that it codes for a bacgeri- 
tidal or antibiotic,colicin-like protein. 

The search for this hypothetical messenger RNA and the 
protein it codes for is presently in progress. 
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