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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, Or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
 United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. . '
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" The Regulatory Process in the Derepression of Enzyme Synthesis: Alkaline

Phosphatase of Baecillus Subtilis

By V. Moses

Lawrence Radiation Laboratory, University of'California, Berkeley, Calif,, U.S.A.

1. The kinetics of derepiession of alkaline phosphatase in Bacillus

sﬁbtilisrwere studied following the removal of inorganic phosphate.

Enzyme activity appeared about 10 min, after removal of Pi, while
”enzyme—forndng potential® appeared after 6 min. 2, Protein synthesis
is not 1mpalred for at least 20 mln. on. removal of P, i? ‘while RNA synthesis

1s considerably reduced 3. Addlng chloramphenicol to cells without '

P., Just at the time they start to make enzyme—forming poﬁentia] does not

affect the differentlal rate of enzyme synthesis compared with total proo

»tein. Enzyme~forming potentlal accumulates to about, normal levels in

_the presence of chloramphenicol even though peptide bond formatlon

is inhibited by more than 95%. k. Similar experiments performed with

.actlnomy01n C show more complex effects. Actinomycin initially

prevents RNA synthesis and also the synthesis of enzyme-form)ng poten-

'tial After some min. RNA synthesis resumes at a low rate, to be follow-

ed 4 min, later by enzyme syntnesis. Enzyme-forming potential can
accumulate in the presence of actinomycin after the resumption of
RNA synthes1s. Protein synthesis, initially inhibited by actinomycin

as a c)nsequence of the effect on RNA synthesis, is later directly in-

'h1b1ted by actinomycln. 5. Addlng actinomycln to derepressed cells

aJ-’"‘*’b.dy making enzyme stops enzyme synthesis within 4-5 mln.__Enzyme



synthesis resumes, as before, 4 min. after the resurption of RNA
synthesis. 6. " Adding Py together with actinomycin to derepressed cells
-synthesizing enzyme does:inot result in a lower yield of enzyme compared

-with actinomycin alone. 7. Actinomycin is less effective an inhibitor

A2

of RNA and protein syntnesie in_Pi-etarved cells if Py i$ also added.
8. Thesevresults are discussed in view of the three main models for | _ "
the;regulation of enzyme induction: regulation at the level of trans-
cription only, at translation only, or a coupled model in which trans-
cription requires concomitant translation. It is concluded that the
present evidence most powerfully supports the model of transcriptional

regulation.

The processes of gene expression and.protein syntnesis require, as far

as is currently known, two stages of information transfer: a transcriptional
step, in which genetic information encoded in the base sequence of DNA is re-
produced in complementary form in the base sequence of messenger RNA (mRNA);
and a translationel step, in which the information containeduin the mRNA
is translated into aneamino acid eeguence of a polypeptide chain, Protein
synthesie‘is a nighly regulatedvphysiOlogical process end the circumstances
under which a specific protein is produced in a cell require a definable oy
set of intracellular conditions. A good deal of discussion has gonelon:in :
recent years concerning th; details of the regulatory mechanism; including the '
stage of information transfer at which regulation takes place} |

| Two stages of information transfer permit at least three types of regula- :b—i
tory model and all of these have been proposed at various times, usually referring

particularly to microbial systems'- (i) The now classical model of Jacob &

Monod (1961) proposed that regulation occurred entirely and exclusively af the
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transcriptional step. In their model a molecule of mRNA, orice mede, stands
an equai chance with all other mRNA molecules in the cell of being trans-

lated into protein. Further,'no feedback mechanism is implied which would re-

late the rate of synthesis of mRNA to its rate of translation. (ii) A second

model, envisaging regulation primarily at the trenslational stage; gains
support from the studies of Spencer &'HarrisA(l96h) and Aronson & Del
Valle (1964). In this model nRNA might be made and degraded continuously (for

a short-lived species), or synthesized and stored,in the case of a more stable

variety. At an appropriate physiological time such messenger molecules would .

be translated into protein, this representing the 51gn1f1cant point of regulap

tion. (Jii) A third type of model has been proposed (Stent, 196k; 1966) in

" which regulation is at the stage of translation but transcriptior end trans-

1at10n are tlghtly coupled processes and under normel phy31ological conditions

transcription cannot take‘place unless concomitant translation occurs. This
model provides a negative feedback mechanism for the regulation of mRNA synthe-
sis as a function of 1ts use in translation. ‘

At the present time there is no universal agreement as to which model
represents the_true state of affairs, and argnments heVe been advenced for
and against each one of them. It isvthe purpose of this present communication
to attempt to shed light on these problems° .

The approach adopted, us1ng a bacterial system, has been to. study

whether enzyme-forming potgntial (most probably mRNA) can be made in the

absence of peptide bond formation; to find out if the derepression of enzyme

. synthesis can take place in the total absence of RNA synthesis; to investigate

whether repression is equivalent simply to preventing specific mRNA synthesis,
or whether the introduction of a specific repressing effector has an effect

other than, or in addition to, preventing mRNA synthesis.

¥



Experimenté with these aims in view, carried out with in vivo systems,

run into certain technical difficulties as Well 88 uncertainties of intérprc—
tation, and these must be borne in mind in any assessment of the experimental
findings. Even though a final definitive efaluation at a molecular ievel may
not be reached, studies of this soft may nevertheless provide a_further in-
sight into the more likely possibilities. | |

It is experiméntally difficult, if not impossible, to prevent specifically
either-RNA or protein syﬁthesis,‘while leaving the other process unaffected.
Even if this were possible one must recognize the likelihood éf deleterious and
irreversible consequences gnsuing, and the possibility that the behaviour of
such systems might be far removed from that of a normal, healthy and fully
integrated organism. Possible ap?roaches to preventing either RNA synthesis
'or protein synthesis, but not both, are to withhold essential nutrients or
to use specific inhibitors. Both have disadvantages; Withdrawihg an essential
nﬁtrient is not very repid in its effect, and may not be effective in prevent-
ing macromolecular synthesis;:which might continue using endogenously generated
degradation products as preéursors. In some bacterial strains (sfringent
strains) RNA synthesis is prevented when protein synthesis is stoé}d; in
other (relaxed) strains this is not the case (Borek & Ryan, 1958), This
phenomenon is not fully understood (Maalfe & Kjeldgaard, 1966). With inhibitors,
oc the other hand, one often cannot be certain jusf what the effect of an |
inhibitor is, and whether it has only one type of inhibitoryva.ction. It two
: nrocesses are manifestly dissociated in the presence of an inhibitor does
this mean that the processes are also dissociated before the inhlbltor is
introduced, or that the latter has uncoupled_them? ‘In spite of these objections,
inhibitors have been used in the present study as presenting fewer technical

problems.,

.
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Since ﬁhe present object is the study of primery regulatorylmeohan-
isms_it has beeninecessary to choose a system as far‘anpossible'devoid of
such secondary factors as catabolite repression. .For this reason the dere-
pression of alkaline phosphatase was chosen as being a system relatively
resistant ﬁo catabolite repression {McFell & Magasanik, 1960; Palmer &

Moses, 196 ). While this work was being performed Fan (1966) published

a report of experiments some of which were similar to those described here,

Some differences have been observed in comperison with Fan's observations.

. EXPERIMENTAL

Organism. A non-Sporogenic strain of Bacilius subtilis was obtained from
the Department.of Bacteriology, University of Colifornia, Berkeley. This strain
héd no special growth requirements.

yggigm. Cells werebgrown with agitation at 37° in the following medium:
tris, 0.1 M; NaCl, 80:mM;‘(Nﬁh)QSOh, 20 mM; MgCly, 1 mM; Ca(NO3)2, 0.2 mV;
KHQPOh, 0.2-0,7 mM; glucose, ll mM3 sﬁpplemented with small amoﬁnts of trace

metals and adjusted with HC1 to pH 7.2. Growth was followed by measuring

‘the extinction of the culture in a 1 cm. cuvette at 650 ma in a Beckmann DK-2

double-bean spectrophotometer (Mbses & Prevost, 1966)

Derepression and assay of alkallneAEposphatase.v Derepresulon of enZJme

s¢nthes1s was achieved in exponentially-growing cultures by filterlng the oell°

and resuspendlng them in Pi -free medium. Cells were grown overniﬁht‘in medium

.contalning 2.7 mM—KHzPOu te ensure that no derepre351on nf alkallne phosphatase

took place at this stage. They were then transferred to medlum contalnlnv

O.2-mM-KH2POu and filtered after 1-2 generations of expong@ial growth, i.e.,

‘before the Pi concn. had fallen far enough to permit derepression. The cell

suspension (not more than 20 ml. at extinction not greater than 0.2) was fil-

tered through a pre-wetted Millipore filter (O.hS/u pore size; L7 . diam.)



and the filter Washed_twiée with 10 ml. of resuspendihg medium, The filter
funnel assembly was then dismantled and the filter membrane placed in an
appropriate vol. (10 orj2O ml.) of new medium, the cells being on the uppér
. surface of the membrane.  A teflon-covered magnétic stirrer bar was placed’
on top of thé filter and repidly rotated for about 30 sec. by a stirrer
motor, The filter membrane wés then removed and incubation of the cells
was continuedf

The period elapsing between first pouring the cell suspénsion onto
the filter, and placing the doubly-washed filter in fresh medium, was about
30 sec. All filtering ope;ations were performed at 370 and the cells thus
‘suffered no fall in temperature. Using a fadioactive indicator substance
it was»found that in this pfocedure no more than the equivalent of 10 pl. of
the originél médium was carried over when the cells were suspended in frgsh
mediuma _The recovery of'céllé from the filter membrane was essentially
complete.

Forbderepression studiés the cells were suspended after filtering in
the above medium with KH,PO), omitted. This medium was preconditioned by
inoculating it with washed cells of B. subtilis and incubating these at 37° -
until the synthesis of alkaline phosphatase was observed. The cells were
removed by centrifugation and filtration, and the medium stored until required.
The concentration of Pi in‘thié medium was less than'2}ﬂw,'the iimit of sen-
sitivity of fhe chemical mgthod used (Chen, Toribara & Warner, 1956).

Samples of the culture for determination of enzyme activity were mixed

v>th chloramphenicol snd assayed as described previously (Moses & Prevost,vl966).

Repression of énzyme synthesis, when appropriate, was achieved by restoring
the P; conen. to 0.2 mM. Since alkaline phosphatase activity is inhibited
by Py (Torrlanl, 1960) the enzyme was always assayed in a medium containlng

a standard concn. of P; (0.04 mM). One unit of enzyme activity is defined

&
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aslthat quantity catalysing the hydrolysis of 1 mpmole of substrate/min.
at 370.

Incorporation of 1abelled subétances. For measurements of the in-

corporation of [G-luc] L-phenylalanlnc and [G 311]-urac1l a otandard mlxture
of these two sﬁbstances was added to the cell suspenS1on, such that the

phenylalanine conen. and specificvradioactivity were l3.h~/mM and 28.h /uc/

/amole, respeotively, and the values for uracil were 2;96/uM and 112%/ucémmole,

respéctively. -It was aécértained that these concentrations.were sufficient ‘
to maintaln a maximum rate of 1ncorporation throughout the experlmental period.

Samples of the cell suspension (0.5 ml.), after addltlon of labelled
precursors, were removed into 4 vol. of 6.25% (w/v) trichloroacetic acid at
OO, and allowed to,stand_at 0° for at ledst 30 min. Pfecipitated méterial‘
we.s then filterod:and‘prenared for counting in the scintillation counter by
.previouély established methods (Moses & Prevost, 1966).

Oligopeptides. A search was made for oligopeptides contalnlng labelled

phenylalanine, not’ prec1p1tated by trlchloroacetlc acid . After removal of.

“the precipitated material by filtration, the filtrate was neutralized with

NoOH and a number of samples were subjected to paper electrophoreéis at 3 Kv

on Whatman No.'l»paper in 0.1 M-borate Buffer, pH 9.2. Radioactive material

‘wes located on the dried électrophoretograms by conventional radioautographic‘

techniques; no labelled compounds were observed in the solution after treat-

ment with trichloroacetic geid except for unused phenylalanine.

Chemicals and radiochemicals. Chloramphenicol was obtained from Parke,

Davis & Company,-Detroit, Mich., U.S.A.; p-nitrophenylphosphate was'purchased

from Celbiochem, Los Angeles, Calif., U.,S.A.; actinomycin-C was a gift from
P e e ' - 1L o 35
arbenfabriken Bayer A.G., Leverkusen, Germany; E&- C]phenylalanlne_and [G- ]

uracil were both purchased from New England Nnclear Corp., Boston; Mass., U.S.A.



RESULTS

Kinetics of dergpression of.élkalineAphosphatase. A culture of cells
growing.exPéhentially was suspended in # fi-free medium, ‘At intervals there-
after samples were removed either into chloramphenicol, for measurement of
enzyme alreadyrmade, of.inté tubes containing sufficient KH,POL soluﬁion to
give a concn. of 0.2 mM afﬁer mixing. The latter saﬁples were incubated at
37° fér,20 min. and further enzyme formation was then prevented by the addi-
tion of chloramphenicol. This experiment permitted the measurement.of "enzyme-
forming potentia "3 the differehce between the quantity of active enzyme at

any’moment, and the active eﬁiyme preSent after a further 20 min. under
conditions of représsion, iepresents thé'capaéity to’form enzyme which haé
vnotvyet been réalized at the moment repression is stafted. Analogous experi-

ments performed with the P—galactosidase system of Escherichia coli (Kepes;

1963; Nekada & MagaSanik;'l96h).showed that the synthesis of enzyme-forming
potenﬁial preceeded that of acti;e enzyme by ebout 3 min.

A similar obSerVation has been made with the alkaline phosphatase
system of B. subtilis (Fig. 1). Removal of Pj resultgd in the synthesis of
. enzyme-forming potential sfarting after 5-6 min., with the formation of
actiye enzyme following about U4 min. iater;_i.e., the events terminated by
‘the addition of Py culminate in enzyme.activity 4 min. later. Enzyme—forming
potential has usually beensequated with mRNA (Kepes, 1963; Nakada & Maga-
Asanik,_l§6h); and.resﬁlts to be presented below confirm that in this syétem,'
;too, the kinetics of thé synthesis of enzyme-forming potentigl are closely

related to those of RNA synthesis.

Insert Fig. 1 near here
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Incorporation\Of'phenylalanine and uracil following removal and

restoration of inorganic phosphate. When labelled phenylalanine and uracil

‘were supplied to oells growingAexponentially in medium conteining 0.2 mM-Pi,
their uptake into trichloroacetic acid-insoluble material was'linear for at.
least 10 min‘., at rates of 0.1}31 m}nﬁole/min./ml. culture/extinction and o.eus
mpmole/min/ml. culture extinotion,'respectively (Fig. 21). If the two pre-
cursors were added to cells in P;-free medium 6 min. after removal’of inorganic
phosphate (the time at which the synthesis of enzyme-forming potential begins),
the rate of phenylaianine inoorporation was unchanged from thegcontrol.(Figv
2II). The rate,of uracil incorporation, however,‘was oniy abo%t LL% of the
control rate for the first lQ min., and by 15 min. after the introducfion of
uracil (21 min. after removal of inorganic phosphate) the inco;poration rate
‘wes down ﬁo 16% of the control rate; Alkaline phosphatase synthesis reached
a constant meximallrate of 0.639 enzyme units/@pmole of phenyl%}anine incor-
porated 10-11"min. after remo#al.of phosphate (Fig. 2II). ‘ :
Insert Fig. 2 near here

On adding sufficient Pi to restore a concn. of 0.2 mM, the rate of
phenylalanine incorporation began to rise slowly (increase of MS% after 10
min;), while the rate of uracil incorporation respondéd rapidly; in the
second min., after adding P; the rate was already equal to the control rate,
and in the tenth minute had increased a further threefold (Flg. 2II) The
effect of restoring phosphate on alkaline phosphatase synthesis was also
rapid.: The quantities of :nzyme synthesized during each of the first 6
min. after 1ntroduc1ng Pl, expressed as percentages of the amount synthesized
]urrng the last min. before adding P;, were as follows: 100, 68, 33, 15, 3.7,

0, respectively.
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Synthesis of macromolecules in the presence of chloramphenicol.

Exponentially growing'éells were resuspended in medium dévoid bf P;. six
min.vlater, Just at thevtimg enzyme-forming potgntialN%;.about ﬁo be synthe-
sized, the standard mixture of [;MQ]phenylalanine‘plus Fﬁﬂ uracil was added
to.the cells as before, together with sulficient chloramphenicol to give a
conen. of lS/ug./ml. Samples_to measure incorporatioh of labelled precursors
and alkaline phoépﬁatase activity were taken every 1.5 min. for 15 min. A£
that time the remainder of the culture was filtered and washed again, and

the cells were resuspended in medium containing 0.2 mM-Pi and labelled precur-
sors, but no chlor_a.mphenicol., Sampling_ was continued every min. for the

next 10 min..

In the presence of cﬁlorampheﬁicol protein synthesis was severaly in-
hibited, falliﬂg to 4.3% of_the control rate in 7 min., after which the rate
of [1uélphenylalanine incorporation remained constant. RNA synthésis
showed a rapid burst, alsq lasting aboﬁt'7 min., following wh;ch the rate of
[3H]uracil incorporation felijalmost, but not quite, to zero (Fig. 3). The

' Insert Fig. 3 near here ‘
onset of alkaline phosphatase synthesis was slightly delayed. During the
period 15-21 min. after removal of the Py the differential rate of enzyme
synthesis was 0.623 enzyme units/vumole of ﬁhenylalanine incorporated, or 97%
of the control rate (Fig. 4). In the control the maximum differential rate of
synthesis was achieved aftef sbout 11 min. (Fig. 2IT). Thebdelay in the pre-
sence of chlorémbhenicol m;ght possibly have been due to & slower utilization
of residual P, by the inhibited cells.

Upon the removal of chloramphenicol andvreplacement of Pi the rates of
synthesis of RNA and protein both showed rapid increases. The synthesis of

alkaline phoéphatase also increased appfoximately in ‘step-with the greater

rate of protein synthesis for about 2 min.; the differential rate of synthesis

"
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then began to fall, and enzymé synthesié ceased entirely 5 min. after intro-
duction of P. (Fig. 4). Calculations based on the rate of decrease of alka-

a Insert Fig. 4 near here
line phosphatase synth¢s1s following the addition of Pi to uninhibited cells
(Fig.’QiI), and the increase in the rate of protein synthesis when chlorampheni-~
col is removed and P; restored (Fig. 3),enabled an approximate evaluation to
be made‘of the level of enzyme—forming potential obtaining in the cells at the
time the medium chgnge was made. It was found that in the presence of chior—
amphenicol, cells derepressed-for allkaline phosphataSe contained aboﬁt as much
enzyme-~forming pétential as the uninhibited controls. A similar éoncluéion
was reached by Fan (1966).

Derepression and repression of alkaline phosphatase'in the;présence

of'actinomycin‘c;. Thé experiment shown iniFig. 3 was repeated in the presence
of actinomycin C (O;h/ug./ﬁl.) instead of chloramphenicol. In this case no |
incorporation of [3H]uracil:ﬁ00k‘pléce for the first 4 min. after~adding’actiho-
mycin C together with the labelled precursors. The synthesis of RNA then com-.

nmenced and slowly 1ncreased (Flg. 5); a quantltatlve comparison with the rate
Irisert Fig. 5 near here

of RNA syntheols in the control is not p0551ble since in the latter 1nstanoe

- RNA synthes1s decreased with increasing time 1n the absence of P (Flg. 211).

_The rate of proteln synthesis began to fall 1 min. after adding actino-
my01n, by 2- 3 min, the rate was 10-15% of the control (Flg. 5). The- reuldual
rate of protein synthesis when RNA synthesis was 1nh1bited by actinomycin
was thus much iéss in B. subtilis then has been cbtained with E. coli (Moses &
Sharp,91966). During- the ;nsﬁing 12 min. there was no increase in the rate |
of'protein synthesis even though some [3Hﬂuracil incorporation was 6bserved
during this period. No increase in alkaline phosphatase activity was‘observed

with actinomycin until about 4 min., after RNA synthesis began in the presenée

_of the inhibitor. The kinétic relations between RNA synthesis and the appéar-

ance of alkaline phosphatase activity is shown in Fig. 6, which represents

an enlargement of part of Fig. 5..

Insert Fig. 6 near here
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Simultaneous removel of actinomycin and addition of Py resulted in a

@AClphenylalanine and

rapid increase in’the rates of incorporation of both
[Bﬁaumacil (Fig. 5). There was also a burst of alkaline phosphatase synthe-
sis, similar to that observed after removal of chloramphénicol.(Fig. 3),
showing that accumulation‘of.enzyme-forming potential 1s possible in the pre-
sence of gctinomycin once RNA synthesis has resumed.

In another egﬁeriment (Fig. 7).actinomyéin c (O.Slpg./ml.) was added,

' Insert Fig. 7 near here

17.25 min. after removal of Py, to cells supplied with the mixture.of labelled
_ precursofs 5.25 min. earliei. ;In these cells-the.synthesis of.alkaline phos-
~ phatase was already proéeeding at a constant rate, and it was therefore
pbssible to observe with continuous kinetics the interruption of the
synthesis of the various macromoleéulesl as well as their subsequent behaviour.
ThiS'expériment.supplements the éne shown in Fig. 5. Loss of radioactivity
from previously lébelled RNA was Qbserved in the manner described by Levinthal,
Keynan & Higa (1962). This loss continued for about 5 ﬁin;, after which in-
corporation of [3ﬁ]uracil was. again manifest. The rate of protein synthesis
declined within 2 min. to 11% of the raté before actinomycin, and no further
change in rate occurred for the next 13 min. Alkaline phosphatase synthesis
ceased within 3 min, of addiﬁg actinomycin, and started agaih ebout 9 min.
after actinomycin was introduced (i.e. 4 min after [?Hﬂuracil inéorporatidn
was resumed) e&en though theré was no increqse in the overall rate of protein
synthesis, |

A final experiment w;s performed to stﬁdy the possible cooﬁerative
éffeéts of actinomyecin and Pi in repreésion of enzyme'synthesis. Cells were
derepressed by removing Pj. Aftef 11 min. of incubation in P;-free medium

the cells were divided equally between two flasks. To one of these was added

the standard mixture of [}hq]phenylalanine and [?H]uracil, together with

.



‘ activity after actinomycin.

sufficient actinomycin to give a concn. of\?.S,ug./ml.; the second flask

additionally received P; (0.2 mM)aE'Samples of the snspension'were taken-for

13

enzyme assay before actinomycin,\and for enzyme assay and 1ncorporated radio-

\ .\\ \
\.A

In the. presence of actinomycin, w1thout added P., RNA synthesis, as

13
previously noted, was completely inhibited for about 4 min. and then slowly
startéd to recover; protein synthesis was also severely‘reduced. However,

when actinomycin was used in the presence of 0.2 mM—P a con31dcreble degree

“of RNA synthes1s took place (Flg.VS), and the rate of protein synthesis was

Insert Fig. 8 near here
also much greater than in the ebsence of Pl. In the presence of Pi the molar

ratio of incorporation of phenylalanine to uracil in 10 min; was 2,303 in the

absence of Pi it,was'9.97. Thus, actinomycin is much more inhibitory to Pié

starved cells than it is to such cells when the supply is restored. The amount

of alkaline phosphatase synthesized aftter the addition of’actinomycin was

also'greateriwhen P; was added simultaneously (Fig. 9). The increased forma-

Insert Fig. 9 near here
tion of enzyme was roughly proportional to the greater amount of protein syn-

thesiZed: the ratio of FAC]phenylalanine incorporated:with-and withoup Pi
was 1,70,'while in the_period-petWEen adding actinenycin-i Pi_and cessation
of enzyme synthesis the ratio of alkaline phosphatase synthesized with and
without P; was 1.84, -

DISCU?SION

Measurement of macromolecular synthe51s. The discussion to follow will
: N : : |
imply three assumptions concerning the criteria used to measure the syntheses
of macromolecules. These'are: (1) the incorporation of [}uC]phenyl&lanine

into trichloroacetic acid~precipitable material is constantly proportional to

precipitable material can be used as & measure of RNA synthe31s, (111) the

. protein synthesis, (ii) similarly, the- incorporation of ( H]uracil into acid-
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‘formation of slkaline phosphataée acﬁivity‘corresponds to de novo synthesis

of the enzyme protein. While these assumptions may not seriously be doubted,
it shduld be borne in mind that they are éssumptions which héve not specifi-
caliy been confifmed in the preseﬁt instance. | 6

The nature of enzyme-forming potential. In the P—galactdsidase,system .

of . coli enzymeeformihg potential is usually taken to signify specific mRNA

v

(Kepes, 1963; Nekada & Magasanik, 196L); a similar interpretation for the
alkaline phosphatase‘sysﬁem‘of B. subtiliékis consistent with the results of
the presént commﬁnicatidn. The support for this comes from two observations.
'Defepression and sustained synthesis of alkaline phosphatase depend on the
abiiity of~the.§ells to synthesize RNA. Enzyme—forming-potential, measured
kinetically (Fig. 1), ﬁreceeds_the sppearance of active enzyme by 3 - 4 min.
If RNA synthesis.is blocked by actinomycin, enzyme synthesis ceases about 5
min., later (Fig. 7). When RNA synthesis resumes in the presence of actinomycin,
enzyme activity begins to appear about L4 min., later (Fig. 6). The kinetics
of synthesis of RNA and of enzymleorming potential are thus closely related,
and the deéay of enzyme synthesis when RNA formation is stbpped is con-
sistent witﬁ enzym¢ Synthesis being dependent on a éypically_unstable species
of mRNA (Kepes, 1963; Fan, 1966). |

Effects of chldramphenicol on derepression of alkaline phosphatase. .

Although protein synthesis was inhibited more than 95%,by chloramphenicol,
the amount of enzyme~formiﬁg potential found in inhibited cells was about
the same as in the uninhibited controls. Fan (1966) reached a similar con-
clusion using sufficient chloramphenicol and éuromycin to giye 99% and 987% o
-inhibitioﬁ, respectively. We have also ascertained that undei the conditions |

of our experiments Elhq}phenylalanine was incorporated only into acid-pre-

cipitable material. Thus, 95% inhibition of phenylalanine incorporation by
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chloramphenicolvcan'be regarded as that degree'éf'inhibition ofrstable peptide
bond formation. . S

The quéls based,oﬁ regﬁlation teking placé only at the translational
level, orvon derepression requiring simultaneous transcriptionfand translation,
would predict that Whén protein synthesis is inhibited enzyme synthesis could
teke place only in ﬁroportion to the réte of overall protein synthesis; enzyme-
forming potential would not accumulate. . The model based on wholly transcrip-
tionai regulation would predict the accumulation of enzyme-forming potentiai
in the presence of éﬁlorémphenicol as was féund in thé present work, and also
by Fan (1966) and by Na.kada & Ma.gasanlk (1961;) |

In the translatlonal model spec1f1c mRNA would be formed continuously -
and derepression would permit 1ts translatlon. With such a model we would
expect little or no burst of enzyme synthesis on removal of chloramphenlcol

since the presence of Py

and adding I’[ﬁbuld prevent translatlon. In practlce it was found that, bearing
in mind the increase in the'ovefall rate of protein synthesis whgn chloramn-
phenicol was removed and Pi“ﬁdded, the burst of enzyme synthesis was equivalent
to the amount of enzyme.made after Pi wasvadded to cells not pfevioﬁslyitreatedv
with chlofamphenicol. The evidence in this sfudy does not, fherefofe, support
the model based on regulation at the level of translation.
| ~ The model based on a coupled transcriptioﬁal-tianslational regulation

cannot rigorously be eliminated on the available data. Stent's (1966) mechan-

S

ism for this model Supposes'that the relative motion of mRNA and ribosome in

protein synthesis is required to separate meséenger'from the DNA-polymerase

complex., Since it is not known whether éthramphenicol, in preventing peptide

‘bond formation, also prevents movement of the ribosome along the messenger

strand, it cannot definitely be concluded that ribosomal movement is not



required for messenger s&nthesis. .It rust be recognized that chloramphenicol
might act 5y uncoupling ribosoméi movement and feptide bond formation. Since
no wey has yét been deviged of testing_fbr unproductivé rivosomal movement, L &)
all that can be said‘with ceftainty is that mRNA synthesis in the presence of
chloramphenicdl does not depend on peptide bond formation. The kinetic in-
formation obtéined in the presence of actinomycin, howaver, would argue against

the coupled model, as discussed below. ’ s

Effects of actindmycin C.on derepressiqn of alkalinebphosphatase.

All the‘daté'obtained‘on the effects of actinom&cin‘on alkeline phosphatase
synthesis suppbrt the model. for regulation of eniyme synthesis at the level
of traﬁscription only.

~ In models proposing translational regulatién threé situations for the
synthesis of messenger mRNA might bebenvisaged. In the {irst, messengér.is
a stable molecule, synthesized cohtinuously at an appropriately low rate, and
whose translation is regulated in the_deiepressiqﬁjprocess. This situation
would lead to avconsiderablé degree of derepression in:thé presence of actin-
omycin, with & differential rate of enzyme synthesis about normal even in
the complete ebsence-of RNA synthesis. This wés not observed (Fig. 5).
Further, there is no support for a stable messenger for alkaline phosphatase
(Moses & Calvin, 1965); Actinomycin~pfevents RNA synthesis as soon as it
is added and'enzyme synthesis comes to a halt within a few min. (Fig. 7).
Thus, messenger for this emzyme behaves kinetically as an unstable spécies, o Vf 

since Chantrenne (1965) has shown in Bacillus cereus that actinomycin does

not stimulate RNA breakdown. Fan (1966), on indirect evidence, has 8180

concluded that alkaline phoéphatase messenger is unstable. The second pos-



17

sibility; that an unstable messenger is synthesized in an unregulated men-
ner and that derepression csnsists both of permitting translation and stabil-
ization sf this messenger, may be eliminated by a siﬁilar process of reasoning.
A third possibility remains: that there 1s continuous synthesis of

unstable messenger whose tianslation only is regulated. This can be élimi-
nated on the basis of thé experiment of Fig. 5. In this experiment actino-
nyein was addéd 6 min. after removal of‘Pi, just‘on the péint of derepression;
the masrimum rats of enzymw'synthesis in the absence ofiinhisitors began quite
suddenly 10-11 ﬁin; after removal of Py (Fig. 2II), while enzyme—formingtpoten-
tjsl is made b min, earlier (Fig. i); One would expect that if the cells
normally contained a supply of mRNA whose trsnslation began with derepression,
then adding actinomysin just as derepreSsion was fo occur woﬁld result in an
initially high differential rate of enzyme synthesis, which WOﬁld soon begin
to fali as further messengey synthesis was‘prévented; This implies that
enzyme-forming potential is not ﬁRNA, but a factor invqlved.in its trens-
lation. Experimentally this.prediction was not vervified; the initial dif-
ferential rate of enzyme synthesis was zero (Figs. 5 end 6), and éniyme began
to be msde only some minutes after RNA synthesis resumed; Thus, dctinomycin
interferes with the formation of an essential factor made only in she absénce
of Pi;‘this suggésts once more that.sﬁzymé-forming pofential is RNA.

| Stronger evidence agéinst translational regulation, either alone or in
a. coupled system, comes frgh the experiment shown in Fig. 9. IT actihomycin
and Pi are effectivé at two different léci in repressing alkaline'?hosphatuse

syhthesis, adding them together to derepressed cells should be more effective

-than adding either one singly; i.e. the yield of enzyme made in the period

after the addition of actinomycin plﬁsvphosphate should have been ‘less thon

when actinomycin was added alone. This was not the case, and we conclude thet
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P does not act additionally to actinomycin., It is clear that the action of
1 .

actinorycin when first added to P;-deficient cells is to prevent RNA synthesis;

the present findings indicate that the action of P; is to prevent specifically
the éynthesis of alkaline phosphatase mRNA, so that the effects of P; and L

actinomycin are not additive and both act at the level of trénscription.

Fan (1966) has reported that adding actinomycin 1 min. after repression
had been actuated with P; reduced the total yield of enzyme made before
synthesis ceased altOgéther. He interpreted this ﬁé mean that rmRNA synthesis
was still going on at leaét 1 min. after the addition of Pi' Inlview of the
results in the present coﬁmunication a more'plausible‘explanation is that the
effect was due to a direct inhibition of protein synthesis, which takes a
few miﬁ. to develop. With actinomycin added 2 min. and 3 min. ai"ter.Pi no
reduction of the yield-of enzyme was observed, but by then most of the enﬁyme‘
had already been synthesized and fhe rate ofvSynthesis was beginning to fall.
The amount of residual mRNA.spill availeble for translation by the time actino-
mycin began to exert its direct effect on prbtein synthesis would have been
comparaﬁively small.v The effect of actipomvcin added only 1 min. after Py
would be expected to be much greater.,

The physiological action of actinomycin C. As with so many inhibitors,

the in vivo. effects of low concn. of actinomycin were complex. Immediately
it was introduced to the cells I?H]uracil incorporation into RNA ceased, and

' ~ L ‘ :
mich recently incorporated uracil was released. The rate of protein synthesis

N‘\]'

sradually decreased, and this was probably at least in pert a consequence of
the effect on RNA synthesis. Some min. later RNA synthesis resumed, albeit. y
at. a low rate, but no increase in the fate of protein synthesis was observed.

. At this stagé actinomyéin exerted an inhibitory effect on protein synthesis

additional to that resulting from,interference with RNA synthesis. 1In Pi-
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deprived cells the efficacy of actinomycir inhibition on both RNA and pro-
tein synthési§ depended on the availaﬁility of Pi' The use of actinomycin
as a specifié iphibitor of DNA depenaenﬁ-RNA synthésis must therefore be

rererded with sone reserve unless it can be shown.in particular cases that

N

that is indeed'the_only action it has,

,The'WOrk fépofted in this pabérﬁwas sponsored by the United States

Atomic Energy Commission. -I'should'like to express my gratitude to Miss

_Pamela Sharp for her technical‘assistancé and to Dr. Gunther S. Stent for

'stimulating discussions during the course of this work.
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Fig. 1. Kinetics of appearence of enzyme formlnr pOuentlal and enzyme

aétivity. P removed. from cells at zero tnne. Alternate samples were

mixed w1th chloramphenlcol to neasure enzyme already formed (curve B), or

uLLh 0.2 mh- 7 and Uerevthen 1ncubated for 8a further 20 min. to pcrnut full
expression of enzyme-forming potential (curve A). Enzyme activity waé assayed
in each samplé. The difference between curves A and B is a measure of enzyme- -

forming potential,

Fig. 2. Incofporation of pﬁenylalaniné énd uracil, and synthesis.of alkaline
phosphatase, in gells with and without P;. I, cells with'Pi: labelled phenyl-
alenine and vracil added et O min.; II, cells from which P; was removed at O
min.,: labelled phenylalanine and uracil added at 6 min. (i), 0.2 mM-,'P_i added .
ot 21 min. () A, phenylalanine incorporated; B, uracil incorporated; C, alka-

line phosphatase activity.

Fig. 3. Incorporation of pﬁenylalanine and uracil, and syﬁthe sis of alkaline
phosphatase, in cells deprived of P; and inhibited ﬁith chloramphgnicol. Py
removed ut O min.; labelled phenjlclanlne and ur301l uogether with chlor-
amnhenlcol (JS /ug /ml ) added at arrow. Durlnﬁ perlod 21-21.5 mnn. c1loram—
paenicol was removed by flltratlon and cells were suspended 1n medium with
labelled precursors and 0.2 ni-P;. A, phenylalanine 1ncorporated; B, uracil

incorporated;lg,,alkaline fhosphatase activity..

Pig. U, Experimeﬁt shown in TFig. 3, with alkaline phosphatase éctivity blotted
vcrsus‘incorporation 6f phenylalanine to give the differential_rate of cnzyme
synthesis, Arrow represents the period during which chloramphenicol was re-
moved and P; ‘added., Before the errow semples were taken at intervals of 1.5 min;;

after the arrow at 1 min. (cf, Fig. 3).
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Tige. 5. Incorporation of phenylalenine and uracil, and synthesisvof alkeline

phosphatase, in cells deprived of Pj and inhibited with actinomycin c. Py

1

removed at Ovmin.g labelled phenylmlanine and uracii, together with actino-

ryein (0.4 /ug./ml.) added at arrow. During period ;é-lG;S min. actinonyecin
was remnoved byvfiltration_and-cells vere resuspended in mediwa with lébelled
précursors and 0.2 mM-?i. A, phenylalanine.incorporated; B, uracil incorpor-

ated; C, allkaline phosphatase activity.

Fig. 6. Enlargement of part of‘gra@h shown in Fig. 5. A, vracil incorporated;

B, alkaline phosphataée activity.

Fig. 7. Effect on incorporation of pheﬁylalanine and uracil, and on synthesis
of alkaline phosphatase, of adding actinomycin (0,5 }u;/ml.) to derepressed
cellé. P; femoved_atbo minn; labelled ﬁhenylalanine and uracil added at 12
min.; actinomycin added at 17.25 min. (¢). A, phenylﬁlanine inéorporated;

B, uracil incorporated; C, eslkaline phosphatase activity.

"ig. 8. Incorporation of phenylalanine and uracil in derepressed cells in

!

the presence of actinomycin alone, or actinomycin plus Piyw P; removed at

0 win.; labelled phenylalanine end uracil, together with actinomyein (0.5 ug./ml.)

: ' ) :
+ P; (0.2 m) added at 11 min. (). A and C, phenylalanine incorporation; B
and 2, uracil incorporation. A, and E,'actinomycin alone; C, and D, actino-
mycin plus Py.
o ~
Fiz. 9. Repression of alkaline phosphatase‘synthesis by actihomycih with
or without Pi. P remgved aﬁ g_min.;_actinqmy¢in (0.5'/ug./ml.)vi P; (0.2 )

added at 11.25 min. (J). A, actinomycin plus Ps; B, actinomycin alone.

o
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V. MOSES: Regulatory Site in Enzyme Derepression. Fig. 1
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the

Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, .any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.
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