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_ The Lifetime of Bacterial Messenger RNA

V. MOSES AND M. CALVIN .

Lawrence Radiation Laboratory, Unlversity of California

serkelay, California, U.S,.A.

Puromycin, an Iinhibitor of protcin'synthesis, gppéars to
&ct as an inhibitor at additicnal sites during the induction
| of B-galactosidase synthesis.b Mo inhibition of the reactions
proceeding dufing the first 20 seconds of iqduction was obhserved,
but puromycin Seems to prevent the accumlation of messenger RNA
' during the period bgtween 20 seconds and the first appearance;
. of anzyme actiQity after 3 minutes, |

When cells from a statlonary eLlture are placed in fresh
medium containing inducer for B-ualactosiaase,.growth, as repe-
resented by increase in turbldity and by total protein synthesis,
starts within 30 seccnds.A By contrast, B-galactosidase ayﬁthesis
is.greatly delaye@ compared with inductiaﬁ during exponential
.growth. Twoe other Induaible cnaymeﬁ shov similar lags, but
mé;ia’déhydTOgenase.-which requires no external inducer, shows
" no lag. The lags are not due fo-catabo;iﬁé vepression phenoména.
They cannot'belrcduced by piatreétment of the cnlturé with
inducer, or by supplemenfing'the fraaﬁ medium with amino acids
‘or nucleotides. The lag is also demonstrated by an i™ mutant
_ constitutive fqrhs-galaotosidase synthesis, |

An inhibitor of RNA ayﬁthesia. g~azauracil, preferentially
inhibits Bégalactosidaéa synthesis compared with growth in both

inducible and constitutive strains, It is suggested that these
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observations, together with many reports in the literature that
inducible engyme synthesiQ is more qensitivé thapltotalvgrowth
to some 1nhibi€ors and adveésc growth éonditiona; can be
explained by supposing that messenger RNA fo§ uormally 1nduci$le
enzymes is biologic&lly more labile than that for normally con=-
stitutl?e proteins. The implicapions'of this hypothesis for
the achievement of cell differentiaticn by genetie regulation

of enzyme synthesls are briefly discussed.

1. Introduction

" puring the past two or three years reports from a number of labora-
rories have shown that the synthesis in bacteria of indgcible enzymes is
,generélly more sensitive than growtu as a whole to the presence of cer-
tain inhibitors (Engelberg & Artman, 1964} Henderaoﬁ. 19623 Palgen,
“19633 Pardee & Prestidge, 1963; Sypherd & DeMonmsg, 19633 SyPherd § Strauss,
1953a,bs Sypherd.-Strauss ¢ Treffars, 1962), Paigen (1963) found that
inducible enzyme synthésis was inhibited by leueclne, valine, histidine,
and serine, and was 9romote§ by lodoacetate. Tbla'was interpreted in
terms bf a catabolite repression effect_(Magasanik, 1953); Pardee &
Prestidge'(1963) obsgrved that compaﬁed with growth B-gélactosidase‘

synthesis in Escherichia coll was praferenflally {nhibdited by ultra-

 vio1et irradiation. and they Slso invoked an expianétion based bn
catabolite rbpregsion. The oﬁhér workers'@ontioned ahove, employing
—-as inhibitors ‘déuteriﬁm oxide, stmptor_nyeln, ehloramphenicol, 'puvomycin.,
tetraeyiina, etc., have more ‘or idsg prliélt.y beﬁécted catabolite
repression..‘lndced. Engelbergi&,Artman (1954),7ubﬁ#ihgﬁwifh sfrepto~

mycin, have proposed an a;térnativo explanation based on the concept of
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varying biologlcal stabilities or lif@~t£mas for different speclflc
messenger RNA (mRNA) molecules. o 3

~ Jacob and Monod (19&1) suggeét.in their modul:fof the machanism of
the inducible control of enzyme synthesis that the ;ntﬁoduction of an
© inducer to a culture of gr§wing bacteria initiates the afnthe&ia of a
specific DNA—degéndeﬁt'mRNA.. Tﬁe mREA ia then pel@aved ta_aat,'at céta*
iytic sites located on the ribﬁsoﬁas. as an instructional template for
the synthesis of a particular polyﬁeptidg.( Although this model is not
universally accepted (Dean & Hinshélwood. 19644 Hendler, 1963; Lindegren,
“1963j'Ponteéorya; 1963; Stent, 195“)0.if has recently adquired additional
- support by the findihg thét the 1eve1 of mRYA in inducible cells 13
‘ bigher after induction than bafbre, and iz also high in the corres-
v‘pcndiny coustitutive cella (Attardi, Haono, Gros. Branner § Jacob, 1962}
Attardz. Naono, Gros, Buttin § Jacob, 19633 Groas, 1964). The response
- of enzyme biosynthesis both tc the addition and removal of inducer frow
the culture is_Ver rapid, In tha case of Bogalactosidase in E. eoli, i =in
3 minutes sufficgs for the attainment of the maximum rate af enzyme bio-
aynthasislaftér the addifioﬁ of inducai {Pardee & ?restidge, 19613 Kepes,
10633 Nakada § Magaaanik; 1964), 'Removal of inducer rapidly brings
enzyme syntheéis té a halt. and this process also takés oﬁly a few
minutes (Kepes, 1963: Nakada § Hagasanik.vlgéuﬁ.f Theée'and.ofher results
- have led to‘the suggestion that in the B~ga1actés£dase gystem mRNA is
rapidly synthésizad, ;nd aequally rapidly dé;troyed'wheﬁ its'syntheéis
comes to # halﬁ following the removal 6f 1nducor.l Kepes (1963) has
measured the half-life of 8égalact¢5£d$sa mRNA as'abou£ one minute, and |
other authors have also concluded that thia aud other mRNA’a have ha1f~ :

lives of up to ubout 2 5 minutea (Nakada (3 Magaunnik. 1964 Levinthal.
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Keynan & Higa, 12824 MeCarthy é Bolfén. 1964),

We may thus note that some doubt exlsts eohaoruiqg the stability
of mRHA, an quertaiﬁty which wa feal ariaes,frpm.thé fallure in some
instances to recbgniue the possibility that'nbw,all mRNA malecuies.

. need posseés fha same stability characteristicé. bﬁ the basis of
nutritional studigé; Karstrim in 1930 divided baéteriai enzymas into

| Ewo broad:groupss "adaptive"A(more éecently subdivided into "inducibla"
. and "répressiblé") énzymes. produced only. in response tolthe presence
or aboence of speeific substances in the growth medium, and "constitu-
tive" enzymes, those alvays formed in a growing populatlon more or less
independently of the chamical environmgnt provided by the medium, With
fhé devalopment.of'modéls to account for.ths 1nduciple and pepressible
control 6f enzyme.éynthésia.haa'ééme a,tendency.tb sﬁggast'that ell
enzymes behave in the samév vay as S.ndnqible oneéldo. A constitutive
onzyme, it is suggested, {8 ona which is always being induced, perhaps

by some internal induc@r. 'Pardee.& Beckwith (1963) have diacussed this

matter at length, and while noting that a aonstant intevplay of induction’

and vepression may serve ta control ostensibly constitutive enzymes, they.

point out that there may be no_control mechanism of. this sort operating
at all on such engymes, Tha rates of synthesls of'constltutive enzymes
. would thus not be subject to much r?lative #ariation..‘They might vary
slightly as a fundtion of energy and éthervnutrignt éupply..etc.. since
‘such nén—specific'faétofs might not affeétralx proteins in the same way.
With.inducible enzymes a short~lived mRNA provides a sensitive means of
"ragsponding to the removal of inducer from the medium;‘ Arguingbfrom

energy conslderations, we might suppose that .such a fine control would

N
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be irrélavanﬁ in a‘eonstitutiéa Bystem not_subgaét to genetic regulation
6f the type préposed for the {nducible and ;eprabsibie énzymes. Indeed,
not only would this control be suparfluous, it would also be wasteful,
since the cell would need to syntheslze continuoualy mRNA whicﬁ it was

‘ equally industriously decomposing, | '

| The concept of long-lived mRNA is common in conalderation of higher
organisms. For example,\Spencor ¢ Harris (1964) have shown that protein

_ gynthésis proceeds in cells of the glant alga Acetabularia crenulata for

dayé after enucleation, whila Prescott (1959, 1960), and Goldstein,
_Micou §'Crocker (1860), have found protelin ﬁynghesis to continue for
_many hours after the removal of the nuclel from ém@eba@ and from human
amnion.cellé. Ope could always argty, howevéb. that in view of the far
more'raﬁid'grbwth rate of bacteria, a short-lived bacterial mRNA, with

a life 6f mingtes; is fﬁnctionally equivalent to ﬁ‘mRNA species in a

| higher organism having a ;ifé-time of'hdnrs or days, It therefore became
of particular interest to Iinvestigate the possibility of a range of

) stabilitiag émong different mRNA functléns witﬂin one organism,

| : 2. Materials and Mathoda

Organlams and growth ¢onditions

| ~ Strains of E&:£§££ have_been used as follows:{genotypes refer to

the lac operon)t C800-1 (1*y=z*) (from Dr. A. B, Pardee); 300U (ity=z')
and 230 U (i‘y“z*) (from Dr, J, Honod); HL-3 (l*y‘z“(ffomlbr.'a. Ji Clark).
All‘except ML~3 were grown on M3 medium; containink ammonium sulphate and
\:othev inorganic salta, glycerol and thiam¢ne (Pirdee & Prestldge, 1961).
Strain 1L~3 was grown in the maltoaeusalts madium described by Boezi &

Cowie (1961). Growth waa at 37°.1n air with constant‘stirringgAand was




g at 420 mH, .

G
followed by meésuring aptiégl density iﬁ & 1 em cuvette at 650 my. An
-optical density of 1,0 was équivaiant to a bactérial;conceﬁtration of
abo§t>0.u3 mg dry Qeight/ml; | v: | |

Enzyma 1nduction

The kineticse of B-galactosidaso 1nduetion vere obtained using iso-
propylth1@-8~D~galactopyranoside (IPTG) (usually at S x 10*% ) or ‘

| mathylthio-ﬁ-Dugalactopyranoside (TMG) (10‘3 ¥) as inducers, Following

addition of the inducers, 0.2 ml samples of the suspension were sampled

into tubesz contalning 20 ul of toluene together with 20 ul of an agueous

1 solution of cysteine (0, 05 ¥) and triton~Xloo {0, 5%). The contents of

~ the tubes were v;olently ggitated fqr‘about 15 sec with a §ortex mizer,
For measurement of enzyme activity, 0.8 mi 6f the folloﬁing'soiution vas

added fo éa&h mbea‘ KHpPOy, 0.0187 Mg K 2?&0“. 0.0833 M; NaCl. 0.125 M3

| o-nitrophenyl~@~b-galactopyranoside. 0.0033 M, Tha tubes were incubated

wlth shaking at 37° until sufficient yellow colour had developed, and

the reactlion was- then stopped with 0.2 ml of 1. S M»Wa2003. The resacticn

time for each tuba was noted. The tubes uera centrifuged at 10,000 x g

, for 15 ndn and the abaorbanee of the clear supernatant solution deternined

Tryotophanase 1nduction and assay, using L-tryptophan (500 ug/ml)

"as inducer, were performed with strain C600~1 as described by Pardee &

Prestidge (1961). D-Serine deaminase was 1nduced with D=sarine (300 ug/ml)

in strain ML~3 and assayed as describad by the same authora (Pardee §&

- .Prestidge, 1955).‘, 7 |

o Malie dehydroaenasa was measured 1n toluene«treated cells by incu-

bating them at 37° with oxalacetic eeid and NADPH, in the same buffer as

that used for B-galactosidase assay. The fall in optical dens;ty at
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340 my was followed with a Gilford Model 2000 Multiple Sample Absorbance
Recorder{, Units oflenzyme activity are gxpréésed,in_all cases aspumoles N
of substiaté metabolizé?/min/ml 63 cell ﬁuapgnsion at 379, |

Chenical detarminations

For méasuremnnt ef protein and nuclele acid, $ ml samples of
bacterial suspansion weve nixed with cold trichloracetic acid to yive

a final coneentration of about 5%, Those samples were later analyzed
for protéin. RHAfand DﬁA éé,described by Berrah ‘6 Konetzka (19625,

| Cell gggggi | |
Samples for determination of cell number and volums were taken
into gtowth medium containing suffieient formaldeh&de to give a concen~

:ration at 0.2% after‘mixxng with-thelsample (Lark & Lark, 1960),

The medium was pfevioualy filtered through a ;OImu'Millipbrerfilter.

' Aliguots of these samples wera lafer further éppropriately diluted in
the same medium and the cell populaticn 1nveatigated with a Coulter
partlcle counter (Mattern, Brackett § Olaen, 1957). - A probe tube with
a 30 o apertura was used (Coulter Bleotronic&. ﬂialeah, Florida)s The
alectronxc components consisted of a Particle Counter Syatem Electronics
(Radiation Instrument Developmsnt‘baborgyory.vﬁelvose_Park, Ill, ¥o.

'oléoag),-a'rour Hundred éﬁanﬁez Pulse Height knalyief&(RIbL No. 3u~12B),

.‘and a Digital Recovder (HeWIett-Packard, Pale Alto. Calif, No. Hu3-562A),

The particle aizas were experimantally distributed into 100 chennels

~and two parameters were measurad after eubtraction cf background noiSez

the sum of tbe pavticles in all channels. and the aum of the products
of each channel number and ‘the nvmbgr of particles 1n that channal.

; Since each channel aumber is directly préportional to the volume of

the indiv;dual particles 3ivinz rise to pulmam falling in that ehannel‘

i
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fhe éroduct of the channel nq;bér and the nuwbgr;offpabticles gives
an arbitrary measuyre of the togél bu;kzéf ééll matgriql:in that parti-
a :ulér chanﬁsi.‘ Sﬁymegiog'of'theéq va;dés'foi hl; éﬁanaels then gives
the total bulk of bacterialﬁéupstance in thelsﬁapeqsion in arﬁitvavy
units. An average ceil volume may also be oélqulpt?d fér each sample.
| 3. -Rmsu1ts. | |

- Effects gfbpuromycin gﬁ;growth ahd on inducible enzyme synthesis

vThe.indﬁced synthesis_of‘B-galactosidase inlgnggii 18 more sensitive
- than growth to thé'présence of puromycin (TaSle I’L 1f puromyein

(5 x qu“'Hz;;slédded to a logarithmically grqéing cu;tﬁre of cells
‘which'are.éléo,inddgib1y §ynth¢siz1ng B-ga;actosidasé, enzyme synthesis
termiqétés insténtlvahile growth slows dQWniﬁut does not stop éntirely
for over an hour. (Fig..l). T o

| Kapas (1963) has shown that if a eulturs 1nducibly synthesizing
g-galactosidase ie suddenly diluted fiftyfoid tc reduQe ‘the inducer con=-
centrat:on to a 1evel too low to promota 1nduction, the rate of enzyms
"synthesis begins to slcw down 1mm@d£ate1y and comas to a cowalete halt
in a few minutes. If such dllution to reduoe the lnducer ¢oncentration
is performad after only 2 « 3 minutes of contact between the cells and
the inducer, and gggggg_onzymic activity hae appeared. then 3 short burst
of enzyme synthesia is observed. Thia commences about 3 minutes after.

the original introduction of inducer to th@ culture and eeeﬁa&:g:ﬂau

ceases a few minutes after dilution has taken plac&. The burst of enzyme
- synthesis is 1nterpreted as. beling the translation into protein of mRNA
. formed during the time of contact with 1nducer. This translation doas not

COmmence until 3 minutes after the introduction of inducer., Net mRNA
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dacay starts as socn a&s inducer is withdrawn and none is left within a
few minutes, During thia pcriod the vate of enzyme aynthesis falls in
propdftion to the decreasing concentration of mR¥A, and when the mRNA
has all gone anzymé protein synthesis ceaée# entirely.
vﬂowever, it s x'iO‘“ M-puromfcin £s'presadt during fhe.time that
the inducer is in contact with the cells. no burst of enzyne synthewis
is observed nftar simultaneoaa dilution of both puromycin and inducer,
even though growth doah resume immediately aFter dflution of the aqt1~
biotic (Fig. 2). The low concentration of puromycin after dilution
(1075 ¥) is not ink 1bitory. In this experiment indgeer wag added to
" the cells one'minute after puromycin, and dilution teok place 3 minutes
latery the totai éontact time between puromycinfandAthe cells #as_thus
4 minutes. in éﬁothar exberiment 5 % 104 M¥=puromycin was inéﬁbated with
cells for 4 minutes ahd~the suépension was then dilutedvfifty times into
medium containingbs xlle*“ ¥-IPTG but no pﬁromyan. Growth wag resumed
{mmediately and fhera'wéa no perceptible delay in the onsef of enzyme .
synthesis coﬁpared wiih a qontrol sample. A'lohg contact time of 32,5
minutes between the ceils and puﬁomycinxbefbre'diiution of the latter and
- addition of inducervdid result:in a delay of about 26 minutes before
enzyme synthesis startad,.-ﬂoweverg fn 4 minytes 5 x 10™% puronyein
causes no inhibition'df the induction and_aynthosisAprocesa which is
not readily reveraible.when the iahibitor is removed, Nevarthelass,
’in the prasencé of puromycin hot'on;y ;s'protein s&ntﬁesis éirectly
‘suppressed (Nathans, 1964} Sells, 1964} wmm‘mm ¢ Schveat, 1964),
- but the development of the protain synthesizing potential reasured by

- Kepes (1963) is also inhibited since nong aocnmulatad as long as the
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iﬁﬁiﬁitor Qas présent; Képes ;quated tﬁia{pofénéiél with nRNA. - The
‘ imnadiate resumption of browth which took place when puromycin was
K ‘removcd implied the continued presance, through the period of puromycin
‘ivhlbition, of mRNA‘coding for-those proteine contributing towards growth.
, w@ thus recognize tha possibility that puromycin may inhibit mRNA syn-

thesis, as wcll a* protein synthesis, yet some pra-exiat!ng long-lived

. mRNA's continuad to. survive through ‘the period of inh;bition to permit

\

the ‘mmedlata resumptxon of growth when the inhlbition was relieved.
If puromycfn was added 2,5 mlnuteavafter 1nducer, just before the
.éimé that enéyma éroﬁein-syhfﬁésiavwas 5eginning;.and.both'puromycin
‘and inducer'kefa‘rehéved b§ dilution atua'minutes,-a'slight'diminution
in the éubsequéﬁf”EEEQtlbf anzyméfs&nthesis was observed (Fig. 3), indi~
gatingvthat somévdegree of iﬁhibition may téké pléce'in'SO'seconds'
contact time, . H0wever, when inducer was added to the culture 30 seconds
after puromycin. and both were removed by dilution 20 geconds later,
therc was no observable inhibition of- the subﬂequent burst of enzyme
syntheals (Flg. u). ) ‘ o ' ; _
Enzyme induction may be considered simply in three etages. Firstly,
" the inducer interacts with tha receptor. and thie can occur within 20
)seconds (Kepes,,1963).m\Aa contaat with puromycin for tha first 20
‘ seconds after the addition of lnduce“ does nat affect the subs&qucnt
"formation of anzyme we may conclude that puromycin does not Interfere
with indueer~receptor interaction.ﬂ Secondly. in the period from 20
' SeCO;do until an~yme protein begins to be maae at about 3 minutes,
puromycin inhih*ts the accumulation cf mRNA. The assembling of the
. polypeptlde pvotuin strueture which begins at about ) minutes consti-

"tutes the third stage and ia totally lnhibited by purOmycin.

. 5 - -
Wt . . R 'y
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ﬁzvme induction and 't« relatien L growth

hm trdicatianm obtrinad from tha guromjcin atuﬂiea that th@
mechanisms of asynthesis of inducib*u on*ymoa and of proteins contrié
but&pg to gmgeral growth mlght not be *ha same was studied further
‘ durxng transitions from one phase of growth to another. ”‘-
in M63 medium E. coll €600-1 grovs exponentially as mmasur@d by
ineresse of absorhdnco with a doublin? tima at 37° of 63 to 85 minutes,
Growrh ev@ntuallj stops as a result of the almestvcomplete ;:ﬁaustxonm
of,fha glycerol in the medium;' the ammonium palt used as nitrégen
sodﬁca is prﬂdént in great axcess. ﬁmen grosth stops the“6ptiqal
denslity remains appr@ximatel& econstant for alﬁrolonged perisd, If
 after remaihihg for aboyt 1 hour in the stationary pﬁame of growth
a portion ef the cultuva is raoidlv added to aeveral volumes of fresh
urowth madmum, an exponantial incvease in absorbanca of the cuxture
begins immediataly. the fivst maa&uvemont usually boing,ab out 30 seconds
aftnr the aaditicn éo allow for thorough mixing (Fig. 5). Unaer these
sonditions of atarvatian. therefore, thero is no lag before hrowth
pesunes dhev stationary calls are reintraduced to a medlum favourabla
for growth. _: | |
~ The introduction of inducer to an exponentially growing cultuve
t)p-cally initiatus tha suddan cnsot of enzyme proteln synthesis which
o starts 2.» - 3 minutes latar (Boezi t Cowle, 1961; Vakada & Hagasanik,
't196u; Pardea 8 Preatidga. 1931); ve also find this to be trua (es80s
- 'Pig. 3). Honod, Pappunheimer § Cohan~Dazive (1952) hava used the dif-
ferential rate cf enzymy synthesia (the rate vg, the ratm of growth,

determined in our case. by increare in optical density) as a means of

. comD&ring the vynthumia nf a speaific 9roteln wlth the nggregata syntheaie
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jiof many proteins contributing to growth, :ﬁ{thé'éaée of G-galactosidase

" induced during logarithmic growth fbe~timo'requ£pedyfor tha differential

A
RV

rafe'éf'syntheais to inorease from a low baaax rate o a gteady-state
high rate of 1ndu¢ad synthesis is very short 1ndeed, probably net more
than a faw seconds (Fip. 6). A di”f@rent pattern of differential enzyme
synthesis kinetics is ohserved it cellsAfrom a.szationary phase culture

are added to frash medium_obntainina inducer for B-galactasidasp.'

. Bxponential growth start&'immadiately (Fig, 5) and althou h 8~ alaétosx-

- dase actlvity bezing to _appear after 3 minutes, the differential rate

M

. of induced enzymeé synthesis. gradually incresses and doea not beeame
. constant until about 1 minute& after iaductian stﬁrted (Flg.. 7).

- This obuezvetion suggestad to us that during the tiwve the cells remained

in the stationery browth phaqe some disruption of the aerips of events

‘ leadlrg to tha appearance of enzymo pratein occurrad, and that this

needed to be rep@ired when growth was resumed before maximal B~galactosx~

dase synthauis could take pla:e. Sinca the firat aypearance of an

'1pcreased rats of enayme synthasis ﬂid oceur at the usual timu of 3

mxaufes it aeemed that the 1n£tial inducer*reeegtor interacticn, known
to ocenr uitbin *he first few seconds, was ncrmal. But as the vata of

syntncsis~increased gradually over a prolongad period it aépeared that

a proceas not normally rata«limit&ng was now governing the rate of

1'syntna81¢ of enzyme, Rearing in mxnd'that this phenamenon devalopad

during a period of enargy and earbon starvation, when both carbon

' 'skeletcnayforxgynthasia and onergy were in shopt suppiy, a7reasonab1e

o explanation might ba that pools >f metabolites assential for some part

cf;thz complete induction and protein éynthesizlmg; mochanism were

M



' reoreasion depends on tha presenca of a earbon source..
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. depleted and required time for reconstitution following the restoration

of the carbon and epergy substrate. Such egsentlial metabolites might

be envisaged as aminto acids for protein synthesis or nucleotidas for

mRNA synthesis.

It was ghown some years sgo by Lévtrup (1958) that under certain

conditione of starvation substances are 1ost‘frah the eells which ave

.not.quickly replaced, aven by the additfon of glucose, alanine and ATP.

N %,Tha mere act of‘diluting the culture into a large volums of medium
was not responsible.fbr the delay. When a s&mﬁle af an exponehtially
growing culture was diluted into nine volumes of fresh medium eontaining
inducer the dirffeventlal rate of synthesis héeame coﬁstant in the
chavacteristic 3 minutes. Hor can catabolite rnprdssion (Magasanik,
1963) Se invokeé is aa'oﬁalanatiqn¢ Nakada ajﬁagasan;k (1984) found

that starvation in the dbsence of'hitrogen, bué In the prasenee of

'_carbohydrate, a eondition giving rise to catabolite repreﬂsion. would

. delay . the appearencs of enzyme wh@n the cella wern returned to complete

medium cOutaining inducer.- These authora exp;ained their 1ag as dus to

the time taken to use up accumulated catabal&ta represnors in mmtabolxam-

*: Our conditions of, atarvatlon ware cnmpletaly reversed from thos» of

Nakada & Magaaanlk'(lgsu), employing an Qxceas of nigrogen and an
absance of carbohydrate, ‘Mandelstam (1961); in his studlas on .
8~galact031dasa aynthasis by atarved eells. has shown that catabélite

S

Addition of inducar to calls Min the staticnary growth phaaa did

) parrit the Ve:y slow aynthaais of anzyme (rig. 8). ﬂevertholess, contact
j:with the induoer during the stationany phase did uot rﬁducn the lag pre-

cading the attainment of a constent differantlal rate of enzyma synthesis
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when growth was resumed by dilution into frash'medium'cantainingv
“inducer, Even the continuéd presence of iﬁﬁucér. originally a;lded
dufiﬁg thé-previbus growth phase before the axhausfion of carbohy= .’
- drate took @laca, had no‘effect on ‘the lag when grqwth was resumed
in the preséwce Of‘ind§cev (Fig; 9). ' In this éxpe5§m§nt, IPTG was
_added to the culture during expo&ential grawth. The.s?nthesis'ef
'vaugalactsmidase commenced in 3 minutes and tho diffevential rate af
:-ayntheuis vemained conatant throughout the rest of the growth pariod
(about 2.5 hours). Eventually growth stopped and ﬁ~ga1actosidase.,
'synthegis'also ceased almost completely, After the aténdard one hour
vof starvation, pért of the cultﬁre ¥ag diiuteé into fresh medium etill
ccntéining IPTG. Growth resu&ad immediately, but the differential
rate of B-galactosidase synthesis behavad a8 déséribed éarliav, and
did not become éoﬁstaﬁt untii about 18 minutes after growth restarted.
In tﬁg gontrol ;n this experiment, in which no IPTG was present Sefore
-dilutién, the lag was 14 miﬁutas (Fig. 9)» The experiment thus i{ndi-
éatea thét during the starvation peiibd part of the 1ndu§iblaaenmyme
'Jaynthesis méchanism de?gyed aﬁd had te @g renawed on reasumption of
.'exponential growth. Suchidacay would ba'c@nsietont with the breakdown
of iaducible BRNA when materiai #nd ennrgy'needed to mainﬁain f‘botide pools
and synthesiae RNA were mot avallable after tha exhaustion of the carbo=
hydrata substvate. =
. The lag in enzyme induetion aftev a period. of starvation was .

‘reatvicted ueither to a~ga1actosidase. nor to $train C600~1‘ Precisely
‘the same ﬁ-ealactoaidasa hehaviouv was demonstrated by strain 3000, Two

' other indugible enzymes. bcth taking 3 mlnutes to demonstrate stundy
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. differential rates of 3ynthe$islwhan induced iﬁigxpenantially growing

. cultures, showed lags similar to that for 8~gal&ctasidase 1f the inducers

were presented to the cells at the time they were ailuted into fresh

 madiuﬁ fréﬁ'staﬁionary growth.”"Theac.werevtryptophmpass In strain
© 0800=1, grown on glyeerol, whiah'shbwed'aflag of 33 minutes; and
 >D-&er1ne deaminase in strain MLwa grown. on maltose, with which the -
lag was 198 minu%as. In both af these ex?eviments ex@eneﬂtial growth

:-?-commencad imm@diately upon dilution.

- Bafore investigating the 1&@ further an¢ther trivial oxplanation

fneédad to be excludeds viz,, that tha delay was the canseQQan¢e of

¢ransferring the ecells from axhausted medium to fresh mediuﬁ._ Perhaps

fresh medium contained a substance inhibifory to enzyme induction. It
nas been $howh_by:Freter § Ozawa (1963). that meaium which has supported

growth of bacteria until thay have ceased dlviding because of oxhaustion

. of an nssential nutrient, may be cnpnblé-of aupporting scﬁe further

growth if the 0ld eslls are remOVed by filtration or centri”ugation.

and the medium inoculatad with a frosh sample of cells. They suggest

‘that the dense atationary population ex¢hau$ts all the nutrients capable

of bezng util&zed uudat the highly reducing uonditions of such a culture,

: Tha manlpulations involved in removing the aalls ve@ults in aseration of

Vthe medium which then permits some degree of further grawth.

- An experiment was perfarned in -which stntionary phase cells were

;added to f&ltered exhauated medium eontaining inducer. A short period
(s ninute@ of very mpid zmwth ata enaue, followlna; which the rate
- of growth fall very greatly (Fig, 10). Th@'diffarontial‘ratg of enzyme'

'v_gynthgéia; hcwevgr, showed the usyal pattern with a lag of 16 minutes
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compéred with 1% minutes for the control (Fig. 11)} the possibility

th&t,é component in the medium was responsible for the lag was thus

A excluded.

" Direct attempts were next made to replace in the medium essential

. intracellular metabolites which might have bacome depleted during star-

vation, In one. experiment starved cells were added to fresh medium

contdining enzymic hydrolyzate of caseln (200 pg/ml) to replenish pos=-

"sibly deficiént'podls of'amino.aéids. In anbtﬁer attempt a mixéuva

‘ 'of the dxphasphates of adanosine, cytidine, guanosine and ur*dina
{:(128 ug/ml each) was usad to aupplement the medium, In_neithar casa
'wqra thg kinetics of growth of«ﬂmgalactosidase syntheaié afféct@d,

" though in the case of the nucleoside diphoéphateﬁ'this might have been

due to their‘inabiiity to enter5tha'cells.. Amlno acids are known to

e concentrated from the medium by F. goll (Britteu 8 McClure, 198?),

ffso that a shortage of amina aclds for protein aynthesis is an unlikely
'axplanatlon for the lag in enzyme formation. To ovaycome ‘the incon~
:-cluaive resulfa with-thé four hu¢1aotidea;.a“mixture of:the four ribo~
: ‘aucleozides (50 ug/ml of each) was added’téltﬁa mediﬁm inf& which.
' starvéd éells were diluted, even fhough nuciaéside$ are ndf normal
‘metab01ic intermediﬁta@. The presence of these nucleoaide while
‘ net affoctxna growth, both prolonged the lag (to 20 minutea comparcd

s with lu minutes for the control) and 1nhih£ted enzyma syntheeis (F;g. 123

This lnhibmtxon might be the consequance of a form of cataholite repres=
sion and is being separatéiy {nvestigated.

Effeets of S-szmuraci) on ‘enzyme inductien and grcwth

Efrorts to reduce the lag baing unsaccessful e sought next to

’ Lnaraaae it by inhibiting RNA eymthesis, Unfprtupataly, E;;¢°31 is

-
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.'notAaffeated by actinemycin D-(ﬂurwitz, Purth§ ﬁélamy'@ Alexander, 1%62),

ftfthe inhibitor 0? choice of RNA synthesis, and racourss was had to enother
—'*nhibitor. s-azauracil (Habermann, 1961). When, addad to a stationary
{_culture at a concentration of 2S/~g/ml, 30 minutes beform dilutian into
vfreah mediun ¢oncaining inducav. g~azauracil did not 1wmediately affoct

‘ either the kinetics of growth ov of induced enzyma synthesxa.' About 4%

_1mlautes aftar dilution. hewaver, the growth ratae auddanly fell by 68%

(Fig;,la). Tha diffe:ential‘vate of B*galactoaidasa myntha&iavwaa

identleal with that of tha control for the £irst 27 minutes, and then

suddewly fell by 80% (Fig. 1),  since a—aza&racil took so long to act

1 zt could not be used to inhi{bit RNA synthawis, 1nc1uding wKEA &yntﬁesis,

v'immedlately after inuuction. Vhen evantudlly it ald bﬂcoma inhibitory

it exertaa fts inhibition gooner and mor@ powerfully on induned enzyme

“syntheain than on growth as demonatrated by the 80% fall Iin the rate

“of differential enzyme. synthesis. 1f G-azauracil'was addad'to induced

.expOnentially growing calls growth was 1nhib£tad aftoer abaut 30 minutes

and.$~galaetasidase-syntheais a few minutas eariler,. When Getgauracil

f is added to the culture it asems that 30 minutes of active metabolism

muwt gO on before inhibition of grawth or anzyma synthesi& is observed.

2 Thus when it is added te a growing pepulatian inhibition starts in 30
‘ minutes, but when it iw introduced inta a statlonary culture inhibitian
A starta only mfter 30 minutes of Subsequent gr@wth has occurr@d (Figs.

13 & 1“). S»Azauracil ia reportad to inhibit ayrimidin¢ biosyn*&esiﬁ

by being converted to swazauridine-S’~phomphata and blockin« orotidylic

© acid decarboxylaae (Habermann, 1961). This canvamﬁiqn way require 30 -
o minutes undey meﬁubolic conditions in which thera is aVaiLable 2 Suffi~

cient quantity ef,ATonr a&mil@r aubatanca.vaAuced duving carhohydraca

t s

Lo 3 L . f
L
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It mi&ht be instvuctive to reviaw tha fmndlngs ‘at this stage., The

addition of induger to a logarithmically growing cultura induces a con=-
 stant differential rate of induced enzyme synthesia in 3 minutes, This
rate s maintained 1n our conditioqa unV‘ , lycerol is exhausted and
r:growth and enzymevsynthesis both csase. Dubing the eﬁsuing period of
i Btarvafion mesdedg@r RNA for ﬁ*gglaqtésidaée is synthesizéd'only slowly
énd kith dszidqlty;'aﬁd prefbfmaé?;#biiéumﬁﬂﬁ;lincluding the oha
specific for Bagalaéfasidasn,'dacays.' Yot if‘su§h a Stafionary culture
is addsd to frﬂ%h medium thers is an immediate rasumpticn of growth as

ﬂeaaured by Optical danaity. but an nLnormallv dalayaé raspenae to the
_presence of induc»rs for at leaut three inducible enzymes., This loads
J  us 1o ask two pertinent quﬂstiOﬁsz (a) is the lag in achieving a @on~ ,
_ atant differential rats of enzyne synthesis ralated to the 1nducxb11ity
;'-of tha induoiblm enzymes, i.e., to tha centrol of their Synthﬂsio by
2  regulatcr genes?y and (b) how {8 an immﬁéiate exponential increaae in
A*_optiaal density following dilutien of a stationary culture into fresh

' méaiumvﬁa ba interpreted in £arﬁé of’audh growth pérametera as caell

: voluma; ¢ell masa, and thevqnantitgég» of the variods-mﬂcromoieéular
.éell cohstitueatsé; N B | |

V'if optical abédrbanéé'is A'€ru§ measure at 1@&§t éf’pfﬁtéin syn=

lth@Sis, then the mRNAYs coding for the protains balng synthesizad
”,imnedlately mast have aurvived from the previona growth period. The

L reSults raportod aPOVQ with thrn@ iaﬁueible anzymes suggest that mRHA
'“ﬁs readiiy4fermed neifh@niaufing c&rbohydrata»étarvétién‘norvimmadiately

© after graowth has started i{n frasb.hadiuﬁ;":sut mRYA for inducible enzymes

¢
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vxapgaaﬁsqu be unstable, cannct suryiva starvat1oﬁ and must be‘éynthe-
“sized anéﬁ'when groving coﬁdltiona‘impfave;"Ho#ever; one of the probabls
-vconsequencas of ‘starvation 10 to deplet@ the reservoira of RNA precurmaré.

 :and these requxre gome time tc be bvﬁught back to their normal leVelg.

| Until thase lavels are restered mRIA cannot be synthesizad at a maximum

 rate. | | |

".This hypotheslsvbf’differentiél blologleal stabilities for various

”ﬂ:vfuncticnal t/pes of miIA will account for the kinetica of enzyme ayn-

"i_thesis ragorted above, and may also explain ths diffemmial action of

snazauracil and perbap$ of wuromyciﬁ, ehlaranpuenicol and thg othar
vfdsffarential inhibitors mentloned in t\e introduction if it iz supposed
' that thesa inhibirara slow &own og stop the synthasis of all wQNA'&‘

 : Mesaengers for induaible enzymaa apre unstabla, and tha synthaaes of
.t-tneae enzymea ceases within 8 ahort while. Oth;r protelns may be f
7dapendent on long-lived mRRA, and synthesis of thgse way contlnue for

‘v‘much 1onger periods even in :he absence of DxAmdapendant mRNA synthesis.
:ziitfla haé Eeeﬂ.répérted'an theveffecté of puromycin cn mPNA‘synthésis.

Vﬁiaells (1964) observed that ribeaomal RNA was not affected in E. coll.

‘“’_Holland (1963) on the cher hand found that 1n Hela calls ribosomal

"RMA synthesis was inhlbi@ed by puromyein while an unstable RiA, which
mvay..hava been masqanger; was lass af‘f'vected-,. Bakada § Fan ("19%) pro~
. pooed that under cgrtain conditions pu"omyciﬁ might qtimulate th
7fuﬁctional dacay of mRNA for B~ga1actasidaa@ in B. ccli.
v@ry raoently, Sells 3 Takahaahi (lgﬁu) haVQ eonfirmed that puro-
myein inhibita the 1ndueibla formation of a~gaxaetoaidaae in E..coli

fxto a greater extent than pvot@in synthesia. Their evidence, like ours,

L
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suggeats tbat guramycin éoea not diractiy affect the inauction procasa

ztsel ' They &130 found that the increased incorporation of labelled

.:aden‘ne fallowing addirion of 1nducev waa nct affected by the anti«
:;.biotic. but they ﬂid find that in a cell—freo system, primad with
.?i:synth@t*c mmmi puromycin Wag more. inhibltory if added bafore the ma -
. aenge . These anthcns therefera concludmd that puromycin affects the
,.'attachment of mRHA to tha ribosomes.. This immliea tbat nan~inéuciﬁlc
"mRNA, already attached to the r1b0¢omas. 18 noﬁ sensitiva to purcm;cin,
._anﬁ aecoanus fer the 1ess¢r Sen"xtivity of growuh. Tbe sonsequencé of
: thas mwoposal is that ~eons titutive mR¥A ia nore stable than 1nﬂuc1ble

:mRNA, perbaps by virtum of its biading o the ribcsom@s. Alternativaly'

one could poatulate thﬁt conwtitutiva and induaihia mRAA diffor in sore

‘wav that rendar& tha attachm@wt to. the riho&ome$ af the la*ter, but not

B af the formev, sensitive to puvomycin. A further exﬁensxon of this 1dea

would b@ to suppoge that there are different types of rihouomes fov the

_ different-tyues of wRNA, and that puromycin inhibitm only soma of the

h nRJA~ribosome intmractlcns, thosa concavnted, for instance, with

Beiz alactoaida&o.;

Studies of constituriva paramatarS'duriny gvowth transitions

1€ the explanaﬁion offar@d for tha 1ag in indueible ens yma Fermation

‘whan grouth is rmsumed after otarvation is correct, one would not expect

the 1ag to be affected by muﬁatiﬁﬁ of the regulatar gﬁne cantro)ling

\

"ensyme synthesis. This gene Js believed to control only the iﬂitiat;an

of DNA—dependent nRNA transcriptian. An i*’eonatifutive strain of

E. coli would ha expected to show tha samo lag for a~ga1actea1éasa

synthesia as the i* strain, caoo~1, which was usad in maﬁt ef the atudies

descvibed hnretofore.
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The aonsututive strain behaved exactly ag pmdictad. When diluted
" into fresh medium after r@mﬂin*nh aﬂationary fer an h@ur, exnanentxal
'<growth ccmwencsd immcdiately but’ staadywatate G~galaeto»idase synthaui
vas delayad for uzlminutes (Fig. 13): The inhibitory effect of 6~azsuvacil
 in'tﬁe constitutive strain was also similar'févthat in’the'inducible straini
after 30 minuté& growth Mea partiaily inhibited anafthe differential'rat@
of enzyme éymtheais drouped to aero (Fige lS)o.fDuring logarithmic growth
:yeaazauracil inbibit@d both growth and enayme svnthesis in about 30 minutes.,
%tudiau ware made of a numbar of constitutivp growth characteristics

durin; the raﬂid trancxt!oﬁ from 8 statxonary cultur@ to an exponentially
; growing one, The_innibitary effects of §-azauracil were also investi~
R'gatcd Fige 16 écmparwa fhe'tesnehsea of apﬁiéa;udenéiﬁy‘of the eulture,
_ COnccﬂ*ruthn of calla and total cell bulk. Chéﬁé@saih néith@r.the nunben
'of cells nor in the total cell volune corresponded with the 1mmad£ate
QXQOHenLlal incraawe in ou*ical density.' FBoth of ‘these pq:amaters
'exhibﬁted ;on& delays (34 minutes and 19 minutes.‘?eapegitbsly) beforg
they began to inérease logérithmicalLY; An.inﬁeatigﬁtion.wae'next made
B of :hg 1@véls of tofai o A, RMA and y“ote*n in the eulture “o‘lowing the

- growth trans 1tion, evain the inbibitor/ effact of 5~a auracil, was_ineluded.

Ekdﬂefic maasurewants of @on*titutxve'p&rametwva uaually e%hibi%vccnsiderabl@
.scattar becau&e of tha relatively small 1nereaans betwesn successive -
samp*ew. As. we wivhad to colleet samples at Q»minutm int@rvala al1
x volunetric measuremants in this axpévimant ware confirmeé gravimmtrieally.
vTha r»sults ara 5howu in Fig. 17 and demonstrata that 1n tha absanca of
'G—a?anracil thers was indoad no lag in tha anitiatien of protemn synthesis,
'A simxlar result was @btaimed by uershey (1938). A ax\ibited a 1ag of

27 minutea, and’ thera may have ba@n a short lag oP ahout 845 minutea for




'.RNA. With azauracil both Riﬁ and D“A ayntheses started after lags roughly
,slmilar to thoao in the cortrnl aeriea but 1nhibition soon set in.
: Protein ohowed 1nitially a very rawid rate of e;nthesis which lowed
;idoﬂn after ‘about 5 minutes; this is not understood and may be an arte»
| fact.. Berm then we have in the cantrol ?iract confirnation that opticel
 ~'deno1ty rafluctcd protein eontent. The 1ag for RNA &yntheois in the
t:control samalc, though no* unequivocal, would fit the exglanatzan
,-advanced fcr tbe lag fn 1nducible mnzjme synthesia.
: Measu’em@nts ware also made of ona particular protein, wallc’donj-
'"fdfoggnase: vwe have ne xnformation on any genetic regulatory control
vforlﬁhis;enzyng; and}provisionally coﬁsider itAta behava cdnatituti#ely.

At lesst in our system it was ﬁot induced by an axternal induFar. As

<1 w1th othar kxnetic measuremnnts af constitutivg pvoperties there wag:

_ccnsiderable experineqtal wcat*er (?ig. 18). The results nevertha]ess
‘_vdemOnstrated fairly convinningly that the synthesi* of this enzym e wasg
vsubicct to ne Jag uhen statioaary cells ware placed *n fresh wcdiun.v

| A - Discussion |

| All the evidence daacribed above iudicates that tha 1nduc1b1e
. aynthesis of specific enzymes 1 more aensitive than the apparant conw
u st;tutive synthesis of many protﬁina eontributing to evevall growth to
fsé;eral inhibitors éndvto Qeftaia nutritive deficiencies‘_ The saquencs
of gvents following the introduction of inducer to a bacterial culture,
.and culmznating finally in tha anpaarance of enzymic activity, has beaen
divided by Kepes (1983) into six. stages. These may usefully be employed
to d;acuss the %ag in B-galactosidase &ynthasis'which ia raporfed in |
this communicafioﬁ‘ ¢tagea 1 and 2 relata to the entry of inducer into

the cella and 'tu intgvaction wtth an undefinud raeoptcr molaoule. Tha
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:synthnsia lag ¢annot ba ascvibed to aither of these stages sinca ﬁhe
' constitutiva strain exhibits ag pvcnounccé a lag ag the inducible, jet

_ noes not recuire the prasence of inducer to produca enzyu@. Tha last

tuo stages. 5 and By desorihe the qynthasis of polypeptide at the ribo-

1somes uoing the information provided by the mRNA. and the aatablishment
1of sncondary, tertiary and quatarnary atructur&l ch&racteristics of the
 molecule leading to a protaxn pQBSQaSLng anzymic activxty. Theae.stageu
'_are‘also not related to the lag bachuse other proteina ara aynthesizéd
"at this txme, and are incovporated inta their approgriate structural

‘niches, as denonstrated by the growth of tha ce*ls aad the forwation cf

t

nalic dehydrogenasa. We are thua left with stages 3 and %. These refer

to tbe formatian of DNA-dependent mRNA and the transfer of the informa~

tion contalined in thiﬂ molacula to the‘sxta of palygaptide synthgais on

the ribosomas.‘ ¢ince other proteins are synthasiz@d durinﬁ the lag

period there is preaumably no difficulty in transferring information

--from their mRNA's to tha ribozormes, It is difficult then ‘to 8see why

information from 5*3&1&&&081&&30 mRMA thuld be transxerrad only with

""difficulty. the diffieulty gradually diminishing and disappear;ng after
' »about 15 min. We are therefore left with stage 3. the formation of
mRNA, as being the moat }.ikaly origin of the lag, a concluaion con~ "
‘ sistant with the axparimonﬁa& observ&tiona repormad above, The absence
"5¥'of l.g as far as growth and constitutive protein synthesis 13 conca”ﬁed

"must imply thae eximtance of long«lxved mRNA for these procaesses,

' Many di £ferential affacts have already baan noted between induced

| ffenzymc synthaais and growth which might ba aacribed to such vaviation

f in mRﬂA stabilitias¢ _Antinomycip D, a_pawerful spamific inhibitov of
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. mR¥A synthesis in many organisms, has baen'shaﬁn to inhibit fnduced

'hiatidaéa'ayntﬁeéi# more than growth iniBacillus subti;ia (Hariwell,&

'_Magasénik; 1963);‘ahd'also to ba more inﬁibitgry to RWA synthéSis than
to proreiﬂ syntbesis in tha ¢aw@ organiem (Huvw“tz et al., 1852), In
A?aboth of theae papers the authroa mention that some. of thelr T&”ultd
mlwht ba explained by supﬁoﬁl g that not all mRKA 13 short=lived, |

It iu nat proposad to diseuse kere eitbar the stvuctural features
which may datermlna the ggixizg_lifetimes_of induc1b1@_(shoptflivaq)
. ané'conéti at1VP (lOﬁ"—‘xvad) mRIYA, nor thebeV6lgticnary mgchamisms by
| which mRNA's of differentbcharaateristic'afabiiitiea have come to ba
aasccigfad with gertain eéz&mas 2s a fuﬁétian‘of the éaneticrrégélafién
Qf'thellattef; the@e.toﬁias'haVe been discﬁssed elsawheﬁa (Soaes‘E-Calvin,
1965). Iﬁ another direction we migﬁs note that aeliular differentiation
s verjlvrobébly brought abeﬁt-by'a ¢ubtl¢ interplay of ihterpal and
external fgctors indueing and repressing the s}nthesif of variou pro~
" teins, thereby producing a wide variqty of enzymic_ph@notypea all éf
which ara genofypically id@ﬁtiéﬁl. Qe mipﬁt wéﬁder how thié would be
&ChiEVud if neny eqzymes are constitutive by v*rtue ¢f their not baing
under gonetlic regulatery ccatrol. Paydee,& Bgckkith {1963) have cbservaed
that some relutive varistion in the Qi&pﬁvﬁioﬁs of conétitﬁtivé engymas
does cecur as a result of gnviroﬁﬁeptﬁl changéa. This might be due to |
.slight s“ifts'ih ‘the balance effséecifié iatvaceilular metabolites
iwhich could affect the rates of transcriwticn Qf ¢onatitutiva nRHA,
The rates of censtitutive protein synthnsza would onlj mlouly be
affected because of th@ long life of this ?ypa Gf mRuA. 1t is oF
intareut in tbi& conn@atieﬁ that Loomis s Faga“anik (195%) “hDWbd '

that the contrcl of ﬂ-gal&ctaqidace mynthaai& by oatabalite *epraasian

”r
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‘f éoas no operate at the 1evel of the repulatar gena but is p;distinct
ph_control systaﬂ. ' | | o
| e Pinally, e must bear in\mind thu powsibisity that Vﬂ?iaTlon in
't thm biosyqthetic rate o¢ proéuctxon of a cdmmarﬂtively ﬁmall »woportion )
L,of the uotﬂl numb@r of anzymes migﬁt b@ suffialanv to acasnn* fnr
V*uphgnctypic variety within a yenotfvically homobcnn@us pcﬁutatiow of
ceils fOrﬁing'ane.organxsm. Yany of the mnzymas “enuired for bagic
'Jfbiochan*cal mctxvities might always be wroduced in. aoﬁroyimataly aqual

| amcu"tﬁ in a¢1 cells of the ergﬂalﬂm, small vw*iatimn@ #*iqinw, pnrbeﬁs“.
1 “’fron ca*ahollte rﬁvrawsion.' Much greater variation of a momnavatlvaly
&wall propavtxon of thn enzyms. complemant bv inductionhrewreﬁaicn
‘ phanom¢na mmght thnn be suffiel ent to account for the degreo of eollu=
7;*3°r diffarantlataon obsarved naturully within a multlcellular orpaniam.
| Tha uork raporte& in thls paper was sponsored by th@ Unitmd States
:;Afomic Enary; “ammis Lan.v The author& are indebted tc %iss Ju?ia Chaﬂg

'and Hiss ?amela_Sharp for fiavalusble techniegl aseistance;
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'after dilutlon.

Captions for figures.

, ‘:FIG¢“1. Effect of ﬁuromycﬂn on vrowth and 8*ga1actesidasa 5ynthes‘s.<

Puronycin (5 = 10‘“ M) added as ahown by arrawa ‘to an exwowentially

"growin cnlture of L. ccli csoo—l inducmd with xPTG. Growth stops in
3,about 100 min (curve A), 8~galactoaida se synthesis ceases hithln 30 sec -

“.(cgrve B).

 _ FIG._Z, Effectﬁofbuurcmééin on m%HA synéhesis. F; coli C600~1 iﬁduc@d '

f"with EPTG, Curva A, IPTG removed by dilution aft@v 3 miu ccntact tlra.
'Curve By 5 % 10”“ M-uuromycln add@d 1 min bafore IPTG& both removed
. by dllution after 3 min contﬂct time of IPTEC. 6~Galact@aida e activity

- followed e.fter' dilutim.

an.va. Fffect.@fwbrief ¢@ntﬁét_cfﬂpur¢myein.] g;_coli €600-1 induced

| 'thh I?TG. Curve A, IPTG‘removed by dilutfon after 2 min contaét_time.

Curvé B, 5 x 10‘“ W*ﬁnramycin added 2.5 min afﬁer I“TG: both removed

dzlu*ion after 3 Nln contact tlm@ nf IPTb. Enzyme activity folléw@d

¢

FIG, k; tfoat o; puromycin on inducer*receptor interaction. E. goli

C600~1 induced with IPTG. Circles. IPTQ ramaved hy dilution after
20 sec contact tiaa. Trianglea, 5 % 10‘“ %-puramyciu added 30 see bafore

inducer‘ both removed uy d*lutlon aftar 20 s contact time of IPT&.

FIG..S. Srewth of E;fcoli.C5oo~1. Obticaildensity at 650 mp measured

_'during growth at 37° ' In Fig. 84 o portion of th@ 3tationavy eulture was

B

: dnluted five‘eld at about u hr into fre*h medium. In ”if. 53, glycerol
"(eurve A) or amnenium sulphatm (aurva B) waa added toa Btatibnary culture

an 1ndicmted by the arrow,
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FIG. 6, 8~Ga1actoszdaﬁe induction in E. coli 0600~1. Inducer (THG)

added at srrow to expcne 1tially grcw£1~ culture, D;ffereﬁtial synthesis

~of enzyme plotted at 30 sec intqrvals.

FI1G, 7.- 6-Galact03idasa inductien durlnq resumption ofkﬁpowtb, stationary

qulture of T. coli 3OOU diluted into frash m&dium containing IPTE at arrov.

Differentlal synthesis of f~galactosidase plottedy the mass doubling time

was 70 min,

E fIG{ 8. B;Galactos;aasé inﬁﬁction,in.etaxicnary cuitura..vgé_ggii_caoo~1
 Jinduced with IPTG, Curve By ataéionaby‘diitura, compared'with curve A,
”  exponentially grQWan culture. At the tim@ of addition of I’T@ the
."optical dansity of tha stationary cultura waa 1.24 and of the growiﬂg

_'culture 0.51-

FiG, 8. nffpct of earlie“ ﬁ~galactosida @ svnthesiq on kinet?cs of .

:enzyme induction during reaummtlan of growth. ﬁ cﬁli CGOO~1 in- stationdry

f_state of growth diluted into frasn nedium ccnta;ninh IP”G A, IPTG also
fpresent for 4 hr before dilution; By IPTG first introduced at txme ef
.'dllut on. Differential syntneaia af enzyma plotted* mass doubl¢ng time

- 92 min in both camess

PIG. 10. Growth upon remnoculation into exhausted medium. E., cali C600~1,

'? frem a stationary cultura, wns diluted into fresh medium (A) or pravioualy

[y

-: exhauSted m&dium (B).»

'FIG. 11. B-Galactosidasa inductxon on tram%f@» to exhauqt@d madium. Same

j_experiment &3 shown in Fig. 103 in both aasas IPTG added at time of dilution,

'Diffarantzal syntheuia of enavmm plottea intarm&ttantly. Curvw A, dilution




- w32~

inte ffeéh‘meéium at arrow Ay differential vate af'aniymé_éynthasia
became constant after 15 min, Curve B, afluticn intq'exﬁausted medium
B ét artow By diffeéential fate of ehzyma-s§n£hesis bﬂéame coﬁétént after

18 tmine

COFIG. 12, Bff@ct of ribowucleosidea on. Bngal&ctosida gvntho is uring

re«umptlon of yrowth. ¢tationavy culture of E. coli 0600-1 éiluﬁe& into

'-:fr@ﬁh medium containiwg 1nducer (A) or into medfum contalning in&ucar plus
50 ug/ml nach of adenosine. eytidine, guanomlne and urxdinﬂ (B) Dif-
‘-ferennlal ynthasim cf enrym& pl@tt@d; mass doubling time 46 nmin in bo *h

cases,
. { " . .

Fic. 13. ,§§f¢ct,§f Gfézauva¢11 oairgsﬁmptioﬁgﬁffgvcwth, Statlonary

cultura of E{ goli C6QG~1 diiut&d into frash ﬁedium. A, contrbl; B,
S~azauracil (25 uv/ml) added to tbe stationary cultuve 30 min b@fore
dllutxon (as indtcated by arrow), and was also present at tb@ same con=

- Centration in the frash medium.

},FIGg'lﬂ, Effect of,?»aiauraéil on P;ﬁalacﬁoﬁidasé synthesis durin?

.PequmpthQ of grcwth.; Qave ex%er;ment 23 Fig. 13 in bcth casas 191G

“adde& at tlme af dilutian.i Ay control; B, pluo Q-azauracil. Differantial

"synghesis of enzfma plotta& at 3 min int@vvalq¢j

- FIG, 15, ‘Bﬁcalaetésiéaée syﬁthegis-during'raaump€16n of %rthh of a

v.gcsns+itutiVe s ra*n, é1ﬁ aof fact QA 5~ﬂzﬂuracfl. Ea cdli 2300 (i constitu=

o h tive) éiluted from statienary phase into frash medium. A; eénfrolg By plus

‘”J 6~mzauracil (25 umlml) originally addad 30 min befope dilutioa and also
‘»ﬁfpraaent ia th&”fr@mh aedium, Differantial syntheslia of enzymﬂ pletted at
'3 min intervals for aﬁrﬁe &; For curve B some paints omitted due to lack

Cof Spaéoz 3~palmetaaidave oynthasiﬁ cacurred anly frmm gbout 23 to 31 min
aftar dilutioﬂ. ' - % S '
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v.-,_FIG¢‘1$; “Qquiagiqh_kinet£¢$ aF€@rjreaumption,qf’grogﬁh; snd effects

;_éf -szauracil, A statiém&hy culture of}§k‘5§§g£/6500~1 wag'diluted into

}:fraéh medium, Measur@éﬁntm'ware'mada éé'intervalahbﬁ the‘opficalAdansity |
3{05 the suspension, cell concen*ratiqn, total coll vclume and average cell
‘i vcluma. Series Ay centrols aewies B. 8~azauraeil (25 uy/ml) added 32 min

© before ﬁikutian gad pre@ent at the sam¢.¢on¢antrati@n aftar diluticns

' FIG, 17, Macromolegular syntheses aftev resumption of crowth, and, effects

',afjséaﬁauvacil._ Experimant sizilar to that inv?ig. 15, with measurements

" of protein, YA and DHA.  Series A, controlj series B, plus 6-zzauracil.

.. FIG., 18, alic dﬂh&ufﬂk%ﬂ&SQ activitv aftwr revumﬁrion of prawth. Fit

ataticnnry culturg of F. coli Lsao~1 wes d{luted inte fresh ?eéium ag

indicated by ﬁhe arrow, niffarwntiat synt cais of »nzyme plcttsd, mass

'dcubl‘ng time 50 min.. The & tra;ght linb won calcala*ed as tha be#t fig

for the sol;d airclaa; th@ a@an trﬁaugiu poiﬁtm waTe not includ@d in this

celoulation,
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" ABSTRACT
The lifetima af bac erial heas@nﬂev RiA, V. ﬁqaea £ M, Calvsn.
J. Mels iol; I P I R R (mereqca R&diation uah., Univs

T oof ealifofnia, Bawaeley, Cﬁlifeg U45.A. ). Bvidenes iﬁ_p?@aanted

'»ﬁ"*hat duriag th@ induotion mf “—5ala¢tosidawe in chharlchia ¢oli

puromyein may inhibit mas,engﬂr RYA synthaslu as well as protein
‘synthasia. ;nteracti@ﬂ of tho inducer with ita r@aeptor is not

- affected. ¥hen cells fram a Otationary culture are placed in
fresh mﬂalum contninin? in&uc@r for ﬁ-g@iactﬁsidase, grcwth
etarta with no 1&@, but 3»galaotasxdaw& synthesis is greatlv
juel&yad compar@é with &adusticﬁ during nxjonent‘al grOWth. These
- ‘inding&, and eth@r Qtaarvatzmns ﬁhmwing thet inducibla enzymm
syntheaia is mor@ sansftive thmr grQWth to some inhibitors aad
';;adv@rse gr@wth ccpditiona, bave auggested that mm‘s.*ger RiA far
inaucible ﬁn?jmas i& bialogiemlly less stable than that for gon=

stitutive prateins._
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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:
0 :

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 thé 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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