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Studies on the regulation of glucose-nlctabo11zin0 enzymes in Bacillus subtl1is. 

v. Moses and Pamela 8. Sharp; Biochem. J. Labora tory of 

Chemical Biodynamics, University of California, Berkeley, Calif., 94720, U.S.l\. 

The presence or absence of regulatory cO!ltrol mechanisms has been studied for 

the enzymes 6-phosphogluconate dehydrogenase, glucose 6-phosphate dehydrogenase 

and hexokinase in Bacillus subtilis. The cellular levels of these enzymes have 

been investiClated during steady 8xponentiJl I]roi'/th in various media and fo11o\,l­

ing growth shifts. Comparison has been made of the behaviour of these enzymes 

.with that of a-galactosidase in a strain of Escherichia coli in which the re-

gulator and operator genes are deleted. Criteria for recognizing truly consti-

tutive enzymes are discussed and it is tentatively concluded that while the 

synthesis of the dehydrogenase enzymes is controlled, that of hexokinase is 

probably cbnstitutive. Examination of mR~A stabilities has indicated that 

those messenger RNAs for an inducible and a repressible enzyme (histidase and 

alkaline phosphatase) are labile, as are those for 6-phosphogluconate dehydro­

genase and Cllucose 6-phosphate dehydrogenase. Hexokinase mRNA appears to be 

stable. Mutation from repressibility to constitutivity does not affect mRNA 

stability for alkaline phosphatase. Changes in the proportion of stable and 

unstable RNA synthesized during growth shifts and in the presence of low con­

centrations of actinomycin have been investigated. The biological significance 

of constitutivity and its possible association with stable mRN.o\ is discussed 

from the viel'/point of cellular economy •. 
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Studies on the Regulation of Glucose-Metabolizing Enzymes in 

Bacillus subtilis 

BY V. MOSES· AND PAMELA B. SHARP 

Laboratory of Chemical Biodynamics and Lawrence Radiation Laboratory, 

University of California, Berkeley, Calif., 94720, U.S.A • 

. 1. The presence or absence of regulatory control mechanisms has been studied 

for the enzymes 6-phosphogluconate dehydrogenase, glucose-6-phosphate dehydro­

genase and hexokinase in Bacillus subtilis. 2. The cellular levels of these 

e~zymes have been investigated during steady exponential growth in various media 

and follo\'dng growth shifts. 3. Comparison has been made of the behaviour of 

these enzymes with that of a-galactosidase in a strain of Escherichia coli in 

which the regulator and operator genes are deleted. 4. Criteria for recognizing 

truly constitutive enzymes are discussed and it is tentatively concluded that 

while the synthesis of the dehydrogenase enzymes is controlled. that of hexo­

kinase is probably constitutive. 5. Examination of mRNA stabilities has,indi­

cated that those messenger RNAs for an inducible and a repressible enzyme 

(histidase and alkaline phosphatase) are labile. as are those for 6-phosphoglu­

conate dehydrogenase and glucose-6-phosphate dehydrogenase. 6. Hexokinase mRNA 

appears to be stable. 7. Mutation from repressibility to constitutivity does 

not affect mRNA stability for alkaline phosphatase. 8. Changes in the' propor­

tion of stable and unstable RNA synthesized during growth shifts and in the 

presence of low concentrations of actinomycin have been investigated •. 9. The 

*Temporaryaddress: Microbiology Unit. Department of Biochemistry, South Parks 
Road, 'Oxford. Please address requests for reprints to Berkeley. 

',,' 



.. 
" 

'I' . 

-2-

biological significance of constitutivity and its possible association with 

stable mRNA is discussed from the vic\'/point of cellular economy. 

Nearly forty years ago Kars trBm (1930) di s ti ngui shed between two cl asses 

of enzymes found in micro-organisms. Those which were always present regardless 

of the grm'lth conditions 'tlere termed 'constitutive'. ond although the content 

of such enzymes within the cells was found to differ in different media. the ex-

tents of the variations were small. By contrast 'adaptive' enzymes \'Iere formed 

in response to a definite factor in the environment. and their concentrations 

changed very greatly in cells cultured. in varying conditions. Subsequent studies 

have shown that the synthesis of some adaptive enzymes is stimulated as much as 

one-thousand-fold by inclusion of appropriate substances in the medium. In other 

cases a less marked change is observed, amounting perhaps to a ten-fold difference. 

The years follm'ling KarstrBm's publication have witnessed an intensive study 

of the mechanism of enzyme adaptation, culminating in a number of models which 

have been proposed to account for the mechanisms controlling the rates of enzyme 

synthesis. It is clear that the control is, at least in some cases, negative in 

character (Jacob & Monod. 1961). with specific regulator molecules responding to 

appropriate small effector molecules in such a way as to prevent the formation 

of the related enzyme. From some of these controlled systems constitutive mu­

tants have been isolated in which damage to the normal regulatory mechanism has 

resulted in synthesiS of the enzyme independently of the presence or absence of 

effector molecules. Other types of less specific regulation are recognized 

which lead to the failure of enzyme synthesis even though the specific inducing 

effector molecule is present. Many catabolic enzymes are sensitive in this way 

to an imbalance in the overall metabolic state of the cell, a condition desig­

nated . 'catabolite repression' by Magasanik (1961). Catabolite repression ;s 
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observed with \vild-type.cells possessing an intact regulator system. and with 

mutants in which part of the regulatory system is non-functional (Brown. 1961; 

Mandelstam. 1962; Moses & Prevost. 1966). In other mutants totally deVOid of 

the regulatory system, part of the catabolite repression response is absent 

(Palmer & Moses, 1967). 

There is some reason to believe that in addition to constitutive strains 

isolated by artificial selection procedures in the laboratory there also exist 

in nature wild-type constitutive systems in which the synthesis of certain en-

zymes might be outside the control of specific regulators. Pardee & Bechlith 

(1963), in discussing the control of constitutive enzymes, have considered four 

possible explanations to account for such cases: (i) inducer and (catabolite) 

repressor are both absent; (ii) inducer is present in constant amount, and re­

pression is absent; (iii) inducer is absent while repression is constantly 

effective; (iv) induction and repression are ah'lays in balance. thus permitting 

a constant rate of enzyme synthesis irrespective of phYSiological state. Pardee 

& Beckwith (1963) briefly discussed a number of enzymes which might truly be 

constitutiv~ in Wild-type strains but recognized the difficulty of decidi·ng among 

the above four possible reasons for constitutivity and pointed out the need for 

further study of these and other examples. 

The phenomenon of wild-type constitutivity is of fundamental biological 

interest. A cell which lacks a means of controlling the synthesis of certain of 

its components has. compared with its neighbours, an element of inflexibility 

which sooner or later is likely to prove of selectional importance. Thus, con­

stituttvity based on the absence of both inducing and repressing factors has a 

biological significance different from constitutivity depending on a balance of 

these iryfluence~. since in the latter case further study may elucidate conditions 

under which the balan'ce may change and alter the rate of enzyme synthesis. It 

has also been suggested (Moses & Calvin. 19652-.; Yudkin, 1966) that wild-type 
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constitutive systems may have lost not only the overall control provided by 

genetic regulatory systems, but also the finer control provided by a labile 

messenger RNA (mRNA) which is observed in many instances of inducible enzymes. 

The problems appeared to us of sufficient interest to warrant further in­

vestigation. The glucose-metabolizin~ enzymes of Bacillus subtilis were selected 

for study, partly because glucose metabolism is usually regarded as being a con­

stitutive function. and partly because the sensitivi'ty of ~. subtilis to actino­

mycin permits the employment of this substance as a tool for studying DNA-

dependent RNA synthesis. 

MATERIALS AND METHODS 

Organisms. For most of these studies a prototrophic non-sporogenic strain of 

Q.. subtilis was used which was obtained from the Department of Bacteriology, 

University of California, Berkeley. From this strain a mutant weakly constitu­

tive for alkaline phosphatase was isolated by treatment with N-methyl-N'-nitro­

N-nitrosoguanidine (Adelberg. Mandel & Chen, 1965) followed by selection on 

B-glyceroph?sphate in the presence of 0.66 mM-Pi (Torriani & Rothman, 1961). 

For comparative purposes use has also been made of Escherichia coli 0~7 (from 

E. Steers) which contains a total deletion of the regulator and operator genes 

of the lac operon (Steers, Craven & Anfinsen. 1965). 

Media and growth measurements. The follo. ll ing media were used with stirring at 

37°: minimal medium ~163 (Pardee & :-'r,:;:;tid',!e; 1961) supplemented with 0.2% (w/v) 

of the appropriate carbon source; qluc.ose-tris minimal medium containing 0.7 

mM-Pi (Moses. 1967); glutamate-minimal medium (Hart\oJell & Magasanik. 1,96:3); and 

nutrient' broth (Difco). Growth was follovJed by turbidity; at an extinction of 

e 1.0, in a 1 cm. cuv~>tteat 650 m)J, 1 rn1. of bacterial suspension contained 225 

)Jg./ml.of bacterial protein (Moses & Prevost, 1966). 
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Conditions for enzyme derepression. Histidase was induced by the addition of 

L-histidine to cells grOl'/ing on glutamate as described by Ifart\'/ell & ~1agasilnik 

(1963). Alkaline phosphatase derepression was achieved by transferring cells· 

on glucose-tris medium containing 0.7 mr1-P i to a similar medium totally devoid 

of Pi (Moses. 1967). 

Measurements of enzyme activities. Histidase and alkaline phosphatase activities 

\'/ere measured accordi ng to the procedures des cri bed by Ha rtwe 11 & Magasan; k (1963) 

and by r~oses (1967). respecti ve 1y. For measurement of cons titut; ve enzyme pro­

duction the sample volumes of culture taken for assay were checked gravimetrically. 

In preliminary studies on the assay techniques for the three glucose enzymes 

it was found that some procedures for des troyi ng the cell ul ar permeabi 1 i ty barri er 

inactivated hexokinase but not the dehydro~enases for glucose-6-phosphate and 

6-~hosphogluconate. For example. treatment with toluene, which is a standard 

procedure in the assay of B-galactosidase in ~. coli and histidase in B. subtilis. 

totally inactivated hexokinase. Lysis of ~. subtilis by lysozyme in the absence 

of glucose also resulted in a low activity of hexokinase. This was discovered 

in shift experiments of the type to be rerorted below. There was a large discon­

tinuous increase in the measured activity of hexokinase in ~amp1es of the cultures 

taken immediately after the addition of glucose to cells growing on another sub­

strate. This was not due to a sudden synthesis of hexokinase. as shown by the 

following experiment. 

Cells growing exponentially on nutrient broth ~"ere treated with chloram­

phenicol (100 )Jg./m1.). Growth measured by turbidity ceased immediately. Sam­

pling was started 15 min. later and was continued for 10 min. Suffici~nt'glucose 

solution (1 M) was then added to bring the glucose concentration to 10 .. mr·,,' and 

samp1ingwas cpntinued for the next 35 min. Fig. 1 shows that \'~ith;n 30. sec. of 

addi ng gl ucosethe measured act;v; ty of hexoki nase increased nearly fiye~fo1 d 
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and remained at that level for the rest of the experiment. Chloramphenicol 

itself, at concentrations up to at least 100 ~g./ml., had no effect on hexo­

k1 nase act1 vity. Hexok1 nase act1 vity was apparently parti ally des troyed by 

lysis in the absence of glucose, but the presence of the sugar appeared to 

effect a stabilization. All experiments requiring hexokinase determinations 

were therefore performed by lysing cells in the presence of glucose. 

The three enzymes of glucose metabolism were measured on different portions 

of the same culture. Samples (0.2 ml.) of the bacterial culture were added to 

weighed vials previously charged with 0.2 ml. of the following solution: tris-HCl 

(0.1 ~1), pH 7.6, ,containing lysozyme (0.1 mg./m1.) and EDTA (2.5 mM). Unless the 

culture medium already contained it, glucose (10 mM) I'Jas also added to the lyso­

zyme solution. The vials were reweighed to determine accurately the volume of 

bacterial sample taken and were allowed to remain at room temperature for about 

1 hr. They were then brought to 37° and substrates were added in a volume of 

0.6 ml. For 6-phosphogluconate dehydrogenase the substrate solution contained 

6-phospho-D-gl uconi c aci d (tri cycl ohexyl ammoni um salt) (17 mr~), NADP+(l.08 mM) 

and MgC1 2 (J.33 ml1) , in 0.1 t1-tris-HC1, pH 7.6. For measurement of glucose-6-

phosphate dehydrogenase the solution contained glucose-6-phosphate (Na2 salt) 

(33 mM). M~C12 (1.33 mM), NADP+ (1.08 mM) and 6-phosphogluconic acid dehydro­

genase (0.023 enzyme units/ml.) in 0.1 M-tris-HC1. pH 7.6. For assay of hexo­

kinase activity the solution contained the following substances in O. 1 ~1-tris-HC1. 

pH 7.6: ATP (4 f1t.1); NADP+ (1.08 m1~); glucose (10 mM); t~gC12 (4 mi"1); glucose-6-

phosphate dehydrogenase (0.35 enzyme units/ml.) and 6-phosphogl uconi c aci d 

dehydrogenase (0.018 enzyme uni ts/m1.). Incubati on was allowed to proceed for 

'; . 25 min.al 37° and the reactions were terminated by adding to each vial 0.4 ml. 
';' 

of 0.7~M-Na2C03' !heextinctions were read at 340 m~ with a Cary model 14 

spectrophotometer against the appropriate blanks. In each of these reaction 

mixtures -the enzyme under study \<las the rate-limiting factor; added enzymes \<lere 

I 
1... 
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present in excess amounts .• Preliminary experiments shOl<led that the rate of 

NADPH production was almost linear for each of the enzymes for over 30 min. 

Departures from linearity were not affected by b'lofold changes in the concen­

trations of any of the reactants except the lysed cells. Since all the samples 

from a particular experiment were assayed simultaneously for the same length of 

time they can be considered in a comparative manner even if the true zero time 

rates were slightly but consistently in error. 

In each case one enzyme unit is defined as that quantity of enzyme catalysing 

the production of 1 m~mole of measured product/min. at 37°. 

Incorooration of labelled substances. A standard mixture of L-[G_ 14C]phenylalanine 

(8.5 x 10-5 M; 0.88 ~C/~mole) and [G- 3H]uraci1 (1.04 x 10-4 M; 26.7 ~C/~mo1e) was 

added to the cell suspensions. These quantities were sufficient to maintain a 

m~ximum rate of incorporation for the whole period of the experiment. Preparation 

of samples for counting folloy/ed earlier procedures (Moses & Prevost, 1966). For 

some experiments the concentrations or soecific activities of the labelled pre­

cursors were altered as noted in the text. 

Chemicals and radiochemicals. Chloramphenicol and actinomycin C were gifts from 

Parke, Davis and Co., Detroit, !1ich., U.S.A., and Farbenfabriken Bayer A.-G., 

Leverkusen, Germany, respectively; [G_ 14C]oheny1alanine and [G- 3H]uraci1 were 

purchased from New England Nuclear Corp., Boston, Mass., U.S.A.; all other bio­

chemicals and enzymes were from Calbiochem, Los Angeles, Calif., U.S.A. 

RESULTS 

The problem of regulatory control of the biosynthesis of the glucose enzymes 

Growth experiments., Experiments were perfonned to determine \'t'hether temporary 

exposure to glucose would facilitate metabolism of the sugar when it was again 
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introduced into the medium. Cells of B. subtilis were ~rown in minimal medium 

(1 mi'~-Pi) \'1ith one of a number of carbon sources. During the period of exponen­

tial growth glucose (lO I11r·l) was added and the growtl, response observed. ~~1th 

cells cultured on maltose no chanGe in Growth rate I'las obtained on adding glucose. 

When acetate, alanine. glycerol, proline or succinate were the initial sources of 

carbon the growth rate increased gradually to a ne'I" and higher rate which was 

reached in 60-70 min. (Fig. 2). After about one doubling in the presence of 

glucose the cells were filtered through a Millipore membrane filter (0.45 ~ pore 

size), washed, and resuspended in the original medium. Growth was promptly re-

sumed at approximately the rate characteristic for the original substrate. After 

a further doubling of the cell mass in· the original substrate, glucose (10 mM) 

was again added. The change in gro'v/th rate on addition of this second quantity 

of glucose was very similar to the first: again a gradual increase in the growth 

rate was obtained reaching a new maximum rate in about 1 hr. 

There is much variabi1lty in the grDl'lth response of bacter; a \'1hen gl.ucose is 

introduced into the medium. In some cases the effect is very rapid: in I. coli, 

for example, a shift from glycerol to glucose is immediate at high (0.1 M) concen-. 
trations of Pi' but delayed at lower concentrations (Palmer & Moses, 1967). The 

present results show that adding glucose for one cell doubling to ~. subtilis 

growing on another substrate did not accelerate the second growth response to 

glucose after the cells had been returned to the original medium for one gene­

ration. Thus, specific enzyme synthesis did not appear to be involved in res-

~.' ponding to glucose and the delay was more probably metabolic in origin, perhaps 
.... , 

entailing a readjustment of the balance of intermediary metabolic pool sizes, etc. 

By implication, then, the cells were already adequately equipped enzymically to 

deal with glucose when grown on a variety of other substrates. 

Support for this contention has been obtained by H. G. Ungar (unpublished 

work) in the course of studies on the growth-shift with E. coli from acetate to .' -,._-
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glucose in media containing 5 mi,1- Pi; this shift results in a slO1'/ (60 min.) 

attainment of the enhanced gro','Jth rate. Using the technique described by Prevost 

& Moses (1967), Unoar studied the release of 14C02 from labelled glucose during 

the shift and sho\tJed that l4C02 evolution began virtually immediately (less than 

1 min.) even in .the presence of concentrations of chloramphenicol high enough to 

preclude any possibility of protein synthesis. Thus, glucose may enter metabolism 

ra~idly, yet not result in an immediate increase in the growth rate. 

Growth shifts. In an attempt to discover whether glucose in the medium specifi­

cally increased the content of the 91ucose enzymes, experiments were performed 

in which glucose was added to cells gro~ing on other substrates. Since adding 

glucose often resulted in an increase in growth rate. other types of growth shift, 

not involving glucose. were investigated to determine the effect of increasing 

the growth rate withoyt adding glucose. 

Supplying glucose to cells growing exponentially in glutamate-minimal medium 

invariably resulted in a considerable (50-60%) reduction in the differential rate 

of hexokinase synthesis (Fig. 3). The growth rate itself increased gradually over 

about 1 hr. ~o a rate approximately double that in glutamate. Glucose did not re-

duce the rate of synthesis of the two dehydrogenases. In some experiments increases 

in their rates of synthesis were observed, usually after a lag (Fig. 3). In other 

cases the increases were small enough to be insignificant. 

When glucose (10 mM) was added to cells on nutrient broth hexokinase synthesis 

was not affected and the rates of synthesis of the two dehydrogenases increased up 

to 25% in a number of experiments (Fig. 4). There was no significant change in 

the growth rate. 

These results suggested the possibility of a specific inducing effect by 

.. gl ucose on the twodehydrogenases. However. the apparent repress i ve effect of 

glucose on the rate of hexokinase synthesis in glutamate-grown cells suggested 

that this might be associated with an increase in growth rate rather than a 
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specific repression of enzyme synthesis. Since hexokinase is the first enzyme 

of glucose catabolism one would expect glucose to enhance rather than reduce 

the rate of its synthesis. The behaviour of tl1ese three enzymes \."as therefore 

studied in shifts resulting in a marked increase in growth rate, but without 

using glucose to achieve this. 

In one ex!,eriment glycerol (22 mi,1) \'1<1S added to cells growing eXDonentially 

in glutamate-mini~al medium. Growth ceased immediat~ly and resumed about 30 min. 

later at a greatly increased rate (Fig. 5a). Glycerol is rrobably metabolized 

by an inducible enzyme system (by analo,]y v/ith the situation in f. coli (Hayashi 

& Lin, 1965)) and the delay before growth started in glycerol may be ascribed to 

the necessity of inducing the glycerol enzymes. 1~hy the addition of glycerol 

terminated growth on glutamate is not understood. Shifting from growth on gluta­

ma.~e to grm'lth on gl utamate plus glycerols 1 i n,htly depressed the synthes is of the 

two dehydrogenases, and reduced the rate of hexokinase synthesis to only 41% of 

the earlier rate on glutamate (Fig. 5). Another shift-up without glucose was 

performed by adding 0.5 ml. of a fifty-fold concentrated solution (40% w/v) of 

nutri ent bro.th to 50 ml. of a culture grm'Ji n9 in gl utamate-mi nima 1 medi um. The 

growth rate immediately increased threefold (Fig. 6). Both dehydrogenases showed 

a period of decreased synthesis lasting 32-42 min. (about 1 generation) after 

which the differential rates of synthesis recovered to 75-87% of those obtained 

before the introduction of broth. Hexokinase synthesis, on the other hand, was 

immediately reduced to 34% of the differential rate before broth and this did 

not alter for at least 85 min. or 2 generations (Fig~ 6). The transient reduction 

, in the rates of synthesis of the two dehydrogenases is of particular interest 

and will. be discussed below. 

Steady-state levels of the three glucose enzymes. A series of measurements . . ' 

were made of the differential rates of synthesis of the glucose enzymes in cells 

which had been growing exponentially for at least three generations in a number 
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of media. In each case cells l'Jere sampled at intervals durinq the suhse<luent 

60 min. for measurements of enzyille content. Exponential grO\."th at an unchanged 

rAte continued until the end of the samrling r~riod. Table 1 presents the dif-

ferential ri1tcs of synthesis for cells qrm."n on broth, glucose. glutamate, gly-

cerol, pl'oline and succinate. Tile data in Ta::Jle 1 demonstrates that the differ-

t~ntial r:1te of hexokinase synthesis is c~laractel'istic of the medium rather than 

Ull' (lI'O\vVl I'ate 2~ see The grOlvth rates in all the media except succinate-

minimal Ivere quite similar, yet the rates of hexokinase synthesis varied consi-

For comrarative ~1urposcs the differential rates of synthesis of 6-galactosidase 

were studi(~d in E. coli O~7 grolyin0 in tile same media (except glutar:nte, in which 
- -- 0 

it Iv 0 u 1 d not (J r Oly ) (T a b 1 e 1). Tilis strain has lost the regulator oenes (i and 0) 

for ttlC lllc operon (Steers et ~., 1065) and tr1e behaviour of s-gali1ctosidase syn-

t~h~sis in gtO\~th shifts !li1S been stuJied by Paher & ~'~,oscs (1967). It is there-

fote of value in determinin9 the ~attern of jiosyntilesis as a function of different 

9 "0',vt11 COlhiitioliS for an enzyl;~ devoid of all knO'dn regulatory r12chanisrr:s. 

tffect 'of act;noi~~vc;n C 0:1 :",2 s'.':,t"esis of the Glucose en z;r".2 sI 

311 j a: ~ a 1 ~ n e 

appl"eciabie de91"ce of pl'otein synthesis (i7('asurec by the inccrJora:io!l of lajelled 

(." s c S;' .", 1 0 ,- -. ~,.,' , .." S ' ":'- "':' \ ,IV e. S ~~' : I a' ~, • . ,() D, . ,I, :: " , I .. \.) I " • 
.. .. ".... .. ~ ".' .... .; .. ,: ........ ,.;.:1""'..., ··- .... ~o,... .. ..:!:l'ly r', 10. oJ I ~ U re 0, E..' s u ) ~ , I IS" ro".Jl~ I .• ,: ex J:";', , ~" I. I ~, _ 

" , 
r,as~s. 

i .,)'1,.;, 1 , , r' - ~ '" ~ ! I'j..t Q,I",.! 
r ~ e i; '",~' .. \.. , .... uA S 
\ ~ .... , '::: ... ,'IV 
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from each vessel at intervals for the following 60 min. These \'/ere later fil-

tered and counted. In the control flask \"ith no c1ctinomycin incorporation of 

the labelled precur$ors proceeded exponentially for the whole experiment; in 

flasks with actinomycin the kinetics of incorporation were linear. The rates 

of uptake of the labelled precursors, expressed as percentages of the initial 

rates of uptake in the control flask, are shol'.Jn in Fig. 7 together with the ratios 

between these rates. It was found that phenylalanine incorporation was inhibited 

1 ess severe 1y than uraci 1 incorporati on \'Jith i ncreas i ng act; nomyci n concentrati on 

resulting in a three- to fourfold increase in the ratio of the incorporation rates. 

At a concentration of 0.4 Ug./m1. the maximum increase in the ratio was obtained. 

The rates of incorporation were then about 17% and 5% of the control rates for 

phenylalanine and uracil, respectively, although this varied between experiments. 

Similar findings were obtained with cells in glutamate-minimal medium. The nature 

of the residual 5% uracil incorporation is reported in further detail below. 

Induci b le hi s ti dase synthes; sin the presence of acti nomyci n. ~1essenger RNA for 
, 

histidase is believed to be a labile molecule. typical in this respect of many 

types of mRNA for inducible enzymes (Hartwell & r~agasanik, 1963). Since the 

maintenance of enzyme synthesis is delencent on the continued production of 

mRNA it might be predicted that \,hen ~tt\ ::;ynthesis is inhibited more extensively 

by actinomycin than protein synti'H'sis thE' differential rate of enzyme synthesis 

should fall. This prediction is based on the tacit assumption that protein syn­

thesis is less affected than RNA rroduction by actinomycin because some of the 

cellular protein is made with a stable mRNA template and does not therefore 

depend on continuous synthesis of the message. 

Fi~. 8 illustrates an experiment to investigate the stability of~istidase 

mRNA~' Two paraliel cultures of cells grOl'/ing exponentially in glutamate-minimal 

medfum\'/ereind,uced with L-histidine.Fifteen min. later actinomycin C (0.4 ug./ 
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m1.} was added to one flask and after a further 2 min. the standard mixture of 

[14C]Pheny1a1anine and [3H]uraci1 was added to both flasks. During the next 

60 min. samples were removed at intervals from both cultures for measurement of 

histidase activity and for determination of incorporated precursors. In Fig. 8 

histidase activity is plotted differentially afjainst phenylalanine incorporation; 

the results with cells treated with actinomycin are plotted with both ordinates 

enlarged ten times so that a direct comparison of the slopes is valid. The en­

larged scales, hmvever. also magnify the scatter of individual readings. In this 

experiment actinomycin reduced the rate of phenylalanine incorporation to 5.3% of 

the control: the precise degree of inhibition of protein and RNA synthesis has. 

been found to vary from one experiment to another but the qualitative pattern is 

reproducible. It can be seen from Fig. 8 that the differential rate of histidase 

synthesis was reduced by actinomycin to 12% of the control rate, a finding in 

,accord with the predi ction for an enzyme dependent on a 1 abile mRNA. 

Effect of actinomycin of alkaline phosphatase synthesis. In considering the re­

lation of mRNA stability to possible wild-type constitutivity, it is important 

to know whether a change in the genetic regulatory mechanism to phenotypic con­

stitutivity is in itself associated with an increase in mRNA stability. Yudkin's 

(1966) results suggest that, for penicillinase in ~. licheniformis this is indeed 

the case, and it was of interest to investigate another enzyme~ 

Previous studies with alkaline phosphatase in ~. subtilis (Moses, 1967) have 

_ ... ' provided strong support for this repressible enzyme synthesis being governed by 
." 

a labile message. The present observations have confirmed this result. Cells 
" ".' ...... ... 

grown in glucose-minimal medium containing 0.7 mr~-Pi were transferred to Pi-free 

medium. Once alkaline phosphatase synthesis was observed to have started the 

cu1ture_owas"div1de~ into two parallel flasks, one of which received actinomycin C. 

' .......... . 
>" 

• '; I , 

'. ~ 

Two min. later the labelled precursor mixture was added to both flask~and sam-
, , .. -

pl1ng was carried out as described above for the study of histidase. ,In this 

. :" 
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experiment the rate of protein syntilesis in the presence of actinomycin was 

9.5% of the initial control rate; the differential rate of alkaline phosphatase 

synthesis compared with [14C]Phenylalantne incorporation was reduced by actino­

mycin to 32% of the control value (Fig. 9). This again bears out the predicted 

behaviour of an enzyme dependent on labile mRNA and confirms the earlier re-

sults. It is also important because alkaline phosphatase synthesis is largely 

resistant to catabolite repression while histidase synthesis is sensitive. 

Thus the great sensitivity of h,istidase synthesis to actinomycin might be par­

tially duetoacatabolite repression effect; but this argument cannot be used 

with alkaline phosphatase, and studies with the latter enzyme support the basic 

va 1 i di ty of thi s approach to study mRNA s tabil i ty. 

A similar study \vas made with the mutant constitutive for alkaline phospha­

tase: in this case the cells were not transferred to Pi-free medium but part of 

·'an exponentially gro\ving culture on glucose-minimal medium (0.7 mM-P i ) received 

actinomycin. Studies with constitutive alkaline phosphatase usually present a 

problem of scatter of the experimental readings in spite of duolicate determi­

nations of each point, and the results for this experiment (Fig. 10) are pre­

sented as time plots of alkaline phosphatase activity and [14C]phenylalanine 

incorporation. In this experiment actinomycin reduced the rate of protein syn­

thesis to 22% of the initial control value and alkaline phosphatase synthesis 

appeared to cease entirely. indeed the activity of this enzyme fell slightly 

during the course of the study. The difference between the residual differential 

rates of derepressed and constitutive alkaline phosphatase synthesis in actino­

mycin may not be significant in vie\v of the scatter of the readings, but it is 

clear that a change to constitutivity has not increased the message stability. 

Response,of the glucose enzymes to actinomycin. This experiment is per~aps of 

the greatest importance and these resul ts wi 11. for that reason, be presented 

in gre~ater detail. The cells were again grown exponentially in glucose'-minimal 

, ; 
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medium (0.7 mM-P i ) and the culture was divided into tV/O parts, one of which re­

ceived actinomycin C (0.4 llg./m1.). The labelled precursors were added 3 min. 

later and for the next 60 min. samples were taken at 5 min. intervals from each 

flask for precursor incorporation and for measurement of each of the three glucose 

enzymes. Samples, were also taken for reagent blank measurements: at the time of 

enzyme assay sodium carbonate to stop the reaction \~as added to each blank sample 

before the substrate. 

Time plots (Fig. 11) show the incorporation of [14CJpheny1alanine and [3HJ-

uracil, and the synthesis of the enzymes. Differential plots (Fig. 12) illustrate 

the incorporation of [3H]uracil and the synthesis of the enzymes versus [14C]_· 

phenylalanine incorporation. Protein synthesis in the presence of actinomycin, 

proceeded at 7~5% of the initial rate in the control. After the first 10-15 min • 

.... :the differential rate of RNA synthesis in actinomycin remained constant at 35% of 

the control value. Actinomycin also reduced the differential rate of 6-phospho­

gluconate dehydrogenase synthesis to less than 5% of the control value. while 

gl ucose-6-phosph,ate dehydrogenase acti vity fe 11 s 1 i ghtly duri n9 the experi mente 

On the other hand. hexokinase synthesis. on a differential basis. actually rose 
• 

in the presence of actinomYcin to a value nearly double that of the control. The 

differential plots of Fig. 12 have been drawn with both ordinates of the actino­

mycin-treated cells magnified to the same degree: the slopes of the lines there-

fore remain directly comparable. Without magnification of th~ scales. the points 

in the presence of· actinomYcin would be too close together to be legible. 

Messenger RNA synthesis as a proportion of total RNA synthesis. Levinthal. Keynan 

& Hi:ga(1962)' deve]oped a method for measuring mRNA synthesis, assuming the latter 

, to be unstable. Growing cells were labelled with uracil for various periods and 

then t~anSferrec1 to hi gh concentrati ons of acti nOmYcin. Tri ch 1 oroaceti c aci d-
'~' " ( " , . . . 

, " :" 

"'. :{', precipitable radioactivity was measured at the time, of adding actinpmycin and at 

. :"',t t .""~', intervals thereafter. " It was found that the shorter the initial period of uracil 
' .. \.. .. ', 

;',: '1(;:~" ";'~,,/ 1t\v'" I'~ 1'; "''t'~:q ,-),' 
, , 
,< . ' . ~ 



. '. 

,.' . 

"~/r' '. ' J ,', 

~
;;r ~ -, ": I 

, " 
'0 . 

" " " 

';"' 

' ...... _ ........ " ... _ .. _ ... -..... -.. __ . ---.--"'-'=----~---

-16-

labellin9 the greater the proportion of incorporated radioactivity lost during 

subsequent incubation wi th actinomycin. This \'1as interpreted to mean that the 

messenger fraction is the most rapidly labelled entity and that the messenger 

pool soon becomes saturated \'/ith radioactivity. This was supported by 

Chantrenne's (1965) demonstration that actinomycin does not cause breakdown of 

rapidly-labelled RNA but prevents further synthesis. We have used this tech-

nique to study unstable mRNA synthesis during growth shifts and in the presence 

of the 10\." concentration of actinomycin used for the experiments described above. 

,In our hands, the addition of a high concentration (10 ~g./m1.) of actino­

mycin C to!?.. subtilis labelled for a few min. vlith [3H]uracil led toa loss of 

incorporated 3H which reached a constant minimum value after 7-10 min. in 

actinomycin at 37° (Fig. 13). Groll/th shift experiments from glutamate to 

glucose or to broth were performed by dividing a culture of !?.. subtilis grol'ling 

"exponentially in glutamate-minimal medium into 6 parallel flasks at 37°. To 

one f1 ask was added [3H]uracil and 1 m; n. 1 ater t\'/o equal porti ons of the cul­

ture \'Iere. removed. one directly into ice-cold trichloroacetic acid and the other 

into medium containing actinomycin C to give a final concentration of 10 ~g./ml • . 
The latter sample was incubated for 10 min. at 37° and cold trichloroacetic 

acid was then added. Each sample was later filtered and the precipitated radio­

activity measured. These measurements then gave the proportion of RNA labelled 

;n 1 min. pulses which was unstable in the presence of actinomycin, and this 

unstable fraction is usually equated \v1th mRNA. However. species of mRNA 

which are not unstable would not be recognized. 

The other five flasks in the series received glucose or broth concentrate 

to effect the growth shift and were pulse labelled in the same way at subsequent 

intervals. Nutrient broth contains some uracil (it supports the growth of a 

uracil autotroph of I.: coli) so that the absolute incorporation rates on the 

addition of. broth could not be compared with measurements of incorporation be-
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fore broth was added. Hm'lever, determinations of the proportion of unstable 

RNA are valid. The changes in the proportion of unstable RNA synthesized after 

adding a1ucose or broth concentrate are shown in Fig. 14. It is of interest 

that glucose and broth produced opposite effects, and the reduction of the pro­

portion of unstable RNA following broth addition may be correlated with the 

observation that a greater proportion of mRNA is stable in broth-qrO\'/n cells 

compared with cells on minimal medium (Yudkin, 1965). 

A similar study performed \'1ith cells before and after 13 min. exposure to 

a low concentration (0.4 \Jg./ml.) of actinomycin C showed that the antibiotic 

reduced the total rate of [3HJur~cil incorporation to 5~5% of the control rate, 

while the proportion of unstable q(iA decreased from 78% of the total to 15%. 

Thus. in the presence of dilute actinomycin only about 1% of the normal quantity 

of unstable RNA was formed, yet protein synthesis was often as high as 15·20% 

of the control as shO\'/n in many of the experiments described above. 

DISCUSSION 

Are the glucose enzymes constitutive? 

Our kRowledge of the mechanism of constitutivity in artificial mutants of 

systems normally inducible or repressible indicates that genetic (or true) ton-
., 
"i. stitutivity is the consequence of the absence or malfunctioning of a regulator 

• ~ f>" • " .' 
, " .. 

" ._, . ~ 
. ,'''' 

, ,. 
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system. From a practical point of view this makes it very difficult to decide 

whether a protein whose rate of synthesis varies but slightly under different 

conditions is constitutive or not. It is. in principle and in practice, much 

more difficult to establish the absence rather than the presence of a regulator 

system~ An unvarying rate of synthesis may means imply that the conditi ons for 

varying it have not yet been discovered rather than that no such variation is 

in p~intiple.possible •. ' 
. ." . .. 
A decision on constitutivity requires the establishment of criteria. These 

• .~'j ..,. , iLk:".:,> ~i9htb~ l.~id down on a rational basis in the sense of deciding, on the grounds 
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of 9~neral exrerience, how a constitutive system would be expected to behave. 

1l00vcver, vie must reco~nize thut our general experience may not be sufficient 

to rrovide sotisfactory criter.ia. I\nother arproach is to compare the enzyme 

under study with enzymes in artificial mutants '",hich have heen analysed geneti­

cally and v;lh"ich are knm·m to suffer impairment of the regulatory mechanism. 

Both approache~will be attempt~d with th~ glucose enzymes. 

Regarding the glucose enzymes from the vieY/point of expectation, \ve mif'jht 

consider them all-lays to be present in constant amounts if they are constitutive, 

or to be induced by glucose if they are inducible, possibly with a relatively 

high hasal rate .. " Experimental findings \·Jith the two dehydrogenases show that 

they are both present in remarkably constant amounts irrespective of the growth 

conditions (Table 1). These findings suggest constitutivity; nevertheless, weak 

responses to the presence of glucose are sometimes observed, indicating some 

means of regulatory control. HO\'/cver, \>Je cannot be sure that either glucose or 

an immediate metabolic derivative from it would be the most probable effector. 

The situation with regard to hexokinase is equally confusing. Again, the en­

zyme is always present and sho\,/s no ~ore than a threefold variation in activity. 

Here the r~sponse to glucose is the reverse of expectation if glucose is the 

effector (Table 1): the highest rates of synthesis \'/ere observed in grolvth con-

ditions in which the substrate ~'1as furthest removed metabolically from glucose. 

Jl.gain. we must admit that it may not be glucose which acts as inducer. He con­

clude, then, from these uncertaintie~ that arguments based on expectation are 

indefinite and cannot be used as strong support either for inducibility or for 

constitutivity of these enzym~s. 

Arguments based on analogy with a known constitutive system result in a more 

definite .conc1usion but we are unable to assess how valid such arguments may be. 

For our:.comparisons.we·h~ve .used the formation of 8-ga1actosidase inE."colf 
• ~'··~.··o '.~ ," ~.' -

stra.in;o~7"' ~Constitutivity' of the ill ~nzymes in I. coli is of two types 

(JacoblMonod. 1961) :.regulator mutants (i-) fail to 

. 't,'~ l~<,.,t~:'t:i'.~' 
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maka a fully functional repressor. while operator constitutives (oc) fail to 

respond to nonnal repressor. Strain 0~7 ;s deleted for both the regulator and 

operator genes, and is thus fully constitutive on both counts. The formation 

of a-galactosidase in this strain was studied by Palmer & Moses (1967) and from 

the response to glycerol-glucose growth shifts and to the presence of certain 

inhibitors it was concluded that the synthesis of the enzyme might indeed be 

totally 'devoid of regulation in this' strain. The rates of enzyme synthesis 

':Jere different in glycerol and glucose but it was suggested that this was due 

not to a specific type of catabolic repression modulated outside the lac operon. 

but rather to a rearrangement of the overall macromolecular composition of the 

ce 11 under di fferent grm'lth conditi ons. I n that study and in the present one 

enzyme synthesis is reported on a differential basis. i.e •• as a proportion of 

total protein synthesis. If there is a large change in the synthetic rates 
~> •• ,,-.,-

for other proteins. with little or no change for the enzyme under study, then 

the proportion of the \,/ho1e re;1resented by the particular enzyme (the differen­

tial rate of synthesis) will be observed to change. 

Table 1 shows that a-galactosidase synthesis in f. coli o~7 and hexokinase 

synthesis ·in Q.. subtilis both shovJ a 2.5-3 fold change in rate in five different 

media. For both enzymes synthesis is most rapid on succinate and least rapid 

on glucose. Differences exist between the two systems on the other three sub­

strates, and it is, of course, impossible to compare the two cases too closely 

since different organisms are involved. The point is that in both cases varia­

tion of simi,lar degrees of magnitude exists in response to growth in a number 

of media. The dehydrogenases do not show such variability. 

Another interestirig comparison is found in the kinetics of enzyme synthesis 

during growth shifts. ~~ith wild-type strains of I. coli, inducible for the lac 
i·" 

';' operon. a transient inhibition of a-galactosidase synthesis is obseryed during 
" ·:;:~t oR 

"; "/1.' , shifts· from :glycerol.succinate ,;.0 maltose to glucose (Moses & Prevost, 1966): 

!~"h·' ,. ,.,' . 

" . 
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acetate to ~lucose (H. G. Ungar, unpublished work), and glycerol to broth 

(J. Palmer, unpublished l'Iork). In strain 0~7' on the other hand, no such 

transient rerression of s-galactosidasc is observed in glycerol to glucose 

shifts, although the final rate of enzyme synthesis is lm'ler in glucose than 

in glycerol (Palmer & ~'1oses, 1967). The behaviour of the two dehydrogenases 

. and hexokinase, reported in the present communication, may also be distinguished 

in this way. Both dehydrogenases showed marked transient inhibition when the 

cells were shifted from glutamate into broth (Fig. 6), and a slight effect was 

also obtained in a shift from glutamate to glucose (Fig. 3); hexokinase showed 

no transient repression under these conditions, but rather a simple change to 

a lm'/er rate of synthesis, exactly as. observed with I.. coli o~r 

It seems, then, admitting all the disadvantages of analogy arguments. that 

-.. a tentati ve concl us ion mi ght be reached that hexoki nase synthesis is truly con­

stitutive while the appearance of constitutivity for the dehydrogenase is the 

result of precise efforts on the part of the cell to regulate the biosynthesis 

of these two enzymes. 

Messefiger RNA stability in relation to constitutivity 

A number of investigators have concluded that stable as well as labile mRNA 

is to be found in bacteria (Moses & Calvin. 1 965.!; Forchhammer & Kjeldgaard.·,1967; 

f.1artinez, 1966; Yudkin, 1965). In only one case. however.(Yudkin. 1966), has 

the change from inducibility to constitutivity been studied in terms of mRNA 

stability. Penicillinase mRNAin .§.. 1icheniformis 'was found to be'significantly 

more stable in a constitutive mutant. 

Using actinomycin inhibition of mRNA synthesis we have found that tI'.JO en­

zymesunder tight regulatory control (histidase and alkaline phosphatase) both 

posses.slabilemRNAs, and mutation to constitutivity in the alkaline., phosphatase 

system did not change this. The messengers for glucose 6-phosphate ~ehydrogenase 

and 6-phosphogluconate dehydrogenase were both found to be labile, but that for 
.. ~ ;'; . 
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hexokinase was stable. It may be significant that the tentative conclusions 

reached above for the existence' of regulatory processes for the glucose enzymes 

state that the dehydrogenases are closely controlled but that hexokinase is not. 

In the presence of actinomycin the differential rate of synthesis of hexo­

kinase increased (Fig. 12). This is to be expected if the messege for this 

enzyme is stable. or if its formation'is not affected by actinomycin. Investi­

gation of the production of mRNAcompared with total RNA vlhen actinomycin is 

present cannot be used to di s ti ngui sh betl'Jeen these poss i bil iti es, since measure­

ments of mRNA formation by loss of radioactivity from recently labelled RNA in 

the presence of actinomycin can be used only for unstable mRNA. There seems to 

be no reason to believe, hOllever, that actinomycin shm'ls a differential inhibi;' 

tion for the syntheses of different species of mRNA. Whatever the reason ·for 

"1:he persistence of hexokinase synthesis in the presence of the antibiotic, it is 

clear that a fundamental difference exists in the availability of message in the 

presence of actinomycin bet-Ileen this enzyme and the others reported on in this' 

paper. 

mRNA stability may also be used to explain the marked transient repression 

of the dehydrogenases, and the lack of it in hexokinase, during the growth shift 

from glutamate to broth (Fig. 6). Immediately after broth was added the fraction 

of ne\"/ly synthesized RNA which was message began to fall and reacheda minimum 

value after 30 min.' The grm'lth rate increased almost threefold as soon as broth 

was added, and this \'lOuld require the formation of a l(irge amount of ribosomal 

RNA"accounting for the rapid fall in the proportion of mRNA synthesized. The 

rapid increase in growth ,also required a greatly enhanced rate of overall pro­

tein synthesis. One can envisage, then, that during the 30 min. period of pro-

t ", portionallyreduced mRNA synthesis and increased protein synthesis,enzymes de-

"t;;, :l\' 
" J';~ 
.; .' 

pendent on labile messages would suffer differentially unless they werespecifi-

cal1yfnduced to maintain their same differential rates of synthesis~" it may " 
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not be coincidental that the transient repression of dehydrogenase synthesis 

lasted just about as long (32-42 min.) as the reduced rate of mRNA synthesis. 

Pardee ? Seck\~ith (1963) have pointed out some of the evolutionary advan­

tages of constitutivity in enzymes which do not need economically to be accu­

rately controlled. Moses & Calvin (1965£) have carried this reasoning further 

and suggested that if constitutivity is beneficial then stable l~essages for 

such constitutive systems would be an additional economic advantage; Yudkin (1966) 

has advanced si,milar arguments. Ue may have in the case of hexokinase in Q.. sub­

tilis just such an example of an enzyme which this organism has found of selec­

tional advantage not to regulate precisely, evolving a stable message as part 

of this lack or regulation. 

This investigation was sponsored by the United States Atomic Energy 

~·-,Gommi s s i on • 

REFERENCES 

Adelberg, E. A., Mandel, M. & Chen, G.C.C. (1965). Biochem. Biophys. Res. Commun • 

.ill, 7.88. 

Bro\'m, D. D. (1961). Cold Spr. Harb. Symp. guant. Biol.~, 254. 

Chantrenne, H. (1965). Biochim. biophys. Acta, 95, 351. 

Forchhammer.,J. & Kjeldgaard, N. O. (1967). J. molec. Riol. 24, 459. 

Hartwell, L. H. & Magasanik, B. (1963). J. molec. Biol. L. 401. 

Hayashi, S~ & Lin. E.C.c.(1965). Biochim. biophys. Acta, 94, 479 • 

Jaco~, F. & Monod, J. (1961). J. molec. Biol. I, 318~ 
KarstrBm, H. (1930). Uber die Enzymbildung in l3akterien, Thesis, Helsinki. 

Levinthal, COl Keynan, A. & Higa, A. (1962). 'Proc. nat. Acad. Sci., Wash. 48, 

'1631. 
-,' 

Magasanik. B. (1961). Cold Spr. Harb. Symp. quant. Bio1. ~. 249. 
' .. " 

" .• ,', 'r 

'. l" 

. -, ~ 



i ,~' , 

/ 

-23-

~1ande1stam, J. (1962). Bioche;n. J. 82,489 • 
• 

~1artinez. R.J. (1966). J. molee. 8io1. II. 10. 
' , 

Moses. V. (1967). 131ochem. J. 103, 650. 

r1oses. V. & Calvin. M. (1965~) • J. Bact • 22.,. 1205. 
. ," 

~1oses • V. & Calvin. M. (1965~). In Evolvin~ Genes and Proteins. p. 511. 

Bryson, V. & Vogel, H. J. New York and London: Academic Press. Inc. 

~·1oses • V. & Prevost, C. (1966). giochem. J. 100. 336. 

r'1oses, V. & Sha rp, P. B.- (1966). Biochim. bioEhls. Acta. 119, 200. 

Palmer. J. & Moses, V. (1967). [3iochem. J. 103, 358. 

Pardee, A. B. & Beckwith, J. R. (1963). In Informational r~ac romo 1 ecu 1 es , 

Ed. by Vogel, H. J., Bryson, V •. & Lampen, J. O. New York and London: 

Academic Press, Inc. 

Pardee, A. B. & Prestidge, L. S. (1961). Biochim. biophys. Acta, ~, 77. 

"i'i' Prevost. C; & Moses, V. (1967). Biochem •. J. 103, 349. 

Ed by 

p. 255. 

Steers, E •• jun., Craven, G. R. & Anfinsen, C. B. (1965). Proc. nat. Acad. Sci. 

\~ash~ 54. 

Torri ani. A. & 
,f-' 

Yudkin, ~1. D. 

Yudki n. M. D. 

1174. 

Rothman, 

(1965) • 

(1966) • 

F. (1961). J. Bact • .§!. 835. 

Biochim. biophys. Acta. 103, 705. 

Biochem. J. laO, 501. 

' .... ,r " • 
, " 

" " 
_ .. , 

~l 
.~;- .. ~: ' 

, 
., 
" 

',1 ,; j' 

.J 
, ' , ' 

" , . . : " " " 

• 'f ~ 

" ,-

~: ~. 'f: 
~~ 

" , 



-.'. 

'j'" '. 

, '. , , , 

Table 1. Differential rates of enzyme synthesis in different m~dia 

'110 'of 

Cells \'Iere grDl'ln exponentially for several generations and samples were then removed over a 60 min. 

per; ad while grOl'lth \'/as measured by turbi dity. Results are ex~ressed as enzyme units/~g. of bacteri a 1 

protein and as percentages of the rates of synthesis;n succinate-minimal medium. Growth rates are re-

co~ded as doublings/hr. {p}, 

r1edi um B. subtilis I. coli 

p Glucose i)-phosphate 6-p~ospho~luconate Hexokinase v S-Ga1actosidcse 
dehydrogonase dehydro,]enase 

Rate % Rate % Rnte °L ,0 [(ate % 
~ 

Succinate 0.51 O.9~A 100 0.653 100 2~853 100 0.89 41.3 100 

Proline 0.91 1.075 114 ' 0~593 106 2.049 72 0.28 39.8 96 
. 

Glutamate 0.97 1. 155 122 0.517 79 1.517 53 -- -- --
Broth 1.04 1.035 110 0.613 94 1 .326 46 1.58 27.3 . 66 

Glycerol 1.03 0.974 103 0.653 100 1.205 42 0.80 42.7 103 , 

Glucose 0.98 1.075 114 0.467 72 0.869 30 1.04 16.6 40 
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CAPTIONS FOR FIGURES 

Fig. 1. Effect on hexokinase activity of the presence and absence of glucose 

during cell lysis. Cells growing on broth were poisoned with chlorampheni­

col (100 pg./ml.). When growth was observed to have ceased, samples were 

removed at intervals into lysozyme solution without added glucose. Glucose 

(10 mt1) was added to the culture at 10 min. (t) and sampling \'/as continued. 

Each sample was later measured for hexokinase activity. 

Fig. 2. Growth shifts from alanine to gluco~e. Cells growing on alanine-minimal 

medium I'Jere supplied with glucose at t. After fo11o,//ing growth by turbidity 

·for about 80 min. the cells were separated from the medium and resuspended 

in fresh alanine-minimal medium (dashed arrow). Growth was follov/ed to re­

establish the rate on alanine and glucose was again added (t). The response 

to glucose was observed for a further 60 min. 

Fig. 3. Effett on the synthesis of the glucose enzymes of adding glucose to cells 

in glutamate-minimal medium. ,Glucose (10 mM) was added at arrows. Growth 

was measured by turbi dity. fl. gl ucose6-phosphate dehydrogenase; ~. hexo­

kinase; I. 6-phosphogluconate dehydrogenase. 

Fig. 4. Effect on the synthesis of the glucose enzymes of adding glucose to cells 

in broth. Glucose (10 lTu"1) was added at arrows. Grm'lth I'/as measured bytur­

bidity. fl, glucose 6~phosphate dehydrogenase; ~. hexokinase. I. 6-

phosphogluconate dehydrogenase • 

Fig. 5~ Effect on growth and on the synthesis of the glucose enzymes of adding 

glycerol to cells on glutamate-minimal medium. Glycerol (0.2% w/v) was 

added at the arrows. Growth was measured by turbi dity. Fi g. SA, gro\'/th 

curve; Fig. 58. differential synthesis of enzymes: ~. glucose 6;"p~osphate 
'. 

dehydrogenase. !. hexokinase; I. 6-phosphogluconate dehydrogenas~. 
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Fig. 6. Effect on grov/th and on the synthesis of the glucose enzymes of adding 

broth concentrate to ce1ls on glutamate-minimal medium. Broth concentrate 

was added at the arrm'is. Grm'Jth \'Jas mCilsurGd by turbidity. ~'1ain graph, 

differential synthesis of enzymes. A. glucose 6-phosphate dehydrogenase. 

!, hexokinase; £. 6-phosphogluconate dehydrogenase. Inset. growth curve. 

Fig. 7. Effect of various concentrations of actinomycin C on the incorporation 

of phenylalanine and uracil into trichloroacetic acid-precipitable material. 

For each concn. of inhibitor the rates of precursor incorporation are given 

as percentages of the initial rates in the control. A, rate of phenyl­

alanine incorporation; !. rate of uracil incorporation; £, ratio: rate of 

phenylalanine incorporation/rate' of uracil incorporation. 

Fig. 8. Effect qf actinomycin C on the differential rate of histidase synthesis. 

Cells growin~ exponentially in glutamate-minimal medium were induced with 

L-histidine. The culture ~'ias divided into two parts. to one of VJhich actino­

mycin C (0.4 lJg./ml.) \I,as add2d. 30th flasks then received [14C]phenylalanine' 

. and [3HJuracil. Both ordinates referr3ng to the results \'Jith actinomycin have 

been expanded tenfold: the slopes are thus directly comparable. The straight 

lines were calculated using the method of least squares. A, no actinomycin; 

J!.. with actinomycin •. 

Fig. 9. Effect of actinomycin C on the differential rate of synthesis of dere­

pressed alkaline phosphatase. 'Cells growing exponentially in glucose-tris 

medium containing 0.7 mf1- Pi "Jere derepressed by transfer to a similar medium 

devoid of Pi. The culture \'Jas divided into two parts, to one of \"hich actino­

mycin C (O~4 lJg./ml.) \'1as added. Both flasks then received [14C]Phenylalanine 

and [3H]uracil.. BO,th ordinates referring to the result with actinomycin have 

been expanded tenfold: 'the slopes are thus directly comparable. The straight 

lin'es \'Ierecalculated usinCJ the method of least squares. A. no actinomycin 

!.with actinomycin.' 
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Fig. 10. Effect of actinomycin C on the synthesis of constitutive alkaline phos­

phatase and on phenylalanint~ incorporation. Actinomycin C (0.4 \Jg./ml.) vias 

added to Qne Qf the two parallal culturas of cells growinn ~xponential'y in 

glucose-tris mediurn (0.7 rili~-Pi)' Both flasks then received [14C]phenylalanine 

and' [3H]uracil. A. alkaline phosphatase without actinomycin; Q.. alkaline 

phosphatase with actinomycin; £. phenylalanine incorporation without actino-. 

mycin; Q. phenylalanine incorporation with actinomycin. 

Fig. 11. Effect of actinomycin C on the synthesis of the glucose enzymes and on 

the incorporation of phenylalanine and uracil. Actinomycin C (0.4 \Jg./ml.) 

was added to one of two parallel cultures of cells growina exponentially in 

glucose-tris medium (0.7 mi,1-P i ). 80th flasks then received [14C]phenylalanine 

and [3HJuracil. A. phenylalanine incorporation; Q.. uracil incorporation; 

£. 6~phosphogl~conate dehydrogenase; Q. glucose 6-phosphate dehydrogenase~ 

1., hexokinase. 0, without actinomycin; o. I'IHh actinomycin. 

Fig. 12. Experiment shown in Fig~ 11 replotted on a differential basis. Bot~ 

ordinates referring to data with actinomycin have been expanded tenfold: 

the slopes are thus directly comparable. The straight lines were calculated 

using the method of least squares. ~. uracil incorporation; !,6-phospho­

gluconate dehydrogenase; £. glucose 6-phosphate dehydrogenase; 0, hexokinase. 

0, without actinomycin; o. with actinomycin. 

Fig. 13. Loss of recently incorporated [3HJuracil in the presence of actinomycin.· 

Cells growing exponentially in glucose-minimal medium \'Jere supplied with 

[3H]uraciL Six min. later actinom/cin C (10 \Jg./ml.) was 'adde~ at arrOVJ. 

Samples were removed' directlJ' iltO t;old trichloroacetic acid. a,nd'\'Iere later 

fittere.~ and c~unted. 
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Fig. 14. Prorortion of unstable r;;JA synthesized follmIJing ,]rm'/th shifts. Parallel 

cultures of cells in glutamate-minimal medium received glucose (10 mr1) or 

broth concentrate at 0 time. At intervals thereafter [3H]uracil was added 

successively to each flask: 1 min. later one portion of the culture was 

added to cold trichloroacetic acid and another received actinomycin C 

(10 ~'J./ml.). Ten min. after the addition of ~ctinomycin these samples 

were a1~o treated with cold trichloroacetic acid. Precipitated material 

was later filtered and counted for 3H• Percentage of 3H present after 1 

min. exposure to [3H]uracil ~hich was lost after a further 10 min. in 

actinomycin is plotted against elllpsed time after the start of the grol'lth 

shift. A, glucosei B, broth. - -

Running title: Control of synthesis of the 'glucose' enzymes 

Proofs, etc., to: Dr. V. Moses 
Microbiology Unit 
Department of Biochemistry 
South Parks Road 
Oxford 
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