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The Lifetime of Bacterial Messenger RNA 

V. MOSES AND M. CALVIN . 

Lawrence Radiation Laborat~~· University 2! California 

berkeley• California, U.S.A. 
t --

I l R ,_:..y.0 
UCRL~+-= 

Puromycin, an inhibitor of protein synthesis• appears to 

aetas an inhibitor at additional sitea·during the induction 

of B-galaetoaidase synthesis, No inhibition of the reactions 

procaeding during the first 20 seconds of induction was observed, 

but puromycin seems to prevent the accumulation of messenger ~~A 

during the period between 20 seconds end the fi:rst appearance·: 

or enzyme activity after 3 minutes. 

rfuen cells from a stationary c~lture are placed in fresh 

medium containing inducer for 8-&alactos!dase, growth, as rav• 

resented by increase in turbidity and by total protein ~ynthesis, 

starts within 30 seconds. BV contrast, 8-galactosidasc synthesis 

is greatly delayed compared with, inductll)ft during exponential 

. growth. rwo other lndutl!ble enzymes shOw similar lags • but 

malic. dehydrOgenase, which requires no external inducor, shows 

no lag. The lags are not due to catabolite repression phenomena. 

They cannot be reduced by pretreatment of the culture with 

indlleer• ox- by supplementing the fresh medium with amino acids 

·or nucleotide$• The lag is also demonstl"atod by an 1"' mutant 

ecn$t1tut1ve for B-galaotos!dase synthesis • 

An inhibitol' of Rt4A synthesis, 6-azauro.eU, preferentially 

inhibits 6•galaotosidase synthesis compared with.growth in both 

indueibl• and constitutive strains.· !t 1s suggested that the~e 

·--~~- ---- -----------~------·---····----- ~- -----



observations, together with ~MnY reports in the literature that 

inducible enzyme synthesis is more sensitive than. total growth 
. I . 

to some inhibitors and adverse growth eonditions, can be 

explained by supposing that messengexo R.'lfA for normally inducible 

enzymes is biologically more labile than that f~r normally con• 

stitutlve proteins. The implications of this hypothesis for 

the achievement of cell differentiation by genetic regulation 

of enzyme synthesis are briefly discusaod. 

1. Introduction 

During the past two or three years reports from a number of labora

tories have shown that the synthesis ln baeterla of inducible enzymes is 

.senerally more sensitive than growt'1 as a whole to the presence of cer-

tain inhibitors (Engelberg & Artman, l9G4' Henderson, l962J Paizen, 

· 1963; Pardee & Prestidge, 19G3J Syphord & DeMoss, 1963; Sypherd & Strauss, 

l9G3_!,E_; Sypherd, Strauss t Treffera, 1962). Palgen (1963) found that 

inducible enzyme synthesis was inhibited by leucine, valine, histidine, 

and s~rine, and was promoted by iodoacetate~ This was interpreted in 

terms of a catabol!te.repreasion effect (Magasanik, 1963). Pardee g 

Prestidge (1963) observed that comp~d with growth B•galactosidase 

synthesis in Escherichia ~was preferentially inhibited by ultra-

. violet irradiation, and they also invoked an explanation based on 

catabolite repression. The other workers mentioned above, employing 

as inhibitors deuterium oxide, streptomycin, chloramphenicol, puromycin• 

tetracyline, Gto. • have more or iess explicit.y rejected catabolite 

repression, Indeed, Engelberg ·&. Artman (19&4)., ·wo~king ,with strepto• 

mycin, have proposod an alternative explanation based on the concept of 

.. 
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varying biological stabilities or life~timee tor different spGe!fic 

messenger RNA (m~~A) molecules. ) 
Jacob and Monod (1961) suggest !n their modal.for the ~ohanism of 

th$ inducible control of enzy~ synthesis that.the introduction of an 

inducer to a culture of growing bacteria 1n!t1ates the synthesis of a 
, I . ' 

specific DNA•dependent ruRNA. The mRNA le then believed to act. at cata

lytic sites located on the ribosomes, as an instructional template for 

the synthesis of a particular polypeptide. Although this model is not 

universally accepted (Dean & Hinshe1wood, 1964' Hendler, 1963; Llndagren. 

),963.~Ponteeorvo• 1963; Stent, 1964), ,it has recently acquired additional 

support by the finding that the level of mR.'iA in inducible cells is 

higher after induction than baf~e, and is also high in tho corres

ponding constitutive eells (Attardi, Naon·o, Groa, Brenner & Jaeob 1 l962l 

Attard!, Naono, Gros, nuttin & Jacob, 19631 Gro$s, 1964 ). The response 

of enzym$ biosynthesis both to the addition end removal or inducer frore 

the culture is very rapid. 
. . . 

In tha ease of S~galactosidase in fu.. coli, :.l ·:.;.,; 

3 minut~s suffi~s for the. attainment of the maximum rate of enzyme bio

synthQ~i$ after the addition of inducer (Pardee & Prestidge, 1951; Kep0s, 
. ' 

1953; l~akada & Magasanik, 1964). Removal of inducer rapidly brings 

enzyme synthesis to a halt, and this process also takes only a few 

' minutes (l<epes, 19631 Nakada & Magaeanik 1 1964). Tbese·and.other results 

have led to the suggestion that in the 8-galaetosidase ayst~m mRNA is 

rapidly synthesized, and equally rapidly destroyed.when its·synthesis 

comos to a halt following the removal of inducer. Kepes (1963) has 

measured the half•lifs of B•galaQtortdase mRNA as about one minutG, and 

other authors have also concluded that this and other . mru~A t s have half• 

lives of up to about 2.5 minutes (Naka4a & Masamcnik, 19~14& t.evinthsl, 
' ' 



Keynan & Higa., 1962; McCarthy & Dolton. 1964).. 

w~ may thus l\ota that some doubt exists aoneorning the stability 

of mRNA, an uncertainty wh!.eh '-we fef.ll ariB~as from .the fallure in some 

instances to recogni:..e the possibility that n.ot. eU mRNA molecules . 

need possess the same stability eh«racter1st1es. On the basis of 

nutritional studiea~ Karstr8m in 1930 divided bacterial enzy~~s into 

two broad groups& "adapt.i.ve•• (more recently subdivided into "inducible" 

and "repressible") enzymes, produced onlr.tn response to the presence 

or absence of specific substances in the growth medium, and tteonst!tu

tiveu cnzyrne.s, those always formed in a growing population more or less 

independently of the chemical environment provided by the medium. With 

the development of models to account for the inducible and repressible 

control of enzyme synthesis has eome a tendency to suggest that all 

ent.ymes behave in t~e srune way as inducible ones.do •. A constitutive 

enzyme• it is suggested• is one which is always being induced• perhaps 

by some internal inducer~ PardGe.t Beckwith (1963) have discu~s~d this 

matte~ at length, and while noting that a constant interplay of lnduction 1 

and re~ression may serve to control ostensibly constitutive enzymes, they 

point out th&t there may be na.control mechanism of.this:sort operating 

at all on such enzymes •. Tho rat~s of synthesis of.constitutiva enzymes 

would thus not be subject to tnUcll relative variation. They might vary 

slightly as a function of energy and other nutrient supply• etc., since 

such non-speeific factors might not affect all proteins in the se.me wa;•. 

With inducible enzymes a short-live4 tnRNA _provides a s0neitiv~ means of 

· responding to the removal of inducer from the medium, Arguing from 

energy eonGidet-ations. wo. might suppose that .s~oh 4 .fine control would 

=::z:=_ .. 
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be irrelevant in a constitutive system not subject to &enetie regulation 

of the type propos·ed for the inducible and ~preiuible enzymes. Indeed, 
J ' 

not only would this control be superfluous. it would also be wa.steful 1 

since the cell. would noed to synthesize eontinuously mRNA which it was 

equally industriously decomposing. 

The concept or l<mg•llved mRNA is common in consideration of higher 

organisms. For example, Spencer & Harris (1964) have shown that protein 

synthesis proceed~ in cells of the giant alga Acetabularia crenulau. for 

days af~er enucleation, while PreGcott (1959 1 1960)• and Goldstein, 

Micou & Crocker (1960)• have found protein synthesis to continue for 

. many hours after the removal of the nuclei from amoebae and from human 

amnion cells. One could always a:rgn, however, that in view of the far 

more rapid growth rate of baete~ia, a short-lived baetorial rnRNA• with 

a life of minute$~ is functionally equivalent to a mRNA species in a 

hir,her organism having a life-time of hours or days. It therefoN became 

of particular int~rest to investigate the possibility of a rDnga of 

stabilities among different mRNA functions within one organism. 

2. Mate~ials and l~thoda· 

O:rsllnisms, !.2!! £Owth conditions . 

Strains of .fu.. .£2!!. have .been used ae follows··(genotypes refer to 

the~ oPeron)c CGOO•l (i+y-z+) (from l>r. A. B. Pardee)i 300U (i+y•z+) 

and 230 tJ (i''"y'•z+) (from Dr. J • l-1onodh ~t-3 (i+y•z+ (from Or. ~· J ~ Clark) • 
I 

All except ML-3 were grown on MG3 medium, containing ammonium sulphate and 

, otll.e~:tnorganic salts, glycerol and thiam!M (PL"dee & Prestidge. 1961). 

Stra.ln Mt-.3 was ·grown in the maltose•salts mttdium described by Boozi & 

Co~le 0.961). Growth was at 37° in air with constant stirring,; and was 

~ ' I • 

I ' 
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followed by meas1.1rlng optic~l density in a 1 em cuvette Qt 650 mlJ• An 

-optical density of 1.0 was equivalent to a bacterial concentration of 

about 0.43 mg dry weight/ml~ 

tnzyme induction 

The kinetics of B~galactosidase induction were obtained using iso

propylthio-B•D-galactopyrenoside (IPTG) (usually at 5 x. lO"'I.J M) or 

mathylth!o-S•D•galaetopyranoside (TMG) (lo•3 t..f) as inducers. Following 

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

into tubes containing 20 lJl of toluene together with 20 ~1 of an aqueoue 

solution of cysteine (0.05 M) and trlton•XlOO (0~5%). The contents of 

tho .tubes were violently agitated for about 15 sec with a vortex mi~er. 

For measurement of enzyme activity, 0.8 ml of the following solution was 

added to each tUbe: . l<H2Po4 • 0.0167 l>l.; K2P~o4 , 0.0833 M' NaCl, 0.125 M~ 

~-nitrophenyl-~-D-galactopy~anos1de, 0.0033 M. The tubes were incubated 

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

tbe reaction was then atopp~d with 0.2 ml of l.S M•Na2co3• The reaction 

time for each tube was noted. The tubes were centrifuged at 10,000 x g 

. for 15 tnin lind the absorbance of the clear supernatant solution datermiMd 

at I.J20 m~. 

Tryptophanase induction and assay, using L-tryptophan (500 ug/ml) 
.. . . 

· as inducer, were perform.!d with strain C600•l as described by Pardee & 

Prestidge (196~). D•Serine deaminase was !n,duced with D-serlne (300 \lr,/ml) 

in strain ML-3 and assayed as described by the same authors (Pardee & 

Prestidge. 1955). 

Mallo dehydrogenase was measured in toluene-treated cells by incu

bating them at 37° with oxalacetic aeid and NADPH2 in the sama buffer as 

that usf!ld for B .. galactosida.se assay. The fall in optical density at 

r. 
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340 m\.1 was followed.· with a ~ilf~rd Model 2000 Multipla Sampb Absorbance 

Recorder, Units of enzyme activity are expressed. in.all cases asm~moles 

of substrate metabolize~/min/ml of call aus~nsion at 37° • 

Chemical determinations 

For D;'easure,~~nt of protein and nucleic acid• S ml. aamples of 

baete.rial suspension weN mixed with cold trlchlorf,i.Cetle acid to give 

a final concentration of about 5%, These samples we~e later analyzed 

for px-otein, RHA/and DUA as .described by Berrah ·& Konetzka (1962). 

Cell counts · _......,........,_ 

Samples for determination of cell number and volum~ were taken 

into growth medium containing sufficient formaldehyde to give a eoncen• 

tration at 0.2% after mixing with -tho sample (Lark & Lark, 1960). 

The medium was previously filtered through a 10 m\.1 M!lllpora filter. 

Aliquots of these samples wer8 later further appropriately diluted in 

the same medium an~ the cell populatton inv~stlgated with a Coulter 

particle counter (Hattern, Brackett & Olsen, 1957).. ··A probe tube with 

a 30 ·\1 apertux-e was used (CoUlteit Elaotronies, Hialeah:• Florida). The 

electronic eo~onettts consistedof a Partie~e Counte:r.Syatem Electronics 

(PAdiation Instrument Development·Laboratoryt Melrose Park• Ill. No. 
' 

01B039), a Four Hundred Channe~Pulse .Height Analyzer(RIDL No. a~ .. l2B), 

and a D.igital Reao:rder (Hewl~tt•Pacluu..:d, l>.alo .Aito, Calif •. No. H43 ... 562A). 
. ' . 

The particle sizes were experime~tally distributed into 'loo channels 

and two parameters were measured after eubtr~et!on cfbaokground noise: 
1 ' .' • 

: '· . 

of each channel numbex- and the rn·.mber .. of particles in, that channel. 
,J ..... :.::, J, ' 

Since e~eh ·channel number is dt~·ctly::~roporticmal to the ~olume of 

the individual par~icloc ;ivins; rS.uo to pu.lsea, ~al.Un'a in that channel• 



the product of the channel nlol~hlar a~d the number of_ particles gives 
'I • , ' , ' ' 

an arbitrary measure of the total hulk of call material in that partS.-
. . ; . 

cular channel._ Surnmetion ·of thea~ values for all channel:'.! then gives 
\ 

the total bulk of bacterial.substclnoe .tn the suspension !n arbitrary 
. ·' . ' ' 

units. An average cell volume may also be caleulatf)d for eaeh sample. 
. . l. i 

s. R<asults 

Effects .2£_ puromycin ~- t.irowth ~ ~ lndueibJ:!. enZX!!;!. synthesis 

The. i_nduced synthesis of B•galactosldase ln fu_ -~is more ~ensi·tive 

than growth to the presence of puromycin (Table I), If puromycin 

(5 x 10·~ M) is added to a logarithmically growing culture of cells 
' ' .... ~ ' . : ' . 

·which are also induc!bly synthesizing B-galaetosidase, enzyme synthesis 

terrnin~t<.\s i11stantly .whilE~\ growth sl.ows down b.ut does not stop entirely 

for over an hour _(Fig. 1). 1. 

Kepes (1963) has .shown that if a culture ir{duoibly synthesizing 

~-galactosidase is .sudd~nly diluted f~f~yfold to .reduce the indueor con

centration to a level too low to promote induction,. the rate of enzyme 

synthesis begins to sloW' down immediately and comes to a oompleta. halt 

in a few minutes. If such dilution to reduce the 1nducer·eoneentrat!on 

is performed after onlY ·.2 • 3 minutes of cont~ct between the cel_ls and 

the inducer·, and befoN enzy~ie activity hae appeared, then a s,hort burs.t 

of enzyme synthesis is observed, This commences abQut 3 m!nutea after 

the original introduction of .i~ducer to the culture an<i eP'l!l a e €,,. 

,. 

ceases a few minutes after' dilution hots taken place. The .burst of enzyme i.' 

synthesis is interpnated aa.being the. translation :lnto protein of mRNA 

.formed during the :time of contact with indueer, This t-,;oanslatlon does not 

commence until 3 minutes after th" introduction of inducer. Net mRt~A 



.. 

·,. 

... g .. 

decay starts as soon as inducer is withdrawll end none is left within a 

fe"t1 minutes. During this period the ~ate of ~nzyme ·synthesis falls in 

proportion to the decreasing conoentra,tion of mRNA, and when tho mRHA 

has all gone enr.yme protein synthesis ceases entirely. 
r 

However• if 5 1t· lO .. ~ M·puromycin is presont during the time that 

the inducer is in oontaot with the cells, no burst of enzyme synthesis 

is obs$rved after simultaneous dilution of both puromycin and inducGr, 

ev~:1 though growth do~m resume immediately after dilution of the Clnti

blotic (fig. 2). The low concentration of puromycin after dilution 

{lo~S M) is not inhibitory. In this experiment ind~cer was added to 

the cells one.minute after puromycin. and dilution took place 3 mlnutss 

later; the total contact time between puromycin and the eells ':fQS thus 

~ minutes. . In another e~per!ment 5 X 10·4 M•puromycin was incubated with 

cells for 4 minutes and the suspension was then diluted fifty times into 

m111dium containing 5 x 10·1~ M-IPTG but no puromycin. Growth waa :;;-esumed 

immediately and thero was no perceptiblo delay in the onset of enzyme 

synthesis compared with a control sample. A long contact time of 32.5 

minutes between the cells and pul:'Omycin before dilution c-f the latter and 

~ddition of inducer did result in a delay of about 26 mlnut$S before 

enzyme synthesis started. Howevar, in 4 minutes 5 x 10·~ puromycin 

causes no inhibition of the induction an~ synthesis process which is 

not readily roverniblo when th• inhibitor is removed. Nev$rtheless, 

' in the presence of puromycin not only is protein synthesis directly 

· suppr~ssed (Nathans, l.961Ja Sells, 1964' WilU.a:m:~ol:Jn & Schweat. 1964), 

but the development of th• protein synthesizing potential measured by 

Kepes (1963) is also inhibited sine• none accumulated as long as tho 



.. 

. •, . ' 
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inhibitor was present• Kepes equated this_ potent!al with mRNA• The 
' ' ' .• 

immediate resumption ·o'f grow~h which took' place when put>omyein was 
!' 

. I 

removed implied the eon·tinued ·presence, through the peri.o~ of puromycin 

inhibit ion • rof mRNA ~oding for tho~e p~te tn·" e~ntribut ing towards growth. . .. 

We thus reeogxitze tha· po.ssibility 't11at pu~omycln may ·$.nh!bit mRNA syn• 

thesis; as well. D.$ protein syntheS!iS, yet some· pre•existJng long.,.lived 

mRNA' s eo"Otin.uad to survive through :·tho period Qr inhibition to parmit 
' . \ . 

the immediate resumption of gro\.rth when the inhibition 'wae relieved. 

If puromycin ·was added 2~5 minutes ttfter int1ucer, just before the 

time that enzyme protein· synthesis to~as beginning, and. both puromycin 

and inducE:r were re~oved by dilution at ·3 'minutes, a slight diminution 

in the subseq·uerit ___ burst of enzyme :synthesis was ·observed (Fig.· 3) • indi-

cating that some degree, ~f i.nhibiti~n may ~ake pl~ce in ·3~ :1;econds' 
' . . 

contact tlrrie •. However• ·when inducer \'ras add~d to the culture 30 seconds 

after puromycin, and both were removed by dilution 20 sec::onds later, 
,· 

there was no observable inhibition of·the subsequent buret of enzyme 

synt'hesis (Fig. 4 ). 
' 

Enzyme· .inducti'on mny be considered simply 'in t;hree stages. Firstly, 
,..·. 

the inducer interacts whh the ~captor~ _and thi$ ~an· ~ccur- within 20 
. ~ ~ •. ·, ' ' . 'j • j 

• j • ' 

·seconds (Kepe~-·>l.963).~ ·.:;As eontact.·.~with puromy(:in (for the first 20 
. . . .. ,.,_ . . . ' ' ~ ~ 

seconds after the additi~n -of Induce;;- d~~ not affect the subsequent· 
t , I ' , . ' ' ' \ ' I ' , ! ~ 

formation"Of enzyme We may c6ri.h'l.ude that. puromycln doeS t'lot- interfere . . ' ., . ' . 
I' '' ; 

with inducexo•rec~ptor interaction .• ··secondly.· in the peri'od fro~ 20 
·. ' ' • . ' j . ·. ' l • <~ ~ t 

. '-• . . . . . ,· ~ . ,. ' . 

seeonds ·until enzyme. protein begins ·to be made at about· 3 minutes • 
'• ' ' '• > ' 1 ,> •-: , \, A o . . ·' . . ' . :. . ~ 
pu~~inycin .inhibits the ·a~·~umulation. Qf tnRNA •.. The assembling of the 
. ' ' '. • ' :· ' .. ',. '', ·•• ' ' ' ' '• ' ,'., • '~ • ' I . ~ ' /' \ ' ' • ··, . 

polypeptide protein: structure which begina at al>out 3 mlnutes consti .. 
' ' ~ I I • 

tutes the tl)ird stage and is totallY inhibited by puromyCin. 

f. 

-------- ---

\c, ' 

! 
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The indlcationf!l obtllined fx>om tha puroruycJ.n ctudhe that the 

mechani~ms of· ~~rnthesis of inducib:.() .on:eymoe and of protains eontri.,; 

buti-r.z; to gon~rnl growth might not be thl! semow&s studied further 
. . . 

·during tranl3.itlona from ona pluise of p-owth to another. 

In MG3 ··medium r.. coli C500•l grows exponentially as W0F.laut'ed. by ·. ........ ......,........, . ' . . . 

increese of ahsorD(ln~o •.dth a doubllnFt t.ime at '7° .(\If &S to R5 minutes. 
--t.; 

Growth ev~ntually ntops a~ a result of the almost complete ~xhaustion 

of th'll glyeor'ol .in the med..ium: the ammonium oalt used as nitrogen 
·,, 

' .• \ .. 

soul"ee is p~csent in grea.t e.xeess. W,nen g:t'Owth stops the Optical 

d~nsity Nmadns .approx.imately constant .for a pr<>longed per!rld• If 

after remaini:na for ai>O\\t l hour :tn -the st&tlonary phae& of growth 

a portion·. of:.:tlH~ oultut~e ,!S ragidly added to SJe<veral vol~mes of frosh 

growth medium, a~ exponential 1nere$9e ln ab$orbancf.t of the cultuFe 
' ' 

be:g;ins iwnadiataly,.:: .. the .firot meo.llmremont usually baing ab::J~.tt 30 seconds 
\ .. t,. _; 

afttlr the additiem to allow for thorougl1 miXing (Fig. 5). · Under these 
.... I 

oond.i t ions of , I'Starvat ion • therofora • the~ ls no· lag before f.l:'O\-ith 

resumes ·o~~hon ·atationary cell3 are reintroduced to a medium favourable 

for growth. 

The int:ro~uct!on of 1nduee:t> to an expon,ent!Ally growing culture 

tYPically initiates th~ suddon onset of entY.JM. protein ~ynthesis. ,~hieh 

·starts 2 •. 5 .,. 3 mln~tes latar (13oea5i t. Cowie, 19GlJ Nakada ' !~ag<asa.ni'k, 

1964; Pardee 4 Pl"etJtidge. :t96lHwe also find this to.be true (e.g •• 

Fig. 3). 

ferential rate of enzymt synthesis (the r>ate vs. the rat:~~\ of ~rowth~ 

determinad in our case by inc~a~e i~ optieal density) aG a means of 

compeJ:~ing the e:ynth"sia of $ sr,ecif'le pr.oteln with tho ag~\"~&g~tt'it ~ynthe$iG 



I 

of many p-roteins eontrib1.11:ing to gl>owth. In 'the case of B·B~lactosidase 

induced during logarithmic growth the· time requtrecL ·for th3 di:f'ferential 
· ..... / 

rate of synthesis t~ increase £rem a low haeal rate to a ijte~dy~state 

hi.~h reate or" !nduead syntbesh is veey short indeed, probably not tnOrt:!.l 

than a few seconds (tie. 6). A. difffarent })llttern t~f:: differential em\yme 

synthaoia kinetics is, onseMed if celle -fro:n a stationary phase·culture 

are added to frash medium containinll inducer for ~-~alactosidase. 

Exponential growth ~~;tarts 1mmadiately (Fig, 5) and althou~h;fl•r,;<ilacto$i-

. dasa activity ~e.gin~ to .appear af~er 3 minutes, the .differential rate 

of ind\leed enzyme syntheslB gradually in¢t'Gases and doeJl not hec6w.e 

::;' constant until about 1:5 mi.nutes after lnductfon st~rted (rig~ 7). 
,,y 

This ob~~r;va.tion sug~est$d to l.ts that durinr. ·the tiw.e th0 ecll$ remained 

in .the stationa~y growth- phase·. some. dis.rupt!on o'f tho sei•les of ~vents 

l~ading _to the appearane~ of en&yme protein oce~~e~. and that this 
'· 

nc~ded to be repair<sd when 'gro~h W~$ resumed before. maximal B ... s~alactosi-

dase syrrt::heids could ta'kf:l plae~. · · S!riee the firot appearance o! an 

increased rat.e. of f!il~ytn$ ·SYnthesis ;:did C)CC\lr at the usual tit;;~ of 3 . 

minutes it scorned that the initial. inducel"-"recept'or interaction, known 

to oc(mr- within the t'irst fe~ ttQ<:Onds• Wa6 nox-mal. But; as the rata of 
. . 

synthosi$ increased g)!"adually over a pr?longed period it .appeared that 

. ·0, pX'O¢!U·S nOt nQ.r'mally. 'l!'atl!.oli~itillg WS:t flOl'l 60Vt!a!.'Jling the' r{lt.e Of 
' . 

syntl1esis of enzyme, ?>!!aring in mind that thh phenornonon develo?ed 

during a period of enQrgy and carbon etarva:tion, WhEin both carbon 

ske.letons:·fo'X' ~ynthasi:!\ and energy .,rero in tihottt supply• a· reasonable 

explAnation might be that pools .)f metabolites GSsentlal :fol!• so:OO part 

of th·!. complete induction and p:totein synthesizing,, ~ohanbm were 
.. 



depleted and required time for r$Conatitution following the restoration 

of the oarbon and ~pergy aubstrate. Such e~sentlal metabolite$ might 

be envisaged as aminto aeid~ for protein synthesis o~ nucleotid~s for 

. · mRNA synthesis. 

It ·~as shown soma ytears aso by ttSvtrup (19S6) that tmdei' certain 

eonditi.ons of starvation. substances aM lost from t:bt tells ~1hlch are 

. not quickly replat!!ed, even by the addition of glucose, alanine and A'l'P. 

\.The more act of diluting the eulture into a. large volume of m$dium 

was not responsible for tho d~lay. When 4 sample of en exponentially 

t..'t'owing culture "zas diluted into nine volumes of fresh medium containing 

inducer the diife~nti&l r~t~ of synthesis became constant in the 

chal'aqteristie t m!nut~u;. Hor can qatabolite l"cprrus!on n1agasanik 1 

1963) be ln.voktHi as .an o,(pl~nation.. Naltada & Magasa.nik (19G4) found 

that starvation in the absence of nitrogen. but in the pNsenc:e of 

oarbollydratet a condition giving ri:Je to catabolite rCPNBsion·, would 

delay the appearenc& of ~n=yme wh$n the c~l1a w~re rGturn~d_to complete 

medium containing inducer. These authors explained their lag as du~ to 

the time taken to use up aocumul~ted ~t-~lf!ll1t• represoors in m0tabolism. 

Our conditiono of;,·starv~tlon w~re. completely l'll!Versed from those of 

~lakada & Magasanil< (1964 >. employing an •xcetUJ of nlt:rogen and an 

Absence of carbohydrate. Mandf)l.stam (1961) 1 in his studies on. · 

B-galactoaidase synthesis by iStarved oells~t has shown .that c$t.iw'o1~to. 
' . . . . ' . . . 

re?ression depends on tho pttetence 'of a earbon source. ; 

,· 
· permit the very .slow •yntbe8b ef enzymo (Flg. 8).. Nevetttheless, contact 

with 'thia induaet~ during the stationary phase did not ~dueo the larii pre• 

ced:1.ng the attainment of a contrtant differend.al rate 4!)f enzym~ synthesis 

' : 

.... ~:·. 



when growth was resumed bY dilution into f~sh m•dium containing 

induaer. Even th$ continued presence of inducer, ot'it!;lnally added ... 

during the previ6us growth phase before thq exhaustion of oarbohy• . · 

drate took plaea, had no effect on, 'the lag wban growth. was re$umed 

1n the presence o.f inducer (Fig. 9) .. : In this expgrim~mt• I?TG was 

added to the ouituro during eXPOnential. growth• · The $ynthesis of 

6-galactosidase oommeneod in a minutes and the differential rate of 
. . 

· syntheSis remained constant throughout the rest of the~ growth period . 

(about 2.5 hours). tV"ontue.lly growth stopped and B-galaatos!dase 

of' starvation • part of the culture wao dilutad into fresb. n1edium etill 

containing IPTG. · Growtll re6umed immadiat~lY • but the differential 

rate of B-galactosi4ase ·synthesis behav~d ae descx-ibcd earlhtt, and 

did not l>ecome eonsttmt until about 18 minutes aft&r growth x~start!ild. 

!n the control in this expot>lment, in which no IPTG toras present be.f<.i>re 

dilution, the 1ag was 14 minutes (Fig. 9).,· The experlm.e:nt thus ind.t ... 

etttes that during the starvation period part of the ind.ueiblo ... enzyma 

. synthesis rneebaniStn dee~yed and had to be renewed Ofi t'EitSUmption of 
~ ; 

expommtial gro\otth. Such decay wo~Jld be ooneietont with· the breakdown 

of inducible m.:WA when material and enargy needed to maintain ~ibotide pools 

and synthesize RNA· wef'e not avallahle attett the exhaustion . of the carbo-

hydrate aubSt't'ste • 

. Tl'le lag in enzyme induction afto·~ a p~riod ~f 5tarvatlon was 

x-estr!.eted ~either ·to B""galaotosidase• no:r to $t:J:'a1n C600·i• Precisely 

the same 6-gal.a.etoaidaGe behaviou-r was demonstrated by strain. 300U. Two 

other inducible cnzytRes • bot}l tak1:ng 3 m!nu.tea to d.elftOnat~ato stcndy 
. . . . 
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differential x-ates of synthesis when J.ndueed in exponentially grot-ring 

cultures .• show0d .. b.gs similar to that fox- $•gilictotiidase if the indueers 

·were pNs!lnted to th11 ·. c~lls at the ti~ they ·were diluted into fresh 

medium from stationary growth. Theile were tryptophanase ~n rstrain 

'csoo~l~ grown' oil glyeerol. which ·showed lil lag ¢! 33 mlnutes. a-nd 

D-serine deaminase in strain ML-3 grQwn Ol'.\ maltosd) 11 with which· the 

lag was 19 minutes. tn both of tbeso ~XJ?e~!ments exponential growth 

eommenced immodiately upon.dilutlon.. 

Before inv~stigating th$ lag further another trivial ox:planetion 

needed to be exeluded1 viz;., that the dela~ was th!!t eons~quenoe of 

traneferring the cells fNm exhausted medium ~o fresh medium. Perhaps 

fresh medium contained a. tilubstance inhibitory to enzyme lnduet.ion •. !t 

has been shown by' Fretel' 6. Ozawa (1963). that roedlurn lllhich ha~S ~up ported 

growth of bacteria until they have ceased d.t. vid1n,g be.eau.se of. exhaustion 

of an essential nutrient • may bii capable of supporting 13om~ further 
. . 

growth if the old O$ll$ ar.e removed by filtration ot" e~nt:r1fugation 11 

end the medium .inoculated with a f~,I'IH<Jh sample of cells. They suggest 
. ,.., . 

that the dense atationa.ry population OXfhausts all. the nutl'ients capable· 
........ . 

. . . 
or .being utilized un<ier th~ highly reducing c~nd.itions of sua~ a culture • 

The manipuL-,.tions 1nvolv¢d in removing the cells results in aex-ation o:f 

·the tilf!d:i.u.m whiob then pemhs ·some degree of fur.ther grow-th• 
. .. . 

An e:Kperimen~ was perfomGd i.n ·which stationary phase . eella we~ 

added to filtered ex.hauated medi~m .~ontaining indueet-~· A abort .. period 

.(U minut~a)' of very rapid &rowth did ensue • following tilh!eh the rate 

of growth fell ver•i gt~eatly (Fig. 10). The diff11rontial rate of enzyma · 

.synthesis, however; showtld the ueu.al pattorn.with e lag of 16 minutes 

' ~ ''\ 



compared with 14 minutes foro the control (Fig. 11)l the·posdb~lity 

that. a component in the medium was r~sponsible fo~· tM lag was tl:us 

excluded. 

'Direct attempts were noKt made to replace in tho medium essential 

intracellular metabolites which migl1t have become dopbted during stal:'

vation. In one. experiment starved cells were added to fresh m()dlum 

containing onzyrntc· hydrolyzate of casein (200 lJiz/ml) to l:'eplenish pos

sibly de:fieient pools of amino aCids. In another attempt a mixture 

of th0 diphosphates of ~dono sine • cytidine, guanosine anc:l uri dine 
. : . . . 

· (129 ug/ml E>ach) waG used to suN>iemont the medium. ln. neither case 

wcrg the kinetics of growth eif ·· B•glllaot:osidase synthesis affected, 

· though in the case o:f' th~ nucl'.i.\osido diphosphates ·this n1!ght ha.vGl been 

due to thei:;.". inability to enter the calls. Amino adds .at;'e known to 
r 

he c:oncentrat~d from. the medium by t. ~oll (Britten & McClUN• 1962). 
I, ,. -~~·· ' 

.·so that a shortage of amino acid~ for protein a;ynth~sis is an unlil,ely 

expla.nation for the lag in en~ym• formation. To OVQX'eoUJ~·th0 .incon-
, ' ' 

elusive results with the four n~clec:rtides• a mixture of the four ribo ... 

nucleosides (50 \.lg/ml of ~ach) was added to the tnedium into f':hich 

stal:'ved cells were dilated, even though nucleosides are not normal 

metabolic intermediates. The presonco of these nueleo~id~s. whil~ 

not affecting growth • .both prolongad the ian (to 20 minutes eompo:rcd 

with l~ minutes for the control) &nd inhibhod enzyme synthesis (Fig. 12). 

This inhibition might be t:he oons.equenoe of. e. form o-f oatab6lite r~pres

sion and !$ ~1ng IHt:par-ately inV'estigated. 

Efrtl'lets ~ G•&t;aurno!l 2n. ~nztmo. induetl¢n and growth 

Efforts ·to ~duce the lag being unsu.cees~aful w~ $OUght next' to 

,. 
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not a.ff'ectCi!d byactinomyc!n D (Hut>witt 1 Furth* l1alamy t Alexander, 1962), 

- the inhibitor of choice of RNA synthE:lsh. and ~eourse was had to another 

·inhibitor, 6•azaut'ad.l (Haberman+', l9Gl)• When. added to a stationary 

oul.t.ut"G ,~t a concentration of 25 ]J-S/ml, 30 tninutes before dilution into 

fresh medium containing inducer~ s ... asauraa.il. t;l.id not immediately 4ffect 

either the kinetics _of growth or of induced en:z.yma oynthesi$• About 14-!.J 

minutes after dil~.tdon, b,ow~vor 1 thG growth rate suddii!nly fell by 65\'1:, 

(fii$• 13 ). The: differential 't~ate of 8-galaetosidase synthelSlh \'rae 

identical. l'dth that of the e~ntx-ol for the fll'st 27 mbutes1 and then 

suddenly fell by 9016 (Fig~ 14). Since s .. azaui'acil took so long to act 

it could net be used to inhibit RNA syntbo'f.l!s, i~eluding mRUA rliynthesis• 

·. immediat~ly' after induction. tlhen eventuallY ,tt did brjCOffi$ inhibitory 

it exerted t ts inhibition sooner ~nd mo~ powc:r-full.y on indueed enzyme 

·synthesis than. on g~owth as demonstrated by the 90% fall in the :rata 

.·of 'differ<mtial enz.ym.e. synthesis·. !f 6-azauraeil. 'was addnd to induoed 

e)t!)onentially Sx-owing ce-lls gr-owth 1#a& 1nhibi1;ed after about 30 mJ.nutes 

and $ .. galae.tos1da.ne synthesis a few minutes earli.et-,- Wh<&n 6•aza-uraeil 

is a.d.<led to tho oultura it $eems that SO minutes of let1ve rootaboli:;~m 

'mUSt go On before inhibition Of gro\-rth QJ? en~ytnf.\'1 SytltheSiiil is observed. 

Thus when it is added to a growing population inhibition starts ln 30 

minutes, but wh~n it .is introduce~ into a stationary c:mlture inhibition 

starts only l!ifter 30 minutes of subsequent growth has oecurred (figs. 

13 & l~). 6 ... Azauraoll is r.cportGd to. inhibit pyrin:d.dlne biosynth¢sis 

by being converted to 6-az.a.uridinl!l .. S'"'Phosphate and bloekin$ orotidyllo 

acid deearboxylaM (Habermann,· 1961).. This ¢()QVeraicn may r~quiro 30 -

minutes under met~bolic conditions in which there is available a suffi ... 

oic·nt quantity of. ATF er etmil4'U:' t.n.Wotanco. p't'Oduced during ca.r.hohydra:t"" 

. ' j: 
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mota..bolism .. 

It might be instructive tc> review the findings ·at this stage, The 

addition of inducer to a l¢g$rlth~1eally growing culture induce$ a con-

stant diff~~ntial rat4 of induced ~nzyme synthosis in 3 minutes. This 

t'-'ltc is maintained in our conditions unr.L\ glycerol is exhauated and 

growth a.nd enzyme synthesis both cease. During tho ensuing period of 

starvation mes!¥enger RNA for B-galaotosidase i~ synthesized only slowly 
• 

and '14'ith difficulty, and t>~llformed labilfl! :mR.~A; inelucling the ona 
. . I 

·specific for- 13..;galaetosidase, decays. Yet if such a stationary culture 

is added to f'resh medium there is an imli!Odiab: resumption of growth as 
.. ' 

measured by optical density, but an abn?rmally delayed NS?onse to t~1e 

pre3enc0 of J:ndu~ers for at ltnant thX'~e !nduciblo enzymes. This loads 
. ' 

us to ask t.wo pertinent qu~sticmst (a) i& the le.g in achieving a ~on-

stunt differential rate of enzyme sjrnthesis rolatod to the inducibility 

of the inducible enzymes, I.e.,. to the control. of their synthesis by -' ' ' 

regul~tor r;~nes?_; and {h) how is an immediate exponential . .tn~reasc in 

optical density :following dilution of a stationary culture into frer.h 

medium tQ be interpreted in terms of $uch growth parameters as cell 

V"Olum~,. cell mass. and the quantit_i~s-- of tb(t various macromolecular 

cell constituents?. 
. . 

· If optical abeorhance is a true ttteasure .,t bast of protein syn-

thesis, then the m.Tl.NA''s coding for the .proteins being synthesized 

·.immediately must have e~1ived from the previous growth period. The 
''! ' . 

results ref)OrtGd above with th~ inducible en~ymes eugg~st that mRl'fA 

is readily formed nelth~r. durin.g earhohydrat~ ito.rvQ.ti<>n nor .tmmadiat~iy 

after groW1;h h4s started in frt}sh .medium~· ·But mRNA for inducible ~m~ymes 

.. 



appea~a to bo ttnst:a.ble • oann.ot survive starved.ori: and mu5t be Gynthe• 

, s.tz~d anew when growing conditions improve •. How~ver·, one of the ·probahlG 

~on~ef!U~nees of starvation io to deplete the M$ervo.11".s ~f RnA pr~curaors, 

a.nd these requ.ire som~ time to be> brought ba.ek to their normal levels • 
i' • 

·Until, these level$ al'e rostoi-ed i'nRNA ~annot h'!l synthesi:l:ed at a maldmum 

rate. 

·.This hypotbesis -of differential biological $tabilities fol" various 

· function'll types of mRNA will acco~nt for the kinetics or enzyme /Syn ... 

thesis raported' above, and may .also ~x.plain the diff~r.!lmtial actlen of . . 

6-aza:uracil and. per hap$ of puromycin, chloratl1phani col and tl~~ : o~her 

· <H.fferential !'llhihitors mentioned in the !ntrodl.lction. if it is supposed 

that thQ~e inhibitors slow down o~ stop tha eynthesi:s of all n:RNA' s. 
' . 

l'il:llsaerigers ·for induoible enzymes are unstablt •. and the syntl,l0sos of 
I 

Other proteins may be 
. ' ... { . 
· d0pandent on lcng-;,:iV'ed mm:A, and synthesis Of th,ase may <'!Ontinue for 

much longer periods evan in· the abeenc~ of DNA•d.epandant mR."lA synthesis. 

Little has been r~.portod on tha effects of puromycin on mRMA synthedt~. 
''· ... 

' . Sells (l96'•) observed that ribosomal RNA was not 4\:ffe~ted in E. coli .. . ' ........... _.._._..., 

Bolland (1963) c:m the other hand fou.nd that in Hela cells ribosomal 

RHA synthesi3 o;.ras inhibit~d by p\U"omycin while an unstable RHA, which 

may hava been mossengor• was l.~$s affoctod. Nakada ·& Fan (1954) pro-

posed that under eertain conditions 'PUromycin might stimulate the 

£unc.tlona1 <i~cay· of mRNA fo~ 8-galaetosidas~ in I:. eoli.. --
I 

myoin inhibits the inducible to'l:'mat!on of l).;,galcaot.qsidas" in E~ eoli 
' ' •' ' .I' .......... __...._ 
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sugg~sts ·that puromycin does not direet1Y affect the 1nduet!on proe~ss 

itself. They Iii so fo~nd that. the inel"eased :ineo~oratiort of laoolled 

adenin-a following addition of in.ducer was not affected by the anti.-. 

biotic• hut they did find. that in a cell-free system• pri1n0d \-lith 

· .. , .·synthetic miUiA, puromye.in w~s T!loi"'~t inhibitory if ~dded before the mas• 

Mnger •. Th1.u~e attthorl!t the~fore eon~luded tl;lat puromydn affe~ts the 

e:tta.chm12nt of rtiRNA to t~HJ ribosomes: . This imp~tes that non•induciblo 

mR.\fAt .;tlready nttacl'H~d to the ribosomes, is not sensitive to puromycin. 

·, 

this proposal !s that eonstltutiv~ mRNA is more stable than indudbl~ 

. mrurA., p~r-haps by virtu~ of its hindin~. to the t-lbos<.nn$s.. Alternatively 

one eould postulat-0 th~.t c~nSlti tutive ·and !ndudhlo. mRtrA differ in som3 

we..y tha't N!nd~rs the attacb:m~.nt t:o. the rthosom.es of the latt<!r, bu't not 

of the rortMr1 sensitive to puz.•omydn. A furthar extension of this idea 

would 1Y.! to suppose that ther13 are cH.fferent types t':lf ribosomes fott the 

different types of mRttA, and that puromycin inhiblttl only som~Zl of the 

tnRNA-ribosome !nt~raetions, those coneernted, for instance, with 

Studies 5!!. constitutive earam~t~.n.:•s dut"t:nft !it'o.~tt~ trans:l:tions 

If' th~ explanation o.ffared fo'r' the leg !A inducible ·enzyme fot'tn~tion 

whiln growth is NSUm~d aft<!r stat"\'ation b correct • one t<?ould not expect 

the lag·to be affe~ted by mutation of the regulator g~ne controlling 

enzyme isynthe~sia. this g~n~t ls belieYed to control only the initi~Hon 

of m1A-dep~ndent mRNA tx-ansei"ipt!on. An i"" constitutive str~in of 

.h !£!!. ·would ha exp$cted to show tht11 ,samo lag foP B-gaiactosld~se 

synth~sd .. s an the f"' stx"ain, 0600 ... 1., which was used in mo.st or thl'! studies 

!' 
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f' 



I '<' 
I • 

The constitutive stroain h~ahaved exactly as pt~Gdieted• When diluted 
. . 

into ft-esh medium aftel:' t'<!maining $tationary f<1X' an hour, ¢)(pOnen"t;ial 

growth eommr:nead .. immediately but· r~t~ady•atate B·t!JI.lactosidas$ synthesis 

vrCJ.s del~y(ld for 42 minutes (Fig·. l5).o The· inhibitory ef!ee'l! of G .. aznur~cil 

in the con.'ltltutiva str.;\in waa also r.d.milar to that in· the in,dueible str.:1:tn; 

after 30 m!nut¢S gt>owth~wae pal"tially .inhibited and.the diffal'ential rat0 

af enz~e $yntheo1s dropp~d to zero (Flr,. lS ) •. During logarithmle growth 
' 

6-a:r;auradl inhibited both growth and enzyme synth~sirs in ,about 30 minutes .• 

Studil!ls w~re made of nnumber Clf constitutive growth characteristics 

durin&~ the. rnpid t-ransitlon from a ~~till:t:!onary cultt!.t'$ to an eKPon~ntially 

growing one. Tlle. inhibitory effeots ·of e-azau..ira¢il wet>e also invasti-

. gated. Fig •.. 16 corn1)ara-s the respon~s.~s of optice:l d$nslty of ·t;he c:rulture. 
. . ~ 

of cells not- in the total eell volume corresponded with the lmm~d1ate 

exponential increase. in opti.oal den d. ty. · .Both of 'thtuae parameters 

exhibited long delays (34 minutes and 19 minut~H"• 'rcsrpecitvely) oofore 

theY beg<ln to increase logarithmically. An in~st!gntion was next made 

of t;he letvcls of total DNA* RNA and pt>Otein !n the eulture foll.m~ring th<i!! 

· grovtth transition j (!gain th$ 'inhibitory effect. of s ... nzaurt,\cil, was included. 

K1net1c mt:lasuremants of eon.etitutive parametf.n'a .uoually ~:mhibit confJiderablG 
' . ! ' ' 

. . 

Gecttter b~cau$e of the reladvoly small inerea4!.etl bet~eetl sueeessiv~ 

samples. A.s we wished to eolloc.t samples at 2•minute intervale all 

volttmetrie m~H'l.SU'rataents in this experiment ware oon.firm(l)d ~rf!l.vim<J)trieally. 

The results are shown .in Fig. 17 and .dem.ortstrat$ that in th$ abSI3l'lC~~ of 

6-azaurac:tl ther~ was indt)ad no lag .tn the initiation of protein synthe.sis. 
' . 

A similar result wa$ obtained by lfQt,shey (1930).,· DHA exhibiti;ld a lag of 

27 minutes • and· tbe~e may have be•n a short ·lng of'. ~out 5. 5 m~nuus :fot' 



RNA. With aiaurac!l both R~'{A and DNA syntheses at.arted afte~ laas roughly 

. similar t() those in the eontrol a~x-lea, but inhibition sooo. set in. 
. . ' . 1 . . 

Protein sho'tted in.itiallY a very rapid rate _or synthesis which slowed 

down after &bout 5 minutes~ this is not undo~stood at'id may oo an ax-te• 

fact.. Here then· we have· in the control t!ireot conf.ir.mation that optica.l 

d~nsity rafl¢ct:r::d protein content. The .1•\tr. for Rt~A synthesis in th~ 

control sampla., though not: une.:tuivooal, would fit the explanation 

advanced for the lag in indueible enz]mti) synthesis • 

. Measuremants were ~also made of on~ particular protein, malia dehy-

drog~nase. We have no information on any genetic :regulatory cont:r:-ol 

for this ~nZj'Illl:, and provisionally consider !t to behave constitutively. 

At least in our system it was not induced by an e.xternal bdueero Ao 

· · with othex- kinetie mea$uromo.nts of constltutiv~ prop-erties there was: · 

considerable G"'Peril'!'.ental eeatte'r (Fig. ttl). Tho Nsults nevertheless 

demonstt>ated f'airly convincingly that the synthesis of this enzyme was 

subject to no l.ag wh$n stationar)' cells were placed in fresh mediur..t. 

4. · Disauasion 

1'\ll th$ evidence doacrlbed above indicatos that the inducible 

synthesis of speeifi:c eml)'mes .lG more sansit1ve than the apparont eon• 

$titutive synthesis of many prot~!ns contributing to overall gro~zth to 

• several inhibitors and to eertn1n nutritive deficiencies. 'rhe sequence 

of events followinc the introduction of lndueer to a bacterial culture, 

and culminating finally ln the appearance of enzymic activity • has been 

divided by Kepes (1963) into six st3.ges. These may usefully he employed 

to discuss the lag in B•gnlaetosidaa(\ synthesis· which is :t'eported in 

this communication. Stages 1 and ~ relata .. to the an try or inducer into . 
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synthesis lag ~annot be ascribed to either of those stasee since the 

constitutive stl-ain ~xhib.its as pronounced a l1g tu~ ·the inducible • yet · 

does not requ1r<!t the presence of inducer· to produee enzytr,~. The last 

t•11o stages • 5 and 8 •. deseriha 'the· synthesis of polypepdd0 at th~ ribo ... 

. som~s using th~ informl'ltion pNvided by the mRNA. llnd tha establishment 

of secondary, tertiary ·~d quaternary stX'uctural oharactoristics of the 

molecule leading to a protein possessing enzymic activity.. 'these staz~s 

a~a also not related to the lag bacause other proteins are ·aynthesiz~d 

at this time • and are incorporated into thoi.r appropriate atructu!'al. 

niches, as demonstrated by the g~owth of the cells aod the :formad.on of 

malic dehydr>Qgenase. We oro th~s left with stages 3 and ~. These refer 

to the !'ormation of oN'A ... dependent lllRttA tllld th~ tra."'lS:fer of the .informa

tion contained in this molecule to the .site of polypept.id~ aynthes:h on 

the ribosomes. Since other proteins !!!. syntheshed during, the lag 

period there is presumably no d.i.ffieultY in transferring information 

frbm their mRNA's to th!! ri!>osomes. It :i& difficult then 'to see why 

infoJ:Im~ti<:m from· a-galactosidase mRMA should be transfo~rod only with 

· difficultY• the 1iffioultY sradually dimin.ishtng and disappearing after 

about 15 min.. We ara thereforo left with stage 3, the fo>.~mation of 

mRNA• as being the moat likelY origin of thf! lath a coneluaion con

sit:tl!llnt with the ~xperim.ontal observations ~pol"'ted above. The abs~nee 

of l;~g as far as growth and. ~onstitutive protein synthesis is con~erned 

must imply the exiatence of long-lived mrulA fot' these proec:tsses. 

Mta.ny different.h.l offocts have alr~ady peen not.ed bet\-teen induced 

~nzyme synthede and groWth which might be 118Cl"ibed to StJ,ch vatolatlon 

in mRNA stabiliti~s. Aotinotr~.v<iin o. ~. p~werful specific inhibitor of 



I 

~'ll\ synthasis in many organisms. has b6lcn $hown to inhibtt inducad 

hh~tlda.sa eynthefSis more than grcn.rth in !~nci.llu~ subtilia (HartHell & 

.~1aga:srmik, 1963), and: also to bs more inhibitory to RNA aynthesis than 

to protein synthesJs in the sarr:.'i) ot:>ganhm (Hurwh~ et al. • ·1952). -- In 

both, of thes.e. papers the auth~oa mcntiott that some. of the it" rooults 

might ba ex;>lnined by supposing that not nll mlU\A i~ short•1iv·ed ... 

It is not propos~d to discuss l'ut~X"tl e.ither the structural feCi.tUl'eS 

which may det.ermin~ the in vivo li:fl!)tlmes o.f 1.ndudbl:!ll (::ohoX't-Hv~d) 
...,_.,...~ ., 

and co.n~etitutive {lone-li..,.~d) mR!i!A, nor the evolutionary lll(t<:hanlsms by 

. . 

a.ssoci<Bted t-rith ·¢artain et1zymea iB.$ a fun~tion of the genetic regulation 

of th0 .latter; thetSe topics have been discussed. elsewl1"re (Mos~r, t Calvin, 

i96.5). In another direction wo w.ight note that c0lll.tlat< d.tff~rent.iation 

is V!$X'Y probably brought about by ·~ $Ubtl~ interplay of int.,t·:oal ~nd 

external factors ihducing c9.nd repressing t~~ synthesis of v~.r-bu$ pro

teins • th<areby produdnfi; a ·wide varie;«ty of enzymic ?M!.10t}'l;'>e$ &11 of 

which are genotypically ioenti~al. We might '-'onder ho,, this would be 

achieViBd if me..ny en~ymes ara. eonst!tudve by vix-tue of their not b$l'Og 

under genetie resuiatory <1on.trol• Pr\rdtc 6. Becl~"·itb .(1963) have obt~e!'vad 

that sonw reld.tivc vs.rie.tion iri tho I(X'Ol/Ortions of constitutive en.zym<!s 

does occur .tl.$ a l'esult of environml.'1lntal chang<!s. This; might b~ due~ to 

.·slight shift.~;: fn. the balance. of spe~ific intr~cellula~ metabolit~s 

The rates of constitutive protein syr:rth~$i.s woul.d only t!\lo\'rly be 

affected be<l,~use of thl! J.ong. life of this type ef: mRUA~ !t l$ of 

int~rest in this ·COnt)..,etiGtl that Loom.b. e lo1lX!gli!U'Il.tk (l~S·~) ShOWoJd:, 

that the c<:mt1:'0l of 6•galactosid~$e uyntheei~ by catabolite ):'cpr~!lG!on 

,,. 

• 



' 

• 

.control system. 
:.' 

Finally t He must b~ar in mind .tho pollsibiJJ.ty. th~tt' va:ria~ion in 

.· · the biosynthetie :ratQ of pt>oducrtlon of a compa.rativoly ~mall prroportion 

. . of th~ tQtal lltllnb~t' of. cnz}'nleS mignt l>l SO.fi~iOi(,.'!n:tJ'. to iiCC!'')'tnt f0r 

.. :Phenotypic varl\3tY withi~ tt grtnotypically ho:nogonoous t'~O:P'Jh.tio~ of. 

' . ·.'. . . . 
· bioche~n!cal ~~tl.vities might .•.tlways ba produced in ap-vro"=imat1!ly e~";,u~l 

small proportion of the enzytM eomplem~n't by. induction-repres:sion 

phenomena tnight then ,be su!fic!errt to a.eeount f(l)r thi!l. dogra~ of c~ll1.1 ... 

J.er differentiad.on observed n•lturally within. a mul d.ciSllhh.r· organism, 

The work reported in thim ·"aper was spon~<)~d by tbG United States 

·Atomic· !.:Mrgy Commission. The authD~'& arG indebted to !1iss .Jul:ta Chang 

an(l Hiss Pamela Sharp for invaluable technical asd$tanoe. 

. . 

Acad. f.ei. ~ Ptiris• 255 1 .2303. 
. ,__,......_ , 

C. R, 
~.-.......... 
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Captions :fol"' :figu~s. 

FIG .. ·l. Ef,fect of pur•oltlycit~,pn r-;rowth .and., ~""&alacto,sidase s~tbesis~ · 

Puromycin (5 x lo-4 M) adde4 as shown by arrows to an exponential,ly 

ttrowing .cultura of E. coli C600-l inducE!d. witn IPTG., Growth stops in 
. -~' 

about 100 min (curve A); e..;galactoaldasa e;ynthesis c~ases •l'ithin 30 sec 

(cur'lfe B). 

with IPTG. Cu'Me A. 1PTG removed by dilution af'ter 3 min contact time. 

Curve B, 5 x l.o-4 M-puromycin add~!!d l min before !PTCH both removed 

by dilution after 3 min contact time of IPTG. e ... C'..alacti'!J:dda!Zie aed vity 

followed after dilution. 

FIG. 3 •. tf£eot ~f b~!ef co.,ntaet of. ,purom~ein. · !:.. colt C600-l induced 

· with IPTG. Curva A, IPTG· removed by dilution artQr 3 min contact time. 
. . . 

Curve B~ S x lo-4 M""Jturomyoin added 2.$ min after lPTGt both l"emoved 

by dilution aftor 3 min eontac;t tlme 'of !PTS.. Enzyme activity foilow~d 

·after dilution. 

FlG• 4.. Ef-fect· of puromy;ein .pn ·tnd.ueex-ree.agtor interaction. E. coli --
C600•l induced with lPTG. CircltaS• IPra remov~d by diluti<:>n a.fter-

20 sec contact time. 'I'rianglu, 5 )C 10""4 M ... pu:romyci~ bddod 30 see before 

.inducer• both removed hy dil~tlon after 20 seo contact tim~ of !PTG. 

t I 

Optical density .at 650 !l\Jl measured 

In Fi~~ SA a pol:'tion .gf the .$tatlonary o.ultul:'e was . . 

diluted fivefold at about 4 br into fr.~sh medium.. In Fig.· SB, glyc\'Jrol 

(eu:rve A) OX' ammonium sulphat0 (curve a) was a.dtl~d to ~ etadonary euJ.tuz>Cl 

... 
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·. 
FI<h 6. B-Galao:tosida1;1e lnduetlon in E .• c<;>li CG00-1, Indue~r ('I'MG) 

add¢d at art>ow- to e~ponentially growinr.; aul.ture. Differ~an.tial synthesis 

of enZym$ plotted at 30 se(: intor~als~ 

FIG, 7, · a.-G~lact?tJ~idase, ,in4,w~tlon .,during ;rasumfi~.!,on of. srowth;. Stationary 

eul.ture ~r ~ c~li 3oou dilut~d .into fre.sb medium containing; !PTG at arrow. 

Differential ayntheds of 6-galactos!dasljl plottedl the mass doubling time 

\-ta.g 70 min •. 

E. coli CG00-1 --· 
induced with lPTG, Curve B, stationary o.l.l1tur~, compared with curve A, 

exponentially growing eultu~. At the titn$ of addition of tPT.G the 
I I \• 

opt leal density of the stationary culture was 1.:24 and of the growing 

culture. o.5l. 

· state of growth diluted into· fr~.;~sh medium containing !PTG. A; !PTG also 

, p~sent fo:r 4 hl' before dilut1on; B• !PTG first introduced. at time o.f 

dilution. Difte~ntial syntpoais or enZJm$, plotte4; ma~s doubling ti~ 

92 min in both cases~ 

' FIG. lO. _?rowth urzon re,ino,c,ulation .• fnto e~hnust,c.d medium. .£::.. ~ C600•l• 

from a stationat~y culture, was diluted into f:rash JOOdium (1\) ot- pNvio'tlsly 

eXl1austed medium (B) •. 

enperlmerit t\s shown in .Fig .• 10; in bOth cases IPTG 'added at time of dilut::tOrt. 

DS.f'fC~tr~ntial. tiynthetd.a o:t' e~ne:v·m., plctt$d intermittently. Ct.l.~ A, dilutiofi 



became ·conetant ~ftor l.S mln. Curve B, -dilution intO. C\!Xhau.sted mi!dium 

at arrow B; differential rate of enzyme syntbeds )),)came constant afte~ 

Hi min. 

' . ' ' 

resumption of. p,:rowth. Stat!onat'y C'Jltur~ of t .. coli CGOO•l ~iluted .into . .. _..............,' 

· . fresh medium containi,lg indueer (A) or into m~diunt eontaining induc~r plus 

50 ~g/ml each of adenosine,. cytidine 1 guanomln:e and urirlin~ ( S). Dif• 

ferential synth~sl$ of enzyroQ plott~d; mama doubling time 46 min in both 

cases~ 

. . 

culture of E. coH C600•1 diluted into frasn medium. A, control; B, 
,........,_.~ . ,. ' 

. . . 
6-azalJ.raeil (25 1Jg/ml) add~d to th¢ stationary culture 30 min bafore 

dilution {as indicated by arrow), and -was ~lso pres~n~ at the sam~ con"" 

. . 
. · flG. 14. ~ffect of 6-at~u,racil, on e-:;;al~ato.s.ide.se szrthesir:> dur~nit. 

: ~-

resu~ption o.f, r}'.o~h: . Same· eX'veriment 1\5. Fig. 13'. in both <::a!iias !.P'I'G 

··<'ldded at time of dilutien. A• control; 'n,.,plus &•azaura.eil.. Pifi:e~ential 
., 

/ .· . 

·· synthesis of eru:ym~ plotted at 3 min intevvab. 

tive) diluted. i-rom stationary phas$ into fresh medium •. A, aontroll B~ plus 
... 

6-~zauraeil ,(25pg/~l) origin~:uy added 30 min before dl,ll.ltion and also 
. . 

Diff~rential synthesltJ. of enzym~ .rlotted at 

. S min intervals for aurve A~· ~or curve B some· points omitt~d dtte to lack 

after dilution,. :.,· 

: 

,, 

... 
. • 
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f!C., •l$• ~Qptilim.t.ion _:kitH~'!;'~ OS, ,aft:~r r;:esutttptiot'l Of $X'?Hth1J ~tad off:I~CtS 

of 6·~.zat.tr3(.d.l. A st~.t!onary C:l.tlt\.\ro of s. eoli C600•1 wa~ diluted into -·-
-

. of tb0 ~U$))Emaioo, oal.l cone9ntradcm. total :c:tlll volume and ~."'~r~ge c~ll 

volurtH':h Series A, control' l!leries n, .G·a~auracil (25 JJg/'m1) add~d 30 min 

hefor-4! d.i.lut:ion ~ild p~~ent at dtG tta.mil: coneeatrF.atiQn aft~Sl" dilu'1:ion. 

-. fiG, 11. Hacromola4ula'r.· sy.n .. theaea aftt'!t". res. umpdo~. of ~rowt.h, and. ~ffaat!l;: 
-· _ HH11 l&z ! ' 1 4 4 f. t I p· J 

. of G•a?.aur~a1J,. Exper:l.m..,nt similar to tba.·t 1~_ fig. l6, ~d.th ll'Mt~Uu.rum~nt$ 

of. px-otdo, RWA aud DIM~ Seri~s A, control.; t,~;el!ieiil B_, ,pluz 6 ... azaux-aeil. 

F.!<~. i-s, ~ali~ ;q .. _;~y~o~:~n.~s~ .~ctlvlt,,y ~lt~l,:r.;' tei:~o:lption .e>f ~rowth. A 

atation.;u•y eul.tur~ of !.:.. 9o,li_ CIS00-1 w~.s dllut~d iuto fl"esh medium ns 

ind1e.mt~d by the arrow, Oif'f~rtlntia.t t:ynth(!:sis of ~nzyma plotted; m.ast; 
. ' 

doubling time SO rn1n •. Tha stt'aight line w~.s ealet~latac! C$ th~ t'(lst fit 

calculation, 

'': ·.~· ' 

; 

··~·. ··~ : 



.. ABGTMC'!' 

~ . .. .. .. ~ .. • .. ·• 
of C.:Alifornia, l'.eX>keley,_ Calif•,. U.S.A.). tYidene~ is prel!ented 

that durin~ the induetion Qf s:...gal~o:tosidese in r:r.ch~rlchia ~ 

puromycin may intd.hit tn6s~'>engar ~A eynthea~$ af.J w¢11 aG :!JrOtein 

synth~sb. !ntlii'lraeticm of the lnducet> with its r!#leeptot"' is not 

affeet$d. When c~ll.s from a atationary ~ultu!"' a:.re placed in 

frosh m~dlum cont~.!.nine, indua~r for" £3 .. g.alaetosid&s4i; gr-owth 

st~m \d.th no l&::h but, a-;~alactosidets@ synthods is rr,Natly 

· d·elaya<,\, compaNd w.lt:h induation during; 'meponential growth•. l'b0s~ 

findings •. and .othur ohe~~vation~ $.bowing that indud.bl.~ e.nzymc : 
. '· 

3ynthesis ls mol:'® sensitive than growth to &ome inhibitors ~~d 

.. ,adverse gt-ot-..-th Conditions, bi1V<e ~uggest~d. that l)l(~Sseriger R!~A for 

induci.bl~ Qnzymes. ie biologically lesG stahl~ than that for oon ... 

stitutlv¢ proteins • 

. ' 
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This report was prepared as an account of Governmen~ 
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 

B. Assumes any liabilities with respect to th~ 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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