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AdenoslnenB',5's(Cyclit)-MonophOSphate.and_Catabolite

Repression in Escherichia coli.

BY V. MOSES AND PAMELA B. .'_ISHARP

'Laboretory of Chemical Biodxnamlcs and Lawrence Radiation Laboratorx,

‘7Unlver51tx‘of Californ1a, Berkeley, Cal1forn1a, U S.A. 94720

. Botbvbermaoent and'tranSient catabolite repression of g- galactosi-‘
'dase svnthesis in E coli are abollshed by 5 mM 3',5'- (cycluc) AMP
when elic1ted by glucose but not when caused by a mixture of glucose

? glucose 6- phOSphate gluconate and caSamino aC1ds, 2. Glucose up-

, take is. sllghtly increased by 3! 5’-(cvcl1c) AMP 3, No significant

~v‘effects of “the- nucleotide were found on the svnthesls of protein ‘and RNA,

.e1ther 1n exponential growth on one substrate or during a growth shift
:*,from glycerol to glycerol plus glucose wdj Marked changes in the
'fsoluble protein profiles of cells grOW1ng in glycerol and glucose were
caused by ‘the presence of 3' ht- (cyclic) AMP - 5, Measurements of
fu]4C02 release from Spec1f1cally labelled glucose showed that 3',5'-
,b(cyclic) AMP greatly stimylated glycolytlc actvvity while having a

gminor depresslng effect on the metabolic flow through the pentose phos-'
; phate cycle. <8, The levels of several metabollc intermedwates,
f}‘partlc“?arly of fructose 1,6- diphOSphate were greatlv affected by the
;‘;_presence of 3, 5'-{cyclic)-AMP, ' 7, Sev%ral metabolites partiallv
relveved glUCOse represslon of B- galactgsldase synthesis 1n EDTA treated

"fcells three out of five of these meeﬁbolites reversed more effectivelv
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than didr3',5'-(cyclic)¥AMP. 8. The evidence for and against a
direct role for 3',5'-(cyclic)-AMP is discussed. It is concluded that
the evidence for;indirect action is at least as strong as that for

direct action.

ReCentvkeports {Periman & Pastan, 1968a,b; Pastan & Periman, 1968;
Jacquet & Kepes, 1969; Ulimann & Monod, 1968) have shown that catabolite

repression of 8-galactosidase synthesis in Escherichia coli is prevented

by the‘préSence of 1-5 mM-3',5'—(qyc]ic)-AMPn* It was suggested that
relief df represSion resulted from a direct involvement of 3',5'-(cyclic)-
AMP on either the transcription or the translation of the lactose genes.
Gb]dehbauh & Dobrogosz (1968) found that repression by glucose was
indeed b1ocked9 but that glucose 6?ph05phate and mannitol remained |
effectiye repressing substrates in the presence of 1 mM-3',5'-(cyclic)-
AMP,  fhéy COnéluded_that the action of the fq@ﬁer was on the formation |
of gidﬁosé 6;ph05phate from glucose, and not directly on the syntheSis
of B—gaiactosidase per se. K. Paigen & B. Williams (personal communi=
Acation) suggested that 3?,5‘-(cyc1ic)-AMP may either be the effector for
cafabo]ite'fepress%on. or may affect an enzyme involved in'effector
' mechaniSM.l_ S | | , .
we_have‘studied'the effect of 3';5'-(cyc]ic)-AMP'on éeVéral aspects

~of the physiology of E. coli with a view to resolving the question. of its

*Abbreviations: IPTG, isbpropyl-B-D—thio-galactopyranoside; 3" ,5'-(cyclic)-

AMP;radenosine 3'95'-(cyc%ic)fmonOphbSphate; ONPG, gfhitrophenyl-galacto-

-pyranoside;vPRPP, S-phosphorylribose 1-pyrophosphate.
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direcfeor.indirect aetion; Our résUltsfhéve‘indicated that 3',5'—
(qyc11c) AMP has w1de5pread effects on carbohydrate metabo]1sm in th1s
bacterlum. It remains a p0551b111ty that 3', —(cyc11c) -AMP acts
directly in catabolite repress1on. but there is amp)e reason.fof coh- ,
Cluding thetvthis is probably not the case, and that relief of repres- -

sion results from secondary effects on intermediary cell metabolism. .

EXPERIMENTAL

_ Bacterial strains. The foliowing.bacteriallstrains were used in this
study; their relevant genotypes and sources are indicated: - 300 U

(1 o z x') from J. Monod; CA 8001 (lLIRLlo z x‘) and XA 7010 g

del de] del
o —M41

was constructed by insertxng the episome F' pro u B]ac from AB 1157/

{F i y') from J. R. Beckwith: An additional strain (VP 19)
’F' pro u Blac (Moses & Sharp, 1970) into stra1n XA 7010, using selection

on lactose-m1njma]‘medjum,,

ﬂGrowth conditions. Medium 63, supplemented with the desired carbon
source (0.2% w/v) was used as the standard minimal medium. Cultures
were shakeh.at'37°, and growth followed by measuring EGSO'(Moses &

Prevost;'léﬁﬁ);

EDTA-treated cells., Cells‘growihg eXponentiawly iﬁ'minimal medium were = . -

' »col]ected on a membrane filter, washed and resuspended in 0.12 M-tris-

‘ HC] buffer, pH 7 6; the temperature was malntalned at 37° throughout
v thesevmarﬂy;uﬂat1ons_° EDTA (l mM) was then added; 1 min. later the cells
‘ were,diluted with 9 vol. of medium containing the desired carbon source

'(Jaequet:& Kepes, 1969).
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Enzyme.fnduction and assay. The synthesis of Bfgalactosidase was in- -

duced with 0.5 or 1 mM-IPTG. Samples for measurenment of the enzyme
were handled as described by Palmer & Moses (1968), modified by the
replacement of toluene treatment by hexadecvltriméthylammonium bromide

(22 ug /mi.) during the enzyme assay (Tyler & Magasanik 1969; Moses &
Sharp, ]970)

Protein'énd RNA synthesis. These were measured by the accumulation of

trichloroacetic acid-precipitable radioactivity following the addition
of L-[G-14C]phenylalaniné’and [3H]uracil'to the cultures. Preparation
of the Samples for'radioactivity measurements.used the techniques des-

cribed by Moses & Prevost (1966).

Glucose uptake. This was measured radiochemically by the removal of 14¢

from the medium fo]lowing the addition of [G- C]glucose to the{tu]ture
(Prevost & Moses, 1967). | |

LabeTling of-1ntermediaryvmetabolites. Cells growing in 1ow-pho$phate

medi um (Prevost & Moses, 1967) were labelled by incubation with KH, 3Z PO,.

Samp?es of the culture were taken into 4 vo]._of methanol 10, 25, 40 and

60 min"after the introduction of 3zPi. Pdrtions of the ce]l'suspénsion'

in methanol were analyzed by paper chromatography (Prevost & Moses,
1967}, and radioactivity determ1ned wvth an automat1c chromatogram

spot counter (Moses & Lonberg-Ho]m, 1963).

Release of respiratory C0,. The release of 14CO2 from cells supplied
‘with-[l-]4cjg1ucose or [6-]4C]glucose was measured by a simplified
adaptatvon of ‘the rad1oresp1rometr1c method (Wang et al. 1958) Ce]ls

'were grown in medium 63 conta1n1ng g]ucose, and adjusted with HC1 to

¢
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fluid, and

of the
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pH 6.2. Samples (1dfm1.) of the cUlfures.dhring-exponential grthh-;
were placed in 25 m1.>Er1enmeyer flasks which were agitated on a reci-
procal SHaker at 37°. The flasks were flushed with air at about
20 ml./mfh./f!ask. The stream of effiuent air was led through a fine
tube into a bubbler tube (1.2 cm.. internal diam,) containing 5 ml. NCS
Solubilizing Reagent Model 190620 for absorption of C0,. After addi-

14

tion of labelled glucose to the cultures, CO2 was collected for 15

‘min, intervals from each flask. Portions (4 ml.) of the NCS Reagent

14

: 14

containing ' "C0, were mixed with 14 ml. of a toluene-based scintillation

"C was measured in a Packard Tri-Carb Scintilliation Counter,
using éxternal standardization. A preliminary experiment showed that

a second trap in series with the first waSISUperfIUOus; at least 99.9%
1

€0, in the effluent stream was trapped in the first tube.

Soluble protein profiles. Soluble protein profiles of cells growing in

~ various media were determﬁned.by electrophoresis on polyacrylamide gels

(Moses: & Wild, 1969). Typically, 20-m1;fof3¢ell=éu1ture,~contaiﬁing‘
about 90 ng. bacterial protein/ml., was mixed with 1 ml. of chloram-

phenicol (1 mg./ml.) and chilled to 0°. The cells were harvested by

| centrifugatfon and washed in a buffer freéifrom divalent metal cations.

They were Tysed with EDTA and lysozyme as described by Godson (1967);
thevfinamsyol, of the lysed cell preparation was 0.14 ml. Cell deb%%s, :
riboSomésg etc. were removed by_centrifugation for 2 hr. at about

45000 x g. Solid sUcroSe_énd bromthymol blue were added tb each protefn;

~ solution; aliquots (10-25 ul.) were then subjected to electrophoresis in

slabs of polyacryiamide gel. . The protein bands were subseduently stained

with Amido black 10B. After removal of excess stain electrophoretically,
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the colour intensities of the bands were measured with a Gel-scan
scannek‘cqnnected to a Servogor recorder (Gelman Instrument Co., Ann

Arbor, Michigan).

Chemicals_and rédiochemicals. Labelled materials were obtained from
New Ehglénd'Nuc]éar Corp., Boston, Mass. 'NCS.SolubiIizing Reagent was
from Nuclear¥Chicago Corp., Dei Plaines, I11. Othér chemicals were

| from’fhe}fbliowing sources: Lysozyme, PRPP, fructose 1,6-diphosphate,
3',5'f(Cy¢lic)-AMP, ONPG, IPTG, glucose 6-phosphate, NADP,’NADPH; NAD
and:NADH were from Calbiochem., Los Angeles, Calif.; ribbse S-phosphatev
was from Sigma Chemical Co.,_St. Louis, Mo.; chlioramphenicol was from
Parke, Dd?ié & Co., Detroit, Mich.;_héxadecyltrimethylammonium_bromjde'

‘ wés from Matheson, Coleman & Bell, Cincinnati, Ohio;.cyanogum-4] was
fFrom ﬁ;»C.’Apparatus Corp., Philadelphia, Pa,; Amido;b]ack 10B was .

" from E. Merck A.G., Darmstadt, Germany.

RESULTS -~

Effect'of'3‘,5'-£pyclic)-AMP on g-galactosidase synthesis. B-Galacto-
sidase synthes1s in wild—type cells growing in g]ycerqlhminimal-medium
was stimulated by 5 mM-3',5'-(cyclic)-AMP (Fig. 1). Neither transient

- nor perMénent repression was elicited by the addition of IOva-glucose.

If more severe repression was caused by the simultaneous addition v

of several repressing components; the protection afforded by 3',5'-
(cyclic)fAMP was incompleté, infcbnfirmatibn of the results reported

by Gp]denbaum & Dobwr‘_ogoszv(']968)° Supplementing the medium with glucose
{10 mM)‘plus'glutose 6~phosphate (10 mM) plus Na gluconate (10 mM) plus”
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casein hydrolyzate (1 mg./ml.) resulted in a degree of repression;in
wild-type cells greater than eou1d:be oVercqme by 5 mM=3',5'-(cyclic)-
AMP (Fig. 2). It should be noted, nevertheless, that in the presence
ef'3' ,5'-(cyclic)- AMP, repression was slow to develop. It was only
Just beginn1ng to become significant by the time recovery from tran-
sient repress1on was observed in the absence of the nucleotide. Tran-

sient repress1on was thus completely abolished in the presenee of

_3‘,5'5(cyclic)-AMP, though permanent repression was nearly as pro-

nounced as in its absence.

~ Repression by the mixed substrates was less marked in the'presence

_of'20smM¥3';5'-(cyc11c)-AMP.' The relative differential rates of 8-
_ ga]actosidaSe synthesis in glycerol medium were as follows: no addi-v
 tions; 1.00; plus mixed Substrates, 0.18; plus mixed substrates With

5 mM- 3' 5'- (cyciic) AMP 0.27; plus mixed substrates with 20 mM- 3 )5

(cyclvc) AMP, 0.66. »
'SiTverstpne et al. (1969) found that strain CA 8001, carrying the

L1 de1etion ef the 125 promoter gene, was ‘unaffected by 3',5'-(cyclic)-

AMP, and was not repressed by glucose 6-phosphate (concn. not stated).

We have found the behaviour of this strain to be anomalous. In some
experiments,.the rate of g-galactosidase synthesis was increased by

3, 5' (chtvc) AMP in glycerol grown cells Further, the tnduced rate

of g- galactosvdase Synthesvs was increased about swxfold by the “addi- -
tion of the m1xed substrates described above, this increase was 1ess

pronounced in the presence of 3',5'-(cyclic)-AMP (Fig. 3) The growth

characteristics of strain CA 8001 are typ1cal both in g]ycero]~m1n1ma!

medlum and in the highly supplemented medium, ~ We do not understand - |

o . .
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- the behaviour of this strain, and are unable to assess the role of
the promoter gene in catabolite repression as it has been proposed

by S11verstone et al. (1969).

Effect ofv3',51=(cyc1fc)-AMP on glucose uptake. The amount of g]ucose'
removed.frdm the medium per unit increase of cell mass was increased

about 15% by the presence of the nucleotide (Fig. 4).

Effectlof~3',5'—1pyclic)—AMonn cell growth and on the synthesfs of RNA
and'Eroiein.. No consfstently significant effects of the nucieotide
have been found on either the mass doubling times, or on the rates of
'incorporationuoffL-[G-]4C]pheny1alanine,on [3H]uracil into the macro-

mo]eculeer(Fig. 5).

~ Effecﬁ'Of'3‘;5'-(cyc]ic)4AMP'on'sq]uble protein profiles. de Crombugghe,

VPerTman,-Varmus'& Pastan (1969) have found that the synthesis'of several
inducible enZymes 1s 1ncreased by 3“ $D = (cyc11c) -AMP. An eXpected con-’
'sequence of this 1s that the re]ative proport1ons of var1ous proteins.
in grow;ng cells would be a]tered by the presence of the nucleotide,

The solubie protein‘profiles of cells growing in g]yeerol, glucose,
or glucose p]us g]yeernl, with and without 3',5'-(cyclic)-AMP, were iné
vestigated. From the brbfileS‘shown in FiQ. 6 it is clear that the
growth substrate was'reSponsibleAforfmany characteristics of the pattern;4
,similanvcbservations have been made by Moses & Wild (1969). - Consistent
ghanges‘in the patterns resulted from the presence of 3',5'-(cyclic)-AMP
in the growth medium, Prominent among these were the enhancement of .
peaks M and P in all growth media tested, and of peak Y 1n glucose~ . .'f

conta1n1ng media, peak AG was reduced by the presence of 3“ 25 - (CyC]lc) AMP
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in glycerol-minimal medium. Thé effects on the balance of protein
synthesis exerted by 3',5'-(cyclic)-AMP were thus sufficiently dis-
tinct to‘be observed even in these complex profiles. -

'These changes in the proportions of soluble proteins would be
expected to result in a redistribution in the balance of metabolic
activities. The detailed conséquences of this cannot at the moment
be assessed, but it is likely to cause changes in the intracel]ular:
concentrétions of a number of intermediary metabolites, some of which
may be effector mo]echles. We conclude that the actions of 3',5'- _l'
(cyclic)-AMP are widespread, and that caution must be exercised befdre_1

ascribing any of its effects to direct interaction.

Effect of 3',5‘§(cyclic)?AMP on carbon: dioxide release from labelied

glucosé. It is known that 3',5'-{cyclic)-AMP activates phosphofrdcto~'
kinase in some animal tissues (Stohe & Mansour, 1967). If this also

occurs in E, coli, metabolism of glucose throdgh glycolysis would pro-

7 bably be favoured in comparison with oxidation vié the.pentose phosphate

£ "co, “from [1-'*cIgTucose and

cycle. The specific rates of release o
[6«]4C]glucose may be used to study the relative utilization of the
two pathways since the Entnér—DoUdoroff'péthway does not operate in
E. coli (Wang et al., 1958). |

Strain VP19 was grown exponentially in glucose-minimal medium ad-"

‘tjjugféd to pH 6.2. Of four parallel cultures, two received 5 mM-3°,5T-‘ 

(cyclic)-AMP 90 min, before the addition of labelled glucose; no addi -

_tion was made to the other pair, At the start of the experimental

“period one flask from each pair wés supp11ed with 4 uC of []-lacJQTUCOSé

andvfhe otHFr_with'a similar quantfty‘of [6—14C]glucosef The resulting
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SpeC1f1C rad1oact1v1ty was 0.46 uC/ mole g]ucose in each case. Res-

piratory . 14

CO2 was trapped for. success1ve 15 min. intervals over a
total ber1od of 3 hr. Growth, measured by E650’ was followed through-
- out id.parallel cu1turee;’cu1tures with 3',5'-(cyc11c)-AMP grew more
slowly thén‘those wi thout (0.74 doub]ings/hr. and 0.83 doublings/hr.,
respectively). | ‘ |

| Fig 7 shows that early in the experiment 3',5'-(cyclic)-AMP

14C02 from [6-]4C]g]uCOSe, and, to

markedly st1mu1ated the re]ease of
a ]esser extent reduced its rate of evolution from [1« C]g]ucose.'
Both effects weakened with t1me; some 4.5 hr, after the introduction
of the nucleotide, the pattern of reSpiratdry co, release in the cul-
tures with 3',5'-(cyé]ic);AMP was approaching that of the untreated
ones. In the absence of the nucleotide, the proportion of €0, released
‘as & re;u]t of.glycolytic activity increased with increasing cell .den-
sity.in:the cultdre This probably reflected an 1ncreas1ng Timitation
of 02 ava1]ab1lity as “the cu]ture became more dense

. The effect of 3',5'-(cyc]1c)-AMP on glucose dissimilation was
mostly to increase'the flow through glycolysis, though some decrease
in metabolﬁsm through the pentose phosphate pathway was also observed.
The tota] release of ]4C02 was higher in the presence of 3',5'~(cyclic)-
AMP,‘a_result consietent-with the finding that the net consumption of
'glucosé'wés also increased by this eubstance (Fig. 4). The presence
of the?nucleotfde in cultures of growing cells thue appeared to shift
the baiadce of glucose metabolism away from the pentose phosphate cycle N
and towerds;glycolysisc Such a result is'not unexpected in view of its

known action in stimulating phosphofructokinase.



-11- |

Effect of 3',5'~(cyclic)-AMP on levels of phosphorylated intermediary

metabolites. The levels of a number of phosphorylated intermediates
were measured at various periods after the introduction of KH232PO to
cells. grown in Tow phosphate medium containing glycerol or g1ucose, |
with and without 3 5'-(cyc]ic) AMP. Table 1 records the levels of
1ncorporated 32P in ]8 compounds after 1 hr, of 1abe111ng The results
are presented as d p.m., and are to be used on]y to compare the relative
degrees of labellwng among-metabol1tes,~ 4

The labelling of several substances varies withhthe carbon’source4f
uTP + ubP, UDP- g]ucose ATP glucose 6- phosphate a-glycerol phosphate
and an un1dent1f1ed mononuc]eot1de were the mos t prom1nent of these
The extent of 1abel]1ng of some substances also varied as a result of
the presente of 3';5'-(cyc]ic)4AMP.‘”Among these, label in uTp + UDPa“
and glucose 6-phosphate was reduceo by the nucleotide uhi1e'that-in
: fructose ! N diphosphate and in two un1dent1f1ed phoSphorylated com-
pounds was dramat1ca1]y 1ncreased

The effect of 3',5'- (cyc11c) AMP on 32P incorporation into fructose
1,6-diphosphate is consistent with its presumed stimulatory action on ff

- phosphofructokinase, and with its effect on 14
£ 14

€0, release from [6—]4C]'-h
glucoseu ”To-jUdgé’both frOm the release o Co, from [1- c]glucoseD .
and the extent of 32P 1ncorporat1on into PRPP (Tab]e 1), its effect a
‘:ﬁ_d1rect1y on the activity of the pentose phOSphate cycle was relat1ve1y

' munoro

Ability of several intermediary metabolites to reverse catabolite repres~
sion. Jacquet & Kepes (1969) showed that cells shocked with 1 mM-EDTA
forvl min, and the returned to. growth medium remained sénsiti#e to

Ty ’ i
|
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catabolite repression by g]ucosé, and to its reversal by 3',5'-(cyclic)-
AMP ., EDTA-treated cells are believed (Leive, 1965) to be permeable to
| sUbstéﬁces which are not nofmai]y able to enter them. The ability of
a'numbef of metabblites to elicit or reveréé catabolite repression was

investigated in such cells.

| “Strain 3oou;vmaintained for 18 subcultures in glucose-nutrient
broth'medihh, was used for these experiments. Cells were grown for
’severél*generationé in glycerol-minimal medium, treated with EDTA,
dilutédiihto minimal medium containihg'either glyCerol or glucose (see
Experimental section) and incubated at 37°.

IPTG (1 mM) was added, and 3 min. Iéfer four 2 m]; aliquots were
simultaneously removed from the culture and immediafely mixed with 2 ml,
of the §ame medi um contafning’IPTG (1 mM), the test substance at a
toncehtrdtion of 10 mM, plusVL;[G—lac]phenylalaﬁine and [3H]uraci}.
Samples for measurements of.enzyme activity and acid-prec{pitable
>radioaé£i9ity were taken at-intervals during the following'zo min.

- None of the test substances altered the rates of incorporation
of the labelled precursors for the period of the experiments. Table 2
shows that in Qchero] medi um onTy_g]ucose céuged significant repres—A
sion'qf_g-galactosidase synthesis. A1l other compounds were either
without effect,.ok inéfeased enzyme synthesis. Whén two metabolites
were present simuTtaneous}yg their effects were additive,vxln glucose
medidm, repression was alleviated by all six-compdunds which were |
‘tested; 3‘;5'e(éyclic)-AMP was-nbt the most effective ahtagonist of

‘glucose repression.
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~ DISCUSSION

A direct or indirect role for 3',5'-(cyclic)-AMP. de Crombrugghe et al.

(1969) have presented the arguments supporting a direct role for 3',5'-

(cyclic)-AMP in the synthesis of inducible enzymes. Summarized briefly,
these areiy (a) in certain mutants of the phosphoen01pyruvate-phospho-
trans ferase system unable to grow on glucose, or to'aecemu]ate 910cose
or a-methyl g]ﬁcoside, both'substahces repress B-ga]actosida_sesynthesis9

and this repression fs,OVercome‘by_3',5‘-(cyc]ic)-AMP (Pastan & Perlman,

1969). (b) At concn. of 3',5'~(cyclic)-AMP which effectively reverse

catabolite repression by glucose, the uptake‘of:glucose is little
affected (Pastan & Periman, 1969). (c) Chambers & Zubay (1969) have
reported'that 3’ 5‘-(cyc11c)-AMP‘stimulates'Bfgalactosidase synthesis:
in a cell -free system. (d) High cencn of the nucleotide reverse're-
pre551on exerted by glucose 6- phosphate and by g]ucose p]us g]uconate
as well as by glucose alone (Perlman, de Crombrugghe & Pastan, 1969)

In view of the observat1ons we report in this commun1cat1on, a

* number of comments are appropriate: (a) The levels of many metabolic

intermediates are affected by the growth'substrate (Prevost'& Moses ,

1967), and by the presence of 3" ' -(cycl1c) AMP, as ‘we have shown in

this’ commun1cat1on Before mutants of the phosphoenolpyruvate-

phOSphotransferase system can be fully understood in terms of catabol1te
repression. reSponses, it 1s 1mportant to know more about them Thls,
applies particularly to their levels of intermediary metabolites, and

how these may Se,altered'by the presence in the medium of glucose and

- a-methyl glucoside, even if the latter are not metabolized. It is
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furthér nécessary to know how completely blocked is the metabolism of

these substances. Even with this ithrmation, the possibility would
remain-that the local concn, of metabolites ét the sites_of interaction &
betweeh effector molecules. and their targets are significantly differént
from those in the cell as a whole. (b) While we confirm that glucose
uptake'is}not markedly affgcted by 3',5'-(cycTTc)-AMP9 we have found

that the oxidation pattern is greatly a]tered. (c) The evidence given
by_Chaﬁbers_& Zubay (1969) is perhaps the most suggestive of all in
supportfdf a direct role for‘3',5'-(Cyc1ic)—AMP. HoWever, their cell-
free syéteh contains very many cdmponents, some of which may themselves
have an indirect part in regulation. It is difficult to be sure, even |
'in.their_system, théﬁ thé nucleotide is acting directly as an effector.
(g)-we héYe]found that 3';5'-(cy¢1ic)-AMP is unable to overcome repres?
“sion pfbduéed simultaneously by several substrates.

We'should also cdnsider.the'évidgnce.against a direct ro]e for
3',5'-(cyclic)-AMP, ,A Veky.considerable shi?t.in the fjdw of glucose
carbon is_cadsed by its présénce. The Embdeangyerhof pathWay assumes
a muthvgreétef impbrtance tomparéd'with the .pentose phosphate cycle.

This is féflected both in the'levels of hetabolit intermediates, and

'ih ihe péttern of re]ease'bf ]4C02 from specifically-labelled glucose.
Bdtﬁ méy reédily be ‘understood from'the known ability of 3',5'-(cyclic)-
AMP to activaté phosphofructokinase. We have been able to observe some |
' of thé_consequencesvof this activation, and have 1ittle doubt that

-there are others which have escapedvour attention. It should furthef

be noted that earlier studies (Prevost & Moses, 1967) suggested that
pentose phosphate cycle activity was necessary at least for transient

repression.’ One of the main consequences of treatment with 3',5'-(cyclic)-AMp
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is a Eeduction in-the relative importance of:the pentose phosphate
cycle as a metabolic pathway,d_Thé_inhib{tor&eeffeeps:of.high concn.
of 3', 5° {(cyclic)-AMP on RNA Synthesis'(de Crombruggh et gl-'-19ﬁ9)
may be due to a reduction in the availability of pentose precursors
for nqc]eot1de synthesis as a result of impaired pentose phosphate
cycle.attivity. T - |

The ehanges,innmetabolite,conc@; ape;}ikelyrto arise concurrently
from tv.vo:vsources° Thevdirechactivatiqn}pf“phqsphoﬁrqctdquase,g@qd
perhaps‘other enzymes..will rapidly change metabolite levelsyg:The
regulation of many enzymes probably depends on such metabolites, and,
in time, the protein-composition of the cell will undergo an appre-
ciable rearrangement. One might expect that this, in turn, will have
further:effects on metabolite levels, until.aehew equf]ibridm is reached,
Our studies on the soluble brotein profiles have shown that marked
changes in the protein composition result from the presencefbﬁfaﬂ,S'-
{cyclic)-AMP, | | ‘_ A

Finaliy, we must mention two more significant ffhdidgeé 3',5'-
(cyclic)-AMP has a restricted ability to reverse catabolite repression,
and it is not the only substance which can do so. Of fwve other phos=
' phorylated 1ntermed1ates tested ‘for their abllltv to rel1eve glucose
repression in EDTA-treated ce1lsg three were at.least as effect1ve as :
3',5%- (cycl1c) -AMP, They are “however, more d]ff1cu1t td study than
the latter because of the d1ff1cu1ty with which some of them enter ce]lsd%
- not previously rendered permeab]e w1th EDTA No spec1f1c conclus1on |

can readily be drawn from such a result unless 1t 1s that the metabo]1c_

interrelations are complex and requ1re further 1nvest1gat10nq-
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- CAPTIONS FOR FIGURES

Effect of 3',5'-(cyclic)-AMP on glucose repression of g-galactosi-
dase synthesis in strain VP 19 growing in g]ycero]-minimalAmediQm . 
and induced with 0.5 mM-IPTG. G]Qcose(ﬁo mM) was added at arrows. -
Méss;dohbling-times before and after glucose addition were 90 min.
and 79 min,, respectively, in each case. In the control, transjent ,
repression lastevtfor 35 min. o, contfo};- 0, plus 5 mM-3',5'~

(cyclic)-AMP,

Effect of 3',5'-(cyclic)-AMP on repression by several substrates of.

B-galactosidase synthesis in strain VP 19 growing in glycerol-minimal"

medium and induced with 1 mM-IPTG. The arrow indicates the simul-

~taneous addition of glucose (10 mM),gg]ucosé 6-phosphate (10 ),

Né'glucohate (10 mM). and casamino_acids (Y mg./ml.).  Mass doub]ihg ;

times before and after additions were 92‘min. and 47 mHn;, respectively,
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Fig. 2 (cont.)

in each case. In the control, transient repression lasted for

- 17 min. o , control; o , plus 3',5'-(cyclic)-AMP.

Fig. 3. .

Fig, 4,

-Fig. 5.

Effect of 3',5'-(cyclic)-AMP on stimulation of B-galactosidase
synthesis in strain CA 8001 growing in g]ycero]~minima] medium

and induced with 1 mM-IPTG. Supplementation as for Fig. 2.

 Mass doubling times before and after additions: control, 98 min.

and 37‘min., respectively; plus 3',5'-(cyclic)-AMP, 94 min. and

. 48 min., respectively. e , control; o , plus 5 mM-3',5'-

{eyclic)-AMP,

Effect of 3',5'+(Cycli§)eAMP on glucose uptake in strain VP 19,
Cells in glucose-minimal medium received [G-?éc]glucose, and

measurements were made of ]4C in the medium at intervals there-

_after. e, control; o , plus 5 m1-3',5'~(cyclic)-ANP.

- Effect of 3',5ﬁ§(cyc]ic)-AMP on macromolecule synthesis during

a growth shift. Strain VP 19, in_g]yceko?lminimal medium, wés

.supp]fed_with L-[G-]4C]pheny]alanine and [3H]uracile Samples

were taken ét intervals for determinatibn of trichloroacetic

‘m‘d<acid%pfécipitab1e~radioac;ivity. Glucose (10 mM) was added at

Fig. 6.

the arrow. (3)1[3H]uracil incdiporat{on;r (Q)'L-[G-]4C]pheny1~
alanine incorporation. ® , control; o , plus § mM-3',5'=

{cyclic)-AMP,

b

Soluble protein. profiles of strain VP 19 in minimal media supple- -

mented as follows: (a) glycerol; (b) glycerol plus 5 mM-3',5°-

(eyclic)-AMP;  (c) ‘glucose; (d) glucose plus 5 mM-3',5'=(cyclic)-

v
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Fig. 6 (coht;f

Fig. 7.

AMP; (g)'glycerol p]us-glucbse;' (f) glycerol plus glucose plus
5 mM-3",5'~(cyclic)-ANP, | "

Effect of 3',5'-(cyclic)-AMP on release of ' 'CO, from labelled

g]uéose; Strain VP 19, growing‘in'g]ucbse—minimal medium, re-

]_]4 6"]4

ceiVed [ C]glucbse or [ Clglucose. }4602 was trapped fof

a series of 15 min. intervals, while growth was measured by

E (a) control; (b) plus 5 mM-3',5'-(cyclic)-AMP. eo,,

650"

' ]4C02 from_[l-]4CJg1ucose; Ad MCO2 from [6-34C]g]ucose.

Running Tit1e:

f3'95'c(cyc]ic)-AMP and Catabolite.Repression_
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Table 1. ;IhcorPOration of 32Pi into intermediary metabolites

Strain VP 19 was grown exponential]y in low-phosphate (0.75 mM-Pi)
minimal medium containing glycerol or glucose, with or without 5 mi-

: 3',5'—(¢yclic)-AMP.x,KH232P04 was added to give a specific radio- &
activity of 400 uC./umole. The labelling in intermediary metabolites
was determined after 1 hr. incubation at 37°, using'paper'chromato- -
>graphy.‘vVa1ues are recorded as 1073 x:d.p.m./ug. of bacteria1 protein.
q ‘;, ' : ' glycerol 7 glucose
Medium .......i000 - glycerol +3",6'~i + glucose -+ 3',5'-
R T {cyclic)=AMP: ;- (cyclic)-Amp
uTP + UDP 104 40 128 64
UDP-glucose 48 52 62 7
ate 42 54 84 80
AP 22 22 25 22
PREP 48 4.8 5.6 .
" Glucose 6-phosphate . 16 5.2 30 5.2
Fructose 6-phosphate % % - 20 .20
FrUctQSe;],6-diphosphate. 0 74 -0 96
" a-Glycerophosphate = . . 80 100 28 32
Dihydroxyacetone : T . |
phosphate = - 80 6.8 8.0 8.0
NADP + NADPH 10 .- 15 13 15
Unidentified sugar I s '
phosphate - 12 8.8 20 19
‘Unidentified compound- 1 -~ 18 18 © .18 18
Unidentified compound 2 =~ . 0 - 12 0 152
Unidentified compound 3 0 ' 9.6 -0 9.6
Unidentified compound 4* © 11 k! 17 1 .
" Unidentified compound 5* 28 43 46 52

~Unidentified compound 6* 16 16 16 16

(U

*These are probably nucleoside monophosphates.
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of p-galactosidase in EDTA-treated cells

Effects of intermediary métabp]ites on the inducéd'synthesis

Strain 300U, grown in glycerol-minimal medium, was treated with EDTA as

described in the Experimental section.

The cells were resuspended in

minimal medium containing either glycekol (22 mM) or g]ucose (5 mM) as

indicatéd. IPTG (1 mM) was added; 3 min.
were mixed with an equal vol.
(10 mM). Samples for g-galactosidase determination were removed

Results are expressed as enzyme syn-

stances
‘per1od1ca1]y during the next 18 min.

later aliquots of the culture.

of the same medium containing the test sub-

thesized in 18. min, compared with ‘the control value for that exper1ment

Expt.

1.

_Carbohydrate in

.suspension medium

" _Glycerol |

' Glycefol'

 Glycerol

Glycerol .

Glucqse

Glucose

Métabo]ite

None : ]
3',5'-(cyclic)-AMP
fructose 1,6-diohosphate
3!, 5'-(cyc!1c) AMP +

- fructose.1,6-diphosphate.

~ PRPP

None
3',5'-(eyclic)- AMP
3 5'—(cyc11c) AMP
‘ PRPP - :
None
glucose

fructose 1,6- d1phosphate
PRPP

. None

glucose

" NADP*

NADPH

None v
3',5'-(cyclic)-AMP
fructose 1,6- diphosphate
PRPP

_ None
- NADP*

NADPH
ribose S-phosphate

a ~-Galactosidase.
synthesized in
18 min.

100
980
180

1110

100
224
344

615

~.100
10
90
123

100
18
96
LR

100
170
217
136 -

100
222
134

197
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Fig. 5(a)
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Moses & Sharp,  Fin. 6(c).
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Fig. 7.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or

~ process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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