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Inhibition of c.coli growth by cyclic adenosine monophosphate is observed 
in wild type strains cultured in glucose as carbon source, but not in a cyclic 
APIP receptor protein deficierit uutant. A deletion mutant of tile adenylate 
cyclase gene requires cyclic adenosine monophosphate for optimal growth. Using 
glucose as carbon source, 2 iLlI cyclic AM' promotes I.iaximal rates of cell multi- 
plication in this mutant; however Ilig;ler concentrations of the nucleotide in- 
hibit growth. Cell multiplication ok wild type strains grown in glycerol is 
uot affected by cyclic adenosine l.lonophosphate. Xeverttieless, in this carbon 
source tue Lrowth rate of the adenylate cyclasr illutant is strongly inhibited 
oy concentrations of this nucleotidc beyond iJ.l mi.1. This suggests that growth 
inhibition by exogenous cyclic adenosine monophosphate is !lighly dependent ou 
tile intracellular levels of tile nucleotide. 

iu a recent cors,lunication from this laboratory it was reported that the 

acidition of cyclic auenosine 3', 5'-il~onoptiosphate (cyclic AMP) to the culture 

hehum decreased the growth rate of the L.coli strain lifr 3000 (1). The in- -_- 

nibition is specific since it was not observed with otter nucleoside-phospna- 

tes auti it occurred at concentrations of the cyclic nucleotide required for 

tile reversal of pen.lanent catabolite repression (2). In this sense, it is 

ildportant to remark that inhibition of bacterial g-owth was observed only 

with those carbon sources, such as glucose or pyruvate, wilicl~ determine cata- 

bolite repression (3, 4). TIE latter observation is interesting since it was 

eviuent mat toe atiditiou of cyclic ANP to the cultures affected cell growtn 

only w~~eu tue intracellular concentration of the cyclic nucleotide was low 

enougu to JL: limitant for r -galactositiase syxitnesis. Under coririitions sucn 

as tnose tillposed by growth in glycerol, malate or succinate, leading to the 

intracellular accwmlaLion of the nucleotitie (2-U) cyclic &iP did not affect 

bacterial ArowLl (1). 
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These results, and those of Uuettner, Spitz and Rickenberg (8) showing 

some type of correlation between the rate of bacterial multiplication on 

different carbon sources and the intracellular concentration of cyclic @ip, 

could indicate that in the procariotic organisms there is a control mechanism 

mediated by the cyclic nucleotide which regulates cell growth rate. This 

phenomenom is strikingly similar to that previously found in mammalian cell 

cultures (9-11). 

As a first approach to the characterization of this mechanism two 

possibilities silould be analyzed. One of them is tne implicance in this 

phenomenom of the cyclic AMP receptor protein (crp) which is required for 

the transcription of many catabolite repressible genes (12-15). The second 

possibility is that the inhibition observed might be the consequence of a 

block of some specific reaction leading to the metaboliaation of glucose and 

pyruvate. In addition, the paradox of an inhibitory effect on a wild type 

strain together with the growth stimulation found in adenylate cyclase de- 

ficient mutants of E.coli (16) must also be explained. This paper deals 

with these topics. 

MATERIALS AND IWIIIODS 

Tie following bacterial strains were used throughout this work: PP6 

(wild type; Hfr H, thi-; also known as tifr 1100) and PP47 (a nitroso guani- 

dine mutant of PP6, cyclic AMP receptor protein deficient) were kindly pro- 

vided by Dr. I. Pastan; CA 8000 (wild type; thi-; Hfr H; also known as Ufr 

3000) was a gift of Dr. J. Scaife; and CA 8306 (deletion of adenylate cyclase 

gene derived from CA 8000) was generously provided by Dr. J. Reckwith. 

Bacterial cultures were grown in AC minimal odium (6) which contains 

14g of K2tlP04, 6g of Kh2PO4; 2g of (NH4)2SO4, and 0.2g of MgSO4 per liter 

supplemented with 5 g/ml 
Y 

thiamine and the additions indicated in each case. 

Other conditions were indicated in the preceding paper (1). 

RESULTS AND DISCUSSION 

Fig.1 shows the requirement of cyclic AMP receptor protein for the cyclic 
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Pig. 1 Effect of cyclic AMP on the growth of PP6 (crp+) and PP47 (crp-) 
strains. The cells were grown in AG minimal medium, supplement- 
ed with 50 m&l glucose, 0.1% vitamin-free casaminoacids and 
thiamine, containing (0) or not (a) 5 mN cyclic &II?. Condi- 
tions were as indicated under Nethods. 

nucleotide inhibition of cell growth. The mutant deficient in this protein 

grew at a lower rate than the parental strain and the nucleotide did not 

modify the growth rate. This result suggested that the control of bacterial 

multiplication by cyclic AMP could be exerted at the transcriptional level of 

some gene product, and not througn a modulation of a preformed enzyme act- 

ivity such as protein kinase as it occurs in eucariotic organisms (17). 

It is well-known that using glucose as carbon source, cyclic ANP stimu- 

lates the grovtn of adenylate cyclase deficient mutants, when the nucleo- 

tide is added to the medium at concentrations of about 2 mP1 (16). In order 

to clarify the ambiguity of two opposite effects, stimulatory and inhibitory, 

on bacterial growtn, a set of experiments were done with a deletion mutant 

of the adenylate cyclase gene (CA 8306; cya-) isolated by J. Beckwith. No 

cyclic AM.? was detectable in this strain (18) by the Gilman's procedure (13). 

As it is shown in Fig. 2A, when this strain was grown in a medium containing 

glucose and casaminoacids cell multiplication is stimulated by concentrations 

of cyclic A&P up to 2 mN. At higher concentrations of the nucleotide, growth 

was strikingly depressed. This result indicates that a certain intracellular 

concentration of cyclic AMP is required for maximal growth. lleyoud this 

cyclic ANP level cell growth is inhibited. 
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Fig. 2 Effect of cyclic AMP concentration on the doubling times (0) 
and the rate of e-galactosidase synthesis (0) after induction 
with 1 mN isopropyl o- 
CA 8000 (cya+) cultures. 

U - thiogalactoside of CA 8306 (cya-) and 
Cells were grown in AG minimal medium, 

supplemented with 50 mI1 glucose, O.l% vitamin-free casaminoacids, 
t,liarLne and' the indicated concentrations of cyclic AM?. Condi- 
tions were as those indicated under Nethods. 

The behavior of the parental strain is quite different. Optimum growth 

was observed in the absence of added cyclic AiQ' and the inhibition was maxi- 

mal at concentrations of about 5 nlpl. These concentrations were also optimal 

for maximal rate of 
f  

-galactosidase induction. Under these conditions, the 

rate of induction increased more than 2-Fold when compared iith cultures not 

supplemented with tne nucleotide (Fig. 2B). For reasons that we cannot 

explain at the moment, cyclic AMP requirements for optimal growth and 
r 

-ga- 

lactosidasc induction are coincident in tile cya- mutant but not in the 

parental wilt type strain. however, the nucleotide levels found to be inhi- 

bitory in both strains are within the range of concentrations required for 

the relief of permanent catabolite repression (2), the diauxie lag (20)', 

and for the increase in competence for bacterial transformation (21). 

Tne cyclic. AMY-promoted inhibition of growth rate observed when bacte- 

rial cultures are grown in glucose or pyruvate (1) could be due to a decrease 

in the activity of sane enzymatic steps in the metabolic pathway of these 

sources, or in turn, to a more general phenomenom involving for example 
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Fig. 3 
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Offect of cyclic AMP concentration on the doubling time (0) 
and the rate of e -galactosidase induction (0) of CA 8306 
(cya-) and CA 8000 (cya+) cultures. Cells were grown in AC 
minimal medium supplemented with 66 mH glycerol, thiamine and 
tne indicated concentrations of cyclic MU?. Conditions were 
as indicated under Nethods. 
Tne rates of growth and of P- galactosidase induction of CA 
8306 (cya-) cultures carried out in the absence of cyclic AW 
were negligible. 

membrane transport, macromolecular synthesis (DNA, WA, proteins), etc. 

The distinction between these two possibilities is relevant. Tne fact that 

no cyclic AMP effect was found in wild type &.coli cultured in glycerol, -- 

malate or succinate as carbon sources might favor the first possibility. 

nowever another possible explanation for this behavior would be that endoge- 

nous cyclic AHP levels in glycerol (or malate or succinate) cultured cells, 

were already high enough to sustain cyclic-AH dependent functions even in 

tne absence of exogenous added cyclic nucleotide. In fact, with glycerol as 

carbon source the intracellular cyclic Aii concentration is 3 to lo-fold 

nigher than in glucose-cultured cells (5,8), and the rate of 
r 

-galactosidase 

induction is maximal (see Table I in reference 1 and Eig.3 in this paper). 

Adenylate cyclase deficient mutants are unable to grow in glycerol when the 

culture is not supplemented with cyclic ANi' (16). In the case of CA 8306 

(cya-) mutant, the nucleotide requirement is fulfilled by a low concentration 

of tnis compound (0.1 m&l); under this condition the rate of -galactosidase 
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induction is about 75 percent of the naximum (Fig. 3A). With higher concen- 

trations of the cyclic nucleotide, doubling times increased to reach a maxi- 

mum at 5 mI4 cyclic AM?. As expected, with the parental wild type strain 

prowing in glycerol, no effect of the cyclic nucleotide was observed either 

at tne level of 
c 

-palactosidase induction or at the level of cell growth. 

Tuese results clearly show that the absence of cyclic-AMP effect on the 

growth of wild type strains cultured in certain carbon sources is the conse- 

quence of the relatively hign levels of the nucleotide within the cells. 

The nature of the mechanisms affecting growth, wh6se expression is under 

the control of cyclic-AW remains unknown. A recent report (22) indicates 

tnat a progressive extracellular accumulation of metbylglyoxal, stimulated 

by cyclic AW, could be a factor promoting cell death in x$lose-grown cul- 

tures. This does not seem to be the case in the phenomenom described in this 

paper p since cyclic AW inhibition of cell growth was even observed at the 

beginning of the experiments, when the cell density was low (about 0.02 O.D.; 

2x10b cells/ml) and the slope of the semilogaritmic growth curves did not 

change in tue period elapsed between four generations. 011 the other hand 

determinations of culture turbidity and cell viability were always parallel. 

A dreat deal of work has been done in order to determine the mechanism 

of cyclic-AW action on growth control in eucariotic cells. Some evidences 

indicate that tile cyclic nucleotide could influence membrane transport of 

precursors (23-25). 'Ihe possibility that a similar mechanism could regulate 

oacterial growth is under study. 
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