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ABSTRACT

Studies on the requlation of g]ucose-metabo]izihg enzymes in Bacillus subtilis.

V., Moses and Pamela B. Sharp; Biochem. J. ; Laboratory of

Chemical Biodynamics.'University of California, Berkeley, Calif., 94720, U.S.A.

The presence or absence of regulatory control mechanisms has been studied for
the enzymes 6-phosphogluconate dehydrogenase, glucose 6-phosphate dehydrogenase

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

been investigated during steady exponential qrowth in various media and fo1low-
ing growth shifts. Comparison has been made of the behaviour of these enzymes

.With that of g-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 1is contrq]]ed, that of hexokinase is
probably constitutive. Examination of mRNA 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 qlucose 6-phosphate dehydrogenase. Hexokinase mRNA appears to be
stab]e.' Mutation from repressibiTity to constitutivity does not affect mRNA
stability for alkaline phosphatase. Chahges in the proportiqn of stable and
unstable RNA syntheéized,during growth shifts and in the presénce of low con=-
centrations of actfnomycin have been investigated. The biological sjgnificance
of cdﬁStitutivity and its possible association with stable mRNA is dﬁscussed

from the viewpoint of cellular economy.
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Studies on the Regqulation 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

- enzymes haVe'been investigated during steady exponential growth in various media

and fd]]owing growth shifts., 3. Comparison has been made of the behaviour of

these enzymes with that of B-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 probab1y constitutive. 5., Examination of mRNA stabilities has-indi=

cated that those messenger RNAs for an inducible and a repressible enzyme
(histidase and a]ka]ine phosphatase) are labile, as are those for 6-phosphoglu=-
conate dehydrogenase and g]ucose 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*pfopor-

tion of[stab]e and unstable RNA synthesized‘durihg growth shifts and in the

_ presencevof Tow concentratibns of actinomycin have been investigated. ‘9. The

*Temporanyeaddhess' Mlcroblology Unit, Department of Biochemistry, South: Parks

Road, Oxford. Please address requests for reprints to Berkeley.
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biological significance of constitutivity and its possible association with

stable mRNA is discussed from the viewpoint of cellular economy.

Nearly forty yéars ago KarstrBm (1930) distinguished between two classes
of enzymes found in micro-organisms. Those which were always present regardless
of the growth conditions were termed 'constitutive‘. and 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 were formed
in response to a definite factor in the environment, and their concentrations
changed very greatly in cells cultured.in varying conditions, Subsequent studigs
have shown that the syntheéis 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 following Karstrdm'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 -

v

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

character (Jacob & Monod, 1961), with specific requlator molecules responding to
appropriate small effector molecules in such a way as fo 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 regqulatory mechanism has
resulted in synthesi§ of the enzyme independently of the presence or absence of
effector mo1e§h1es. Other types of less specific reguiation are recognized
whichJ1ead to the failure of enzyme synthesis even though the specifié-inducing
effectbr molecule is préSent. Many catabolic enzymes are sensitiVe_fh thi; way
to‘ah-ihba]ance in the overall metabolic state of the cell, a condifféh desig- 

nated;fcatabolite repression' by Magasanik (1961). Catabolite repreéiion is
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observed with wild-type.cells possessing an intact regulator system, and with
mutants in which part of the regulatory system is non-functional (Brown, 19613
Mandelstam, 1962; Moses & Prevost, 1966). In other mutants totally devoid of
the requlatory 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 requlators. Pardee & Beckwith

(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; (i11) inducer is absent while repression is constantly
effective; (iv) induction and repression are always 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
constitutive in wild-type strajns but recognized the difficulty of deciding 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
1nterest. 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-

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

b1ologica1 s1gn1f1cance different from const1tutiv1ty depending on a ba]ance of

. these 1nf1uences, since in the latter case further study may e1uc1date conditions

under wh1ch the ba]ance may change and alter the rate of enzyme synthes1s. It

has a]so_been suggested (Moses & Calvin, 196533 Yudkin, 1966) that wwld-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
messengar 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-metabolizing 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 sensitivity of B. subtilis to actino-
mycin permits the emp]oyment 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
B. 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-nitrosoquanidine (Adelberg, Mandel & Chen, 1965) followed by selection on
s-glycerophgsphate in the presence of 0,66 mM-P, (Torriani & Rothman, 1961).

For comparative purposes use has also been made of Escherichia coli oS (from

67
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 folloving media were used with stirring at

37°: minimal medium M63 (Pardee & rastidue, 1961) supplemented with 0.2% (w/v)
of the appropriate carbon source; 7lucose-tris minimal medium contaiﬁing 0.7
mM=P (Moses, 1967); glutamate-minimal medium (Hartwell & Magasanik._1963); and

nutrient broth (Difco). Growth was followed by turbidity; at an extithion of

; 1.0 in a.1 cm. cuvette at 650 my, 1 ml. of bacterial suspension contaiﬁéd 225

ug./m1.7of baéteria] protein (Moses & Prevost, 1966),
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Conditions for enzyme derepression. Histidase was induced by the addition of

L-histidine to cells growing on glutamate as described by lartwell & Magasanik
(1963). Alkaline phosphatase derepression was achieved by transferring cells -
on glucose-tris medium containing 0.7 mM-Pi to a similar medium totally devoid

of P, (Moses, 1967).

Measurements of enzyme activities. Histidase and alkaline phosphatase activities

were measured according to the procedures described by Hartwell & Magasanik (1963)
and by Moses (1967), respectively. For measurement of constitutive 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 destroying the cellular permeability barrier

inactivated hexokinase but not the dehydrogenases for glucose-6=-phosphate and

6-6hosphog]uconate. For example, treatment with toluene, which is a standard
protedure in the assay of g-galactosidase in E, coli and histidase in B. subtilis,
totally inactivated hexokinase. Lysis of B. subtilis by lysozyme in the absence
of g]ucose'a]so resulted in a low activity of hexokinase. This was discovered

in shift’experiments of the type to be reported below. There was a large discon-
tinuous increase in the measured activity of hexokinase in samples 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 were treated with chloram-

-phenicol (100 ug./ml.). Growth measured by turbidity ceased immediately. Sam-

pling was started 15 min. later and was continued for 10 min, Sufficient glucose

so]utiohr(]~M) was then added to bring the glucose concentration to 10;mH, and

‘ sampliné'was continued for the next 35 min, Fig. 1 shows that within Sblsec. of

adding gfucose;the‘meaSUred aétivity of hexokinase increased nearly fiyé-fold
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and remained at that level for the rest of the experiment. Chloramphenicol
itself, at concentratfons_up to at least 100 ug./ml,, had no effect on hexo-
kinase activity. Hexokiﬁése activity was apparently partially destroyed by
lysis in the abéence 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 cu]ture. Samples (0.2 mT;) of the bacterial culture were added to
weighed vials previously charged with 0.2 ml, of the following solution: tris-HC]
(0.1 M), bH 7.6, containing lysozyme (0.1 mg./ml.) and EDTA (2.5 mM). Unless the
culture medium already contained it, glucose (10 mM) was also added to the 1ysof
zyme solution., The vials were reweighed to determine accurately the volume of
bacterial sample taken and were allowed to reméin 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-phbsphoglu§bnate dehydrogenase the substrate solution contained
6-phospho-D-gluconic acid (tricyclohexylammonium salt)(17 mM), NADPY (1,08 mM)

and MgCl, (1.33 m4), in 0.1 M=tris-HCl, pH 7.6, For measurement of glucose-6-

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

(33 mM), MgCl, (1.33 mM), NADP* (1.08 m4) and 6-phosphogluconic acid dehydro-
genase (0.023 enzyme dnits/m].) in 0.1 M-tris-HC1, pH 7.6. For assay of hexo-
kinase activity the solution contained the following substances in 0.1 M=-tris-HCI,
pH 7.6: ATP (4 mM); NADP* (1.08 mi); glucose (10 mM); MgCl, (4 mM); glucose-6-
phosphate dehydrogenase (0.35 enzyme units/ml.) and 6-phosphogluconic acid
dehydrogenase (0.018 enzymé units/ml.). Incubation was allowed to progeed for

25 min;f§t‘37° and the reactidns were terminated by adding to each vi&iﬁ0,4 ml.

of 0,75fmfNa2C03. Iheléxtinctions were read at 340 mu with a Cary mode1 14
spectrobﬁotometer agafnst‘the appropriate blanks. In each of these reéttion

mixtures ‘the enzyme under study was the rate-limiting factor; added enzymes were

fr-
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present in excess amounts. Preliminary experiments showed that the rate of
NADPH production was almost linear for each of the enzymes for over 30 min.
Departures from linearity were not affectgd by twofold 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 consfstent]y in error,

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

the production of 1 mumole of measured product/min, at 37°.

Incorporation of labelled substances, A standard mixture of L-[G-]4C]pheny1a1anine
(8.5 x 1075 t; 0.88 wC/umole) and [6-3H]uracil (1.04 x 1074 M3 26.7 uC/umole) was
added to thé cell suspensions. These quantities were sufficient to maintain a
maximum rate of incorporation for the whole period of theAéxperiment. Preparation
of samples for counting followed earlier procedures (Moses & Prevost, 1966). For

some experiments the concentrations or specific activities of the labelled pre-

cursors were altered as noted in tne text.

«

Chemicals and radidchemica]s. Chloramphenicol and actinomycin C were gifts from

Parke, Davis and Co., Detroit, Mich., U.S.A., and Farbenfabriken Bayer A,-G.,
Leverkusen, Germany, respectively; [G-]4CJpheny1a1anine and [G-3H]uraci1 were
purchased from New England Nuclear Corp., Boston, Mass., U.5.A.; all other bio-

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

RESULTS

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

Growth éipérihénts., Experiments were performed to determine whether téméorary

exposdre_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 grown in minimal medium
(1 mM-Pi) with one of a number of carbon sources. 0Nuring the period of exponeh-
tial growth glucose (10 mM) was added and the growth response observed. With
cells cultured on maltose no change in qrowth rate was obtained on adding qlucose.
When acetate, a]anihe, glycerol, proline or succinate were the initial sources of
carbon the growth rate increased gradually to a new 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 throﬁgh a Millipore membrane filter (0.45 u 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 Qf the cell mass in-the original substrate, glucose (10 mM)
was again added. The change in growth.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 variability in the growth response of bacteria when glucose is

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

for example: a shift from glycerol to glucose is immediate at high (0.1 M) concen-
trations of Pi’ but dejayed at lower concentrations (Palmer & Moses, 1967). The
present results show that adding glucose for one cell doubling to B. subtilis
growing on another subétrate 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
enta111ng a readjustment of the balance of 1ntermed1ary metabolic poo] sizes, etc.
By 1mp11cat1on. then, the ce11s were already adequate]y equipped enzym1ca11y to
deal w1th glucose when grown on a variety of other substrates.

Support for this contention has been obta1ned by H. G. Ungar (unpublushed

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 mM-P.; this shift results in a slow (60 min,)
attainment of the enhanced growth rate. Using the technique described by Prevost

& Moses (1967), Ungar studied the release of 14

14

CO2 from lahelled glucose during
the shift and showed that CO2 evolution began virtually immediately (less than
1 min.) even in the presence of concentrations of chloramphenicol high enough to
preclude any possibi]ity of protein synthesis. Thus, g]ucosé may enter metabolism

ranidly, 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 glucose enzymes, experiments were performed

in which glucose was added to cells growing on other substrates. Since adding |
glucose ofﬁen resulted in an increase fn growth rate, other types of growth.shift.
not involving qlucose, were investigated to determine the effect of increasing

the growth rate without 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, *to 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 thevfates of synthesis of the two dehydrogenases increased up
to 25% in a number of experiments (Fig. 4). There was no significant change in
the grd@th rate, N

These results suggested the possibility of a specific inducing e?féct by

'glucosé‘dﬂ thé two dehydrogenases. However, the apparent'repressive‘éffect of

glucose on the rate of hexokinase Synthesis in glutamate-grown cells équested

that this might be associated with an increase in growth rate rather than a

{1
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specific repression of enzyme syntihesis., Since hexokinase is the first enzyme

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

the rate of {ts synthesis. The behaviour of these thfee enzymes was therefore
studied in shifts resulting in a marked increase in growth rate, but without

using glucose to achieve this.

In one experiment glycerol (22 mM) was added to cells growing exponentially
in glutamate~minimal medium. Growth ceased immediately and resumed about 30 min.
later at a greatly increased rate (Fig., 5a). Glycerol is nrobably metabolized
by an inducib]e enzyme system (by analoqy with the situation in E. coli (Hayashi
& Lin, 1965)) and the delay before growth started in glycerol may be ascribed to
the necessity of inducing the glycerol enzymes. Why the addition of glycerol
terminated growth on glutamate is not understood. Shifting from growth on gluta;
mate to growth on glutamate plus glycerol slightly depressed the synthesis 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
nutrient broth to 50 ml, of a culture growing in glutamate-minimal medium., The
grthh 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 synthesfs. 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 inﬁérest

and will be discussed be]ow,

Steédy-state ]évelsvof the three glucose enzymes. A series of measurements

were madéfpf the differentia] 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 were sampled at intervals during the subsequent

&0 mih. for measurements of enzyme content, Exponential growth at an unchanged
rate continued until the end of the sampling period, Table 1 presents the dif-
ferential rates of synthesis for cells grown on broth, glucose, glutamate, qly-
cerol, proline and succinate, The data in Table 1 demonstrates that the differ-
ential rate of hexokinase synthesis i1s characteristic of the medium rather than
the growth rate per se. The growth rates in all the media excent succinate-
minimal were quite similar, yet the rates of hexokinase synthesis varied consi-
derably,

For comparative purposes the differential rates of synthesis of s-galactosidase
were studied in E. coli og7 growing in the same madia (except glutamate, in which
it would not grow)(Table 7).  This strain has lost the regulator genes (i and o)
far the lac operon (Steers et al., 1365) and the behaviour of 8-galactosidase syn=-
thesis in growth shifts has been studied by Palmer & Moses (13567)., It is there-
fore of value in determining the pattern of bdiosynthesis as a function of different

growth conditions for an enzyme devoid of all Known regulatory machanisms,

Effect ‘of actinomvcin € on fne svnthesis of the glucese enzvmes,

Nistiding, nistidasa and alkaline anosnmhatase

I O P RY ; R R £ s $ e~ - 1 & oAy
Pifforantial resoonse to actinonvein of the incornoration of ohonviz

.

uracil, Using low concentrations of this antidbiotic it is oossible to ebtain an

T3
(4%

appreciable degree of protein synthasis {measured by the i{ncorooration of ladelle

ohenvialanine) when RNA synthesis {uracil incorooration) {s more saverely inhibitad

(Maoses & Sharp, 1965, Moses
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from each vessel at intervals for the following 60 min. These were later fil-
tered and counted, In the control flask with no actinomycin incorporation of

the labelled precursors 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 shown in Fig, 7 together with the ratios
between these rates. It was found that phenylalanine incorporation was inhibited
Tess severely than uracil incorporation with increasing actinomycin concentration
resulting in a three- to fourfold increase in the ratio of the incorporétion rates,
At a concentration of 0.4 ug./ml. 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 experihents.
§imi]ar findings were obtained with cells in glutamate-minimal medium. The nature

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

Inducible histidase synthesis in the presence of actinomycin. Messenger RNA for

histidase is believed to be a labile molecule, typical in this respect of ﬁany’

types of mRNA for inducible enzymes (Hartwell & Magasanik, 1963). Since the

- maintenance of enzyme synthesis is denencent on the continued production of

mRNA it might be predicted that wier MA synthesis is inhibited more extensively

by actinomycin thén.protein synthoesis the differential rate of enzyme synthesis

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

thesis is less affectéd than RNA ﬁroduction by actinomycih because some of the
cellular protein iS'made with a stable mRNA template and does hot therefore
depend ‘on continuous synthes1s of the message. | |

F1g. 8 111ustrates an exper1ment to 1nvest1gate the stab111ty of h1st1dase
mRNA Two para]]el cu]tures of cells grow1nq exponentially in g]utamate minimal

medlum were 1nduced w1th L-histidine. Fifteen min. later actinomycin C (0.4 uq./
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ml,) was added to one flask and after a further 2 min, the standard mixture of
[]4C]pheny1a1an1ne and [ H]urac11 was added to both flasks. During the next

60 ‘min, samples were removed at 1ntervals from both cultures for measurement of
histidase activity‘and for determinatioh of~incorporated ﬁrecursors. In Fig. 8
histidase activity is.plotted differentially against phenylalanine incorporation;
the results witﬁ cells treated with actinom}cin.are p]otted with both ordinates
enlarged ten times so that a direct comparison of the slopes is valid. The en-

- larged scales; however, also magnify the scatter of individual readings. In this
experiment actinomycin reduced the rate of phenylalanine incorporation to 5.3% pf
the control: the precise degree of inhibition of protein and RNA synthesis has.

~ been found to‘vahy from one expefiment 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

waccofd with the prediction for an enzyme dependent on a labile 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 thattfor penicillinase in B, licheniformis this is indeed
the case, aﬁd it was of interest to investigate another enzyme,
Previous studies with”a]kaline phosphatase in B, subtilis (Moses, i967) have
j‘; provided strohé suppbri_fof this repressible enzyme syntheéis being governed by
- a labile meSsage."THé'present observations have confirmed this result. Cells
vgrown in glucose-m1n1ma1 medium containing 0.7 mM-P; were transferred to P;-free
medlum.. Once a]ka11ne phosphatase synthesis was observed to have started the
cu]ture was divided 1nto two parallel flasks, one of which rece1ved act1nomvc1n C.
Two m1n. 1ater the 1abe11ed precursor mixture was added to both f]asks and sam-

' pling,was_carried out as described above for the study of histidase. . In this

Ly
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experiment the rate of protein synthesis in the presence of actinomycin was
9.5% of the initial control rate; the differential rate of alkaline phosphatase
synthesis compared with []4C]pheny1a1an1ne 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 repressionvwhile histidase synthesis is sensitive,
Thus the great sensitivity of histidase synthesis to actinomycin might be bar-
tially duetoacatabolite repression effect; but this argument cannot be used
with alkaline phosphatase, and studies with the latter enzyme support the basic
validity of this approach to study mRNA stability,

A similar study was made with the mutant constitutive for alkaline phospha-
tase: in this case the cells were not transferred to Pi-free medium but nart of
“an exbonentially growihg culture on glucose-minimal medium (0.7 mM-Pi) received
actinomycin., Studies with cohstitutive a1ka]1ne phosphatase usually present a
problem of scatter of the experimental readings in spite of dublicate determi-
nations of‘each point, and the results for this experiment (Fig. 10) are pre-
sented as time plots of alkaline phosphatase activity and []4C]pheny1a1anine
incorporation. In this ekperiment actinomycin reduced the rate of protein syn-
thesis to 22% of the_initié1 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 view of the scatter of the readings, but it is

clear that a change to'cdnstitutivity has not increased the message s;ability.

Regponﬁéeof the g]ucose'énzymes to actihomycin. This experiment is gérhaps of
the gredtest importance and these results will, for that reason, be pfeSented

in'gréater detail; The.cells were again grown exponentially in g]ucoée-minimal
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-~ medium (0,7 mM-Pi) and the culture was divided into two parts, one of which re-
“5' ceived actinomycin C (0.4 ug./ml.). The labelled precursors were added 3 min.

‘ later and for the next 60 min. samples weré taken at 5 min. intervals from each
flask for precursof incorporation and for measurement .of each of the three glucose

enzymes., Samples were also taken for reagent b]ank measurements: at the time of

enzyme assay sodium carbonate to stop the reaction was added to each blank sample
before the substrate.
Time plots (Fig. 11) show the incorporation of [14C]pheny1a1anine and [3H]-

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

LA Mt T et ce b

the incorporation of [3H]uraciT and the synthesis of the enzymes versus [V4C]--

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 mfn.v
..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=

B N LUV N PUEE bad s S it S

] ﬁ. e A gluconate dehydrogenase synthesis to less than 5% of the control value, while
| - glucose=-6-phosphate dehydrogenase activity fell slightly during the experiment,
nl - -~ On the other hand, hexokinase synthesis, on a differential basis, actually rose

in the presencé of actinomycin to a value nearly double that of the control., The

5 ;;'A‘ ,f 'differentié1 pTots of Fig. 12 have been drawn with bdth 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 the scales, the points

in the presence'of'actinomycinvwou]d be too close together to be legible,

Messenger RNA synthesis as a proportion of total RNA synthesis; Levinthal, Keynan

& Hfgﬁf(1962)'deye]oped,a method for measuring mRNA synthesis, assdming the latter
| ,tolbéanStable. Growing cells were labelled with uracil for various_periods and

“:ﬁ;g.  then;§f§n§ferféd tb’high concentrations of actinomycin. Trich]oroa@etic acid-

”;‘\ precibifab]e radioactivity was measured at the time of adding actinomytin and at

K

'Jwv”ﬁ,}_intek§é1§vthereafter.g It was found that the shorter the initial peridd of uracil

A . .
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Tabelling the greater the proportion of incorporated radioactivity lost during
subsequent incubation with actinomycin. This was interpreted to mean that the
messenger fraction is the most rapidly labelled entity and that the messenger
pool soon becomes saturated with radioactivity, This was supported by
Chantrenne's (1965) demonstration that actinomycin does not cause breakdown of
ranidly-labelled RNA but prevents further syhthesis._ We have used this tech-
nique to study unstable mRNA synthesis during growth shifts and in the presence
of the low concentratibn of actinomycin used for the experiments described above.
.In our hands, the addition of a high concentration (10 ug./ml.) of actino-
mycin C to B, subtilis labelled for a few min, with [3H]uracil led to.a loss of .
incorporated 34 which reached a constant minimum value after 7-10 min, in
actinomycin at 37° (Fig. 13). Growth shift experiments from glutamate to
glucose or to broth were performed by dividing a culture of B. subtilis growing
”exponentially in glutamate-minimal medium into 6 parallel flasks at 37°. To
one flask was added [3H]uraci] and 1 min, later two equal portions of the cul-
ture were removed, one directly into ice-cold trichloroacetic acid aﬁd the other
into medium containing actinohycin C to give a final concentration of 10 ug./ml.
The latte; 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
in 1 min, pulses which was unstable in the presence of actinomycin, and this
~unstable fraction is usually equated with mRNA. However, species of mRNA
which are not unstable would not be recognized. .
| The other five flasks in the series re;eived glucose or broth concentrate
to effect the growth shift and were pulse 1ébe]1ed in the séme way at subsequent
intervé]s. Nutrient broth contains some uracil (it supports the growth of a
- urac{1.auto§r6ph 6f_§}iggli) so that the absolute incorporation rates on the

édditibn_of broth could not be compared with measurements of incorporation be-

L
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‘fore broth was added. However, determinations of the proportion of unstable

RNA are valid. The changes in the proportion of unstable RNA synthesized after
adding glucose 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-grown cells
compared with cells on minimal medium (Yudkin, 1965).

A similar study performed witnh cells before and after 13 min. exposure to

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

reduced the total rate of [3H]urecil incorporation to 5.5% of the control rate,

while the proportion of unstable RNA 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 shown in many of the experiments described ahove.

DISCUSSION

Are the g]ucese enzymes constitutive?
_Our‘knowledge of the mechanism of constitutivity in artificial mutants of
systems norma]1y.inducib1e or repressible indicates that genetic (or true) ¢on-
stifutivity is the consequence of the abhsence er malfunctioning of a requlator

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

cond1t1ons 1s const1tut1ve or not. It is, in principle and in practice, much
more d1ff1cu1t to establ1sh the absence rather than the presence of a regulator ‘
system.  An unvarylng rate of synthesis may mean simply that the cond1t1ons for

vary1ng it have not yet. been discovered rather ‘than that no such var1at1on is

in pr1nc1p1e poss1b1e..

A dec1s1on on const1tut1v1ty requires the establishment of cr1ter1a. ‘These

‘é-wimightgbe laid down on a rational basis in the sense of deciding, on-the qrounds
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i@n‘ of general experience, how a constitutive system would he expected to hehave.
However, we must recognize that our general exnerience mav not be sufficient
to provide satisfactory criteria. Another approach is to compare the enzyme
under study with enzymes-in artificial mutants which have been analysed qeneti-
cally and whﬁch ere known to suffer impairment of the regulatory mechanism,
Bath approaches w11] be attempteéd with the qglucose enzymes.
' Regarding the glucose enzymes from the viewpoint of expectation, we might
consider them a]ways to be present in constant amounts if they are constitutive,
or to be inducedAby glucose if tney are inducible, possib]y with a relatively
high hasal rate,  Experimental findings with the two dehydrogenases show that
they are both‘present in remarkably constant amounts irrespective of the growtn, ’
conditions (Table 1). .These findings-squest constitutivity; nevertheless, weak
responses to the presence of glucose are sometimes observed, indicating some
means of regnlatory control. However; we cannot be sure thet either glucose or
an immediate metabolic derivative from it would be the most probahle effector.
The situation with regard to hexokinase is equally confusing. Again, the en-
zyme is always present and shows no more than a threefold variation in activity.
Here the résponse to glucose is the reverse of expectation if glucose is the
effector (Table 1):vtne highest rates of synthesis were observed in qrowth con-

'_ ditions in which the substrate was furthest removed metabolically from glucose.
Again, we must edmtt that it may not be glucose whicn.acts as inducer. We con-
clude, then, from these uncerta1nt1es that arguments based on expectation .are

N 1ndef1n1te and cannot be used as strong support either for inducibility or for

o const1tut1v1ty of these enzymes.-

-' Arguments.based-on'ana1ogy with a known constitutive system resuityin a more
_definité‘conclusibn'but we are unable to assess how valid such arquments may be.;..

e For our compar1sons we -have used the formation of g-galactosidase in E coli’

K IE I

stra1n 027 Const1tut1v1ty of the lac enzymes in E coli is of two types

(Jacob & Wonod. 1961) | regu]ator mutants (i) fa11 to
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make’a fully functional repressor, while operator constitutives (o®) fail io
respond to normalﬂrepressor. Strain °§7 is deleted for both the regulator and
operator genes..and is thus fully constitutive on both counts. The formation
of 8-ga1actosidase in this strain was studied by Palmer & Moses (1967) and from
the respohse to glycerol-glucose growth shifts and to the presence of certain
inhibitors it was concluded that the synthesis of the enzyme might indeed be
tota11y’devoid of regulation in this:Astrein*. The rates of enzyme synthesis
were different in glycerol and g]ucose but it was suggested that this was due
not to a specific type of catabolic repression modulated outside the lgg_operen.
but rather to a rearrangement of the overall macromolecular composition of the
cell under different growth Conditions. In that study and in the present one-

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

Jtotal protein synthesis. I[f there is a large change in the synthetic rates

for other prdteins; with little or no change for the enzyme under study, then

the proportion of the whole represented by the particular enzyme (the differen-

tial rate of synthesis) will be observed to change.

Table 1 shows that g-galactosidase synthesis in E. coli 027 and hexokinase

synthesis in B. subtilis both show 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-
stretes; and it is, of coUrse, impossible to compare the two cases too closely
since diffekent orgénfsmsvafe involved. The point is that in both cases varia-:

tion of similar degkees of magnitude exists in response to growth in a number

= of med1a. The dehydrogenases do not show such var1ab111ty.

a0

Another 1nterest1ng compar1son is found in the kinetics of enzyme synthes1s

dur1ng growth sh1fts. w1th wild-type strains of E. co11. 1nduc1b1e for the lac

ﬁf operon. a trans1ent 1nh1b1t1on of g-galactosidase synthes1s is observed during

OR

sh1fts from glycerol. succ1nate 57 ma]tose to glucose (Moses & Prevost, 1966),
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acetate to glucose (H. G. Ungar, unpublished work), and glycerol to broth
(J. Palmer, unpublished work). In strain 087. on the other hand, no such
transient repression of g-galactosidase is observed in glycerol to glucose
shifts, although the final rate of enzyme synthesis is lower in glucose than
in glycerol (Palmer & Moses, 1967). The behaviour of the two dehydrogenases
“and hexokinase, reported in the present sommunication. may also be distinguished
in this way. Both dehydrogenases showed marked transient inhibition when the
cells were shifted frem 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 lower rate of synthesis, exactly as observed With E. coli og7. |
It seems, then, admitting all the disadvantages of analogy arguments, that
.a. tentative conclusion might be'reached that hexokinase synthesis is truly con-
stitutive while the eppearance of constitutivity for the dehydrogenase is the

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

of these two enzymes.

Messenger 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, 1965a; Forchhammer & Kjeldgaard, 1967;
Martinez, 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 mRNA in B. lichehiformis‘was-found‘tosbexSighificantly
more stable in a constitutive mutant. | |

Us1ng act1nomyc1n 1nh1b1t1on of mRNA synthes1s we have found that ‘two en-
zymes under tight regulatory control (histidase and alkaline phosphatase) both .
possess 1ab11e mRNAs. and mutation to const1tut1v1ty in the alka11ne phosphatase
system did not change th1s. The messengers for glucose 6-phosphate dehydrogenase

and Gephosphogluconate dehydrogenase were both found to be labile, but that for




s b i e m At

S ' - 21-
hexokinase was stable. It may be significant that the tentative conclusions
reached above for the existence: of requlatory 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 productioh of mRNA.compared with total RNA when actinomycin is
present cannot be used to distinguiéh between these possibi1ities. since measure-
ments of mRNA formation by loss of radioactivify from recently Tabelled RNA in
the presence of actinomycin can be used only for unstable mRNA., There seems to
be no reason to believe, however, that actinomycin shows a differential inhibi-
tion for the syntheses of different species of mRNA, Whatever the reason -for
“the persistence of hexokinase éynthesis in the presence of the antibiotic, it is
| éTear fhat a fundamenta] difference e#ists in the availability of message in the
»% 1;; : preéence of actinomycin between this enzyme and the others reported on fn this-
| paper,
mRNA §tabi]ity‘may a]ﬁo be used to exnlain the marked transient repression
of the dehydrogenases._énd the lack pf it in hexokinase. during the growth shift
from glutamate to broth (Fig. 6). ImMediate]y after broth was added the fraction
of newly synthesized'RNA which was message beganvto fall and reached a minimum

value after 30 min., The growth rate inéreased almost threefold as soon as broth

, ‘was added;_and this would require the formation of a large ahount of ribosomal
o 1RNA..éccountinQ for the‘rapid fall in the proportidn of mRNA synthesized. The

S* —iy rapid,fhtrease fn'growth,also_required a greatly enhanced rate of oyefall pro-

4 tein gyﬁthesis. One can envisage, then, that during the 30 min. perfdd of pro-
portidna1ly_reducéd mRNA synthesis and increased brotein synthesis,‘éﬁiymes dé-
pendeﬁt on labi]e messages would suffer differentially unless they wéféispecifi;
ca]]yﬁfnquced to maintain their same differential‘rates'pf synthesis;‘ Tt-maj e

e




~22a
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,

i

Pardee & Beckwith.(1963) have pointed out some of the evolutionary advan=-
tages of constitutivity.in enzymes which do not need economically to be accu-
lrate]y controlled. Moses & Calvin (1965b) have carried this reasoning further
and suggeéted that if constitutivity is beneficial then stable messades for
such constitutive systems would be an additional economic advantage; Yudkin (1966)
has advanced similar arguments, Ue may have in the case of hexokinase in B, sub-.
Lilis just such an example of an enzyme which this organism has found of selec-
tionai advantage not to reguiate precisely, evolving a stable message .as part’>

of this lack or regulation.

This investigation was sponsored by the United States Atomic Energy

~Gommission,
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Cells were grown exponentially for several generations and samnles were then removed over a 60 min.

Table 1. Differential rates of enzyme synthesis in different madia

period while growth was measured by turbidity; Results are expressed as enzyme units/ug. of bacterial

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

-_}fcofded as doublings/hr. (u).

Medium B. subtilis E. coli
U Glucose H-nhosphate 6-phbSph031uconate Hexokinase U 3—Ga1actosidése
: dehydrogenase dehydroqgenase
Rate % Rate % Pate % Rate %

Succinate | 0,51 | 0.944 100 0.653 100 | 2.853 | 100 | 0.89 | 41.3 | 100
Proline 0.91 1.075 114 0.693 106 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
Glycernl 1.03 0.974 103 10.653 100 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

-bz-
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CAPTIONS FOR FIGURES
Fig. 1. ‘Effect on hexokinase activity of the presence and absence of glucose
during ce11 1ysis.’-Ce1ls growing'on'broth were poisonedeith ch]qrampheni-‘
col (100 ug,/ml}).‘ When growth was observed to have ceased, samples were
removed at intervals into lysozyme solution without added glucose. Glucose
(10'mM) was added to the cQ]ture at 10 min. (4) and sampling was continued.

_Each sample was later measured for hexokinase activity.

Fig. 2. GrbwthvShifts froh alanine to glucose. Cells growing on alanine-minimal
medium Wefe.suppliedfﬁith glucose at +. After following growth by turbidity
for about 80 min, the ce]fs_were séparatéd from the medium and résuspended
in fresh alanine-minimal medium (dashed arrow). Growth was followed to re-
establish the rate on alanine and g]uéose was again added (+). The response

to glucose was observed for a further 60 min,

Fig., 3. Effect on the synthesis of the glucose enzymes of adding glucose to cells
in g]ufamate-minimal medium._,G]ucose (10 mM) was added at arrows. Growth
~ was measured by turbidity. A, glucose -6-phosphate dehydrogenase; B, hexo-

kinasé;'g, 6-phosphogluconate dehydrogenase.

| Fig, 4. Effect on the synthesis of the glucose enzymes of adding glucose to cells
in broth, Glucose (10 mM) was added at arrows. Growth was measured by ture
' bidity. A, glucose 6-phosphate dehydrogenasé; 8, hexokinase; C, 6~

phosphogluconate dehydrogenase.

figL_QJA Effect on growth and oh the synthesis of>the.glucose.enzymes of adding
g]yceré] to ce]]sAbn;g]utamate-minima] medium, Giycero]_(O.Z% w/v) was
édded at the arrows. Growth was measured'by,furbidity. Fig. SA; growth
| curve; Fig. 58, differential synthesis of eniymes: A, g]ucose.é%bhosphéte

o dehydrogenase;‘g.lhexokinase; C, 64phosphog1uconate dehydrogenasék
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q . fiq, 6. Effect on growth and on the synthesis of the glucose enzymes of adding
broth concentrate to_cé11s on glutamate-minimal medium, Broth concentrate
was added at the arrows.. Growth was measured by turbidity. Main graph,
differéntia] synthesis of enzymes.-.ﬂ, glucose 6-phosphate dehydrogenase;

B, hexokinase; C, 6-phosphogluconate dehydrogenase. Inset, growth curve.

Fig. 7. Effect of various concentrations of actinomycin C on the incorporation
of phenylalanine and uracil into trich]oroacetio acid-precipitable material,
For each concn. of inhibitor the rates of'precursor incorporation are given
as percentages of the initial rates in the control. ﬁ,.rate of phenyl-
alanine incorporation; B, rate of uracil incorporation; C, ratio: rate of

phenylalanine incorporation/rate of uracil incorporation,

'fjjl_ji. Effect'of‘actinomycin C on the differential rate of histidase synthesis.
Cells érowing_exponentia]]y in glutamate-minimal medium were induced with
L-hiétidiné; The culture was divided into two parts, to one of which actino-
mycin C (0.4 ug./ml.) was addad. Both flasks then received []4C]pheny1a1anine-
“and [3H]uraci1; Both ordinates refernjng to the results with actinomycin have
been éxpanded tenfold: the slopes are thus directly comparable. The straight
lines were calculated using the method of 1eas£ squares. A, no actinomycin;

B, with actinomycin.

~ Fig. 9. Effect of actinomycin C on the differential rate of syntnésis of dere-
pressed a]ké]iné phosphatase. Cells qrowing exponentially in glucose-tris
N medium containing 0.7 mM-Pi were derepressed by transfer to a similar medium
~devoid of Pi; The culture was divided into two parts, to one of which actino=
myoin ¢ (0.4 ug./m].) was added, Both flasks then received []45]pheny]a1aniné
énd.ESH]uraci], ‘Both ordinates referring to the result with actinomycin have
'beén‘oxpanded'tenfold:'the'slopes-are thus diréct1y-comparab]e.n;Tne straight
- 1ines were ooléulated using the method of least squares. A, no'éctinomyoin

B, with actinomycin.
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Fig. 10. Effect.of actinomycin C on the synthesis of constitutive alkaline phos-

phatase and on phenylalanine incorporation. Actinomycin € (0.4 uq./ml,) was

added to nne of the two parallel cultures of cells growing exponentially in

‘glucose-tris medium (0.7 mM~Pi).. Both flasks then received [14C]pheny1a1anine

and [3H]uraci],' A, alkaline phosphatase without actinomycin; B, alkaline
phosphatase with actinomycin; C, phenylalanine incorporation without actino-.

mycin; D, phenylalanine incorporation with actinomycin.

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

the incorporation of phenylalanine and uraci]. Actinomycin C (0.4 ug./ml.)

was added to one of two para11e1 cultures of cells growing exponentia]]y'in

g1ucose-tri§ medi um (0.7 mM-Pi).‘ Both flasks then received []4C]pheny1a1anine'

and [3H]uraci1. A, phenylalanine incorporation; B, uracil incorporation;

. C, 6=phosphogluconate dehydrogenase; D, glucose 6-phosbhate dehydrogenasey;

E, hexokinase. e, without actinomycin; 0, with actinomycin,

Fig., 12. Experiment shown in Figs 11 replotted on a differential basis, Both

Qrdinates referring to data with actinomycin have been expanded tenfold:

.

the slopes are thus directly comparable, The straight lines were calculated
using the méthodAof'least squares. A, uracil incorporation; B, 6-phospho-

~

g]hconate dehydrogenase; C, glucose 6-phosphate dehydrogenase; D, hexokinase.

o, without actinomycin; o, with actinomycin.

N Fig, 13. Loss of récent]y incorporated [3H]uraci1 in the presence of actinomycin.

L

Cells growing exponehtia]]y in»glucoée-minima1 medium were supplied with

[3H]uraci]; Six min. later actinomycin C (10 ug./ml.) was‘addedfat arrow,

Samples were removed directly i1to 2old trichloroacetic acid, and were later

- filtered andHCQUnted.‘ o
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Fig. 14. Proportion of unstable RHA syhthesized following qrowth shifts, Parallel
cultures of cells in glutamate-minimal medium received g]ucbse (10 mM) or
brothiéoncentrate at 0 time. At intervals thereafter'[3H]urac11 was added
successively to each flask: 1 min, later one portion of the culture was
added to cold trichloroacetic acid and another recefved actinomycin C
(10 uq./m1.)., Ten min, after the addition of actinomycin these samples
were also treated wita cold tricﬁ1oroacetic acid. Precipitated material
was later filtered and counted fdr 3H. Percentage of 3H present after 1
min. exposure to [3H]uracil wnich was lost after a further 10 min; in
actinomybin is plotted against elapsed time after fhe start of the growth

shift, A, glucose; B, broth.

Ruhning title: Control of_syntheéis of the 'qlucose' enzymes

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