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~Iolecular I~gulation ~d Its Plssible Evolutionary Significance 
1. . . . . .. 

, •. I' .... : .. : 

V. MOSES Ai"'JD M. CALVIN 

La1-lrence Radiation Laborato 

The model for the control of enzyme biosynthesiS,proposed by Jacob and 

Monod (16), whid1 depends on repression and 9erepression o~ genetic expression, 
~ . . . . 

.·, ; 

.• 1. 

supposes in the case of inducible enzymes tl1at t~e presence of a specific effector 

(or inducer) is required to initiate enzyme production~ It is envisaged that 

only in the presence of inducer is transcription of the appropriate cistron of 

:DNA carried out, with the fonnation of a corresponding:l~NA molecule. This so-

called "messenger" RNA (mRNA) then carries the infonnational message for the 

synthesiS of the· specific protein to the ribosomes, \IJhere translation of the 

nucleic .acid infonna.tional sequence to a polypeptide structure occurs. Much of · 

the chemical an~ genetic evidence in support of this theory has been revie\ved . 

by .Jacob am.d Monod (16) •. Recent addi tiona! pieces of evidence have been pro

vided by' measurement . of the levels of specific miU-JA in inducible cells, before 

.. ,, . 

·,,'. 

and after induction with a specific effector, ahd in the corresponding consti-, .... 

tutive strain (1,2,il); 
. . . 

The attainment within three minutes of a constant rate of specific enzyme .· 

synthesis follo\ving int7;oduction of the inducer. (18,?7) indicates that mR1\JA 

production starts very soon after the ~nducer is ·added •. Similarly, studies by 

Kepcs (18) have· shmvn. that·· enzyme synthesis ceases, also in about three min:.. .. 
. · utes, after inducer is removed from the system or diluted to a concentration 

..... . . · 

.. ·, ·; 
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.I 

so low that it is no lo:ger. effective-j.'Th~~ ha5 1_~d ~o the. conclusion that~ 

at least for the e-galactos1.dase systJm of Eschenclua coll, mR.l\JA is ·both ra-
. ' - • ~ I ' . 

..... -~ . ' ·~, 

pidl'i synthesized· and rapidly destroyed.· Removal of the inducer results in al-· '·; · .. 
·.' '--~ ' 

. .. 
- . . . 

most instant cessation of mRNA synthesis and the m.~'l.A already ·existing at · · .· .' 0. >::: · 
:!L· 

that time ·decays with a half-life of about one minute (18). ~laintenance of . . 

enzyme synthesis thus requires continuous production of n!Rl'JA and this, in turn,:; 

provides ·a very sensitive response to cl1anges in the·envi~onment, since the 

.remO\ral of an inducing substance from the vicinity of the cells brings to a 
. ""' '~-, 

·rapid halt. th.e biosynthesis of.the correspondi;ng inducible enzymes. 

~- '\ 'J-
-~ '"'~ t'. 

··•. ' 

.. ' 

Similar results for the fonnation and decay of mRNA ilt the B·galactosidase ·~:: . . · 

• system of E. coli were· obtained by Nakada and Magasanik (25), who obtained a· .• · . -- . . ~ 

valu.e of 2.5 minutes for .the half-life of mRi~. ·In a study of protein synthesis ;-,·; 

' in 13acillus subtilis and its relation to ml<t\JA. formation, Levinthal, Keynan 

and Higa (20) found .that the incorporation of [14C]valine into protein is ra- . 

pidly inhibited shortly after the administration of actinomycin D. This anti- ,: 

biotic prevents the DNA-dependent· synthesis of R:'JA (15). Levinthal ~ al. (20) 

calculated a value of 2 minutes for the half-life of mRNA, and ot.i.er authors 
I . ·' 

. have also. assumed or concluded that mRI-JA' s. decay with short half-lives (10 ,23). ::· · · 

The widespread occurrence of genetic·repression-depression phenomena, 
. 

and their obvious potential importance as prime regulators of genetic expression . 
• 0 • ' 

. and cellular activity, has led to. suggestions that the whole enzymic apparatus.· 

of a cell may be subject to this sort of genetic regulation. lli1zymes would 

. be. produced in response to the presence of environmental or ·intracellular in-

ducers and repressors, and. the production of each protein nll:ght be envis.aged_. < ·<:· :::·: ., 
as under. a genetic regulating control of the type postulated for e-galactosi:-: ~: I F; } '. 

. ... ~ • • • • . • ' , .. ···-."''. :. .. . ,J 

1 
• dase in E." coli (26). TJ~ere may thus be no fundamental genct~c differences _· : }; :~· 

"'-· ~-- ... _ 

~ . . . ' 

·:. ,. 

-. •' 
,', 

': ,._. 
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. I . 

bet\-.reen inducible and constitutive enZi}rrnes in the sense originally intended 

by Karstr~m (17), but the apparent cohstimcy of constitutive enzymes may be 
. . 

ti1e consequence of an unvary~ng balru1ce of repressing and dcrepressing factors 

at a gen:tic regulatory site. A. si~ort life for their mRi"JA's \..rould then be an 

important element in the exertion of fine control on the bio?ynthesis of these 

phenotypically constitutive enzymes. The alternative possibility, recognized 

by Pardee and Beckwith (26), was that certain enzymes ~pear to be constitutive 

becau:>e of the absence of a control mechanism invol viilg inducers and repressors. 

The rate .of ·synthesis of such an enzyme would then be constant in relation to 

the synthesis of all other constitutive proteins ih the cell, the actual rate 

bei.ng controlied·, presumably, by some inherent· feature of the coding of the 
. ;:"' 

structural gene (19). Were this sec<?nd possibility to be the case ~ne mi:ght . 

question the· value of short-lived ml<NA for constitutive enzymes, since the 

. fine <::Ontrol of protein biosynthesis Hhich may be. achieve·d with unstable 

mR'IJA for inducible enzyme synthesis is not relevant in the case of constitu

tive enzyme formation. 

. ·,_.-.. 

,'\ .. , 

. . . -~ 

'.i, . ...... 

- ... ~-..~ ~ . _.,_, 
<,'f •• 

_,;.>- .. -
It has a1ready been recognized i.'lat all mRNA in all' organisms cannot be·,· 

so unstable as to have a half~ life of only one or two minutes.· Spencer and· . _.-.·: 

Harris (30) have· shown that the biosynthesis and regulation of biosynthesis · 

of some I)roteinS'·rnay cont,inue in .cells of Acetabularia _£renulata many days 

after removal of the nucleus. This certainly suggests a very great stability 

for the mi~\JA's invo~ved. However, it must be borne in mind that the algal 

... 

··~ ' 

l~, 

. -~'~.;-....,;.:_':~· 

cells contain a dlloroplast, and it might be this organelle, rather than the ·· · 

nucleus, whidl in Acet.abularia controls the biOS}'ll;thesis of the enzymes studied; . . ' 

d1loroplasts of some plants have been shown to contain DNA (4). ·No sud1 reser

vation need be made in. the case of the continuance of protein synthesis for : · 

. ~ ' 

.. 
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several hours after. the e~ucleation. of/ various animals cells (9 ,28 ,29). In the · '." · 
I 
I . 

case of E. coli, too, it ~~s b~en sugfeste<l that not a~l mRNA is as sho~t~lived. ; •. 

as that for a-galactosidase (7). The' induced synthesis of e-galactos.idase in · .... 
' 

E. coli is preferentially. inhibited· by streptomycin compared with the total syn- ·. ,. 

..... ; 

. ''· ... 

thesis of protein. It was inferred from the data obtained that the synthesis· 

of all p1·ote_ins requiring the continuous fonnation of labile mRNA will be in-·. 
~ .. ; .. ;.:·· \ 

hibited by strept~mycin under app~opriate circumstances, while the residual· . ·; .... 
. . . . -.~ -· 

. incorporation of labelled amino acids into the protein which continues iii 

the presence of streptomycin .may depend on. a relatively stable IDRt\J'A (7) • 

TI1e variation in stability of different ml~\J'A' s in the same . organism ·may : ,~ 

. · . 

thus be of significance as a means of investigating· .the baSic mechanism of·· 

phenotypic expression, lvi th important conseq~cnces, for example, in the field · '

· ... ·. 

• .. j. 

. of cellular differentiation;.:. We have recently obtained evidence which may be · · 

interpreted as supporting the concept of varying lability for different mRNA's, · 

and we will consider the significance of this data from an evolutionary point . ' · .· . _. . ~ . ~~ ~ . 

of view. 
. ,' 
' " ' -~ 

Three strains of E. coli ·have been used: -· 

o_rganisms were all cultured on M63 medium, an iri~rganic salts medium contain- . · :r ·, .'. 
'.~;. 

i_ng_ glycerol-and thiamine (27) ,at 37° in ail~. _The inducers used for a_~galacto-: :. ··: -

sidase \vere isopropylthio-B-~·galactopyranoside (IPTG) (usually at 5 x 10~ 4 M) . };'.:-

. II'! 

and methylthio- B-D-galactopyranoside (TMG) (10 -3 M )~ Sarnples of cell suspension· .. ~· T.•:·,_ 

for enzyme assay were'removed from the cuiture fiasks, violently _agitated _with. 

' 
! ~-

-.. ., 

toluene, and assayed for enzyme activity as described by Kepes (18). Units of 

enzyme activity. will be expressed as m'IJf.loles .of g_-nitrophenyl-B-D-galactoside 

hydrolyzed/min./mi. of cell suspension at 37°.-
. ': ! ;,~}: 

·.-~ .· ~ .. _ ... ~:_· .. > ':".'<. -~ ~:t. 

.. , ... · .• . ... . : ~ 

. ., .. •' 
1, ' • ,•' ··~ • 

.· '• 
\:. •.: . ~ .; 
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··Inoculation of the bacterium into/ the ~163 medium results in a logarithniic 
I i 

growth pattern as measured by increasr of optical density at 650 m1-1 (Fig. 1) •.. 

The doubling time during. this phase d,r gro\-.rth varies on different occasicm be- · · 

t\-.reen about 65 and 85 minutes. Eventually growth stops· and the optical density 

remains constant. If aftr an hour or more of being in the stationary phase of 

.groh'1~h a portion of the culture is rapidly added to several voiurnes of fresh 

. culture medium, .logarithmic grO\'lth starts again with· no detectable lag,. the . 

first sample for optical density measurement being taken about 30 seconds .a£-. . . •' . 

ter. dilution to allow for thorough mixing. Growth in this medium stops as a 

· . result of e.xhaustion of the glycerol used as carbon and nitrogen source (Fig. 

2) ; a very ~reat excess of anunonium nitrogen· is present. 

Addition of an inducer of e.;. galactosidase to E. coli grO\ving logarithmi

cally typically results in the sudd~n onset of ·the appearance of enzyme acti- · ·· .. · 

vity some 2.5 to 3 minutes later (Fig. 3) (5,25,27). The time required for 
· .. ;, 

'·· 
the differential rate of enzyme synthesis. (rate of enzyme synthesis vs. rate ·· 

.·· .· 

of growth measured by optical density (24)) to increase from virtually zero to · · 

a constant value is very short, and the constan:t rate is always achieved within 

3 minutes after the addition of inducer. Hm·wver, if a c:ulture in the stationary 
I 

·phase of gro\vtl} is diluted into fresh medium already ,containing inducer (as in . 

Fig. 1), a some\vhat· different kinetic course of enzyme synthesis is observed 

l •.. 

(Fig. 4). Although as during nonnallogarithn)ic.~rmvth, the differential rate·. ,.::':' .. 

• · . .of .. enzyme synthesis begins to increase about 3 ·minutes after the first contact 
~ . ·~ . . 

.. . . . ' ~ 

Wl th inducer, . the rate continues to increase for a considerable period and does · , ~ ... 
-. ~ - :· 

not become· constant until about 15 minutes havcelapsed. Some variation is observed. ·· ·· 

in the leng.th of this period. Growth, however, · ~s logarithmic from the titne of ''. •.· 

dilution (Fig. 1). 11liS finding suggests that an impainnent of the enzyme in- ·., 

duction and .synthesis process has developed during the period of carbohydrate 
> o ' I '• " 

starvation •. Usi.ng· Jacob and Monod 1 s theory of induction (16) we might suppose 

. . ~ 
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that. since the initial appearance of tfie enzyme is 'not delayecl there has ·been 
. I 

no interference. with the hitiation of !DNA:..4ependent IDRNA s'ynthesis. On the · 

other hand, since the steady-state 'dilferentialratc of synthesis takes so 

long to become .constant 'it might be concluded that essential components necess

ary for the OVeralr .process of ertzyme protein synthe:5is have become depleted , 

.· .. 

in the abs.ence of a source of carbon and ener&'}' and that these are only slo>;.,rly '' . : ' •' 
.~ •) . 

replaced. Such components might -be amino acids for protein synthesis or ribo.:. · , .,> . ·. 

. ... . ; ~. 

·;·,.t .. 
. ' :. ~ 

in. the characteristic 3 minute period to achieve a constant rate of synthesis< · · · 
• 1-·. ·: ... ,. r·-

. (Fig. 5); thus dilution per ~ is not responsible for the delay. ·' ... 
. ' ·. ~ . ' ~. : 

~-; • I· , 

_;··-.. 

No absol~te. block to 8-galactosidase synthes:ls develops during starvation · · '·.: , . 
. · . ~-. ; .... 

whid:t. must first be overcome on the· resl.li)lpti0~1 of· l_ogarithmic growth before · .. ·. :_,: ·: ~=.·: · 
enzyme induction can·be effe.cted. ·suCh a··block might be envisaged~- a con-·· . '' : _.,,_ .... 

. : ';. : ... ~: ... 

. _sequence of catabolite repression (21) developing_ duripg starvation. Hm.,rever, · .. :· 
. _;· ":·" . . . 

' ' 

the conditions of this starvation· are completely reversed from those_ giving rise .. 
. ' .. ·. 

to catabolite repression; the latter effect is observed in conditions of carbo~ ·,. ·. ·. 

hydrate . surpl1:1s and nitrogen deficiency. . Furthennore, e-galactosidase may be·· ·· ~- <·ij,'· , ' 
I . . .. ·; ._-''·".".:' 

induced, albeit very slowly, during the starvation p~riod itself (Fig. 6). Al- · ' :'.:': '-
~~: :·· 

though the induction_ mechanism can be brought weakly into action during starva- · ;.,:_,t:;i. ..... 
. . ·:r:-·.>: 

tion, doing so!ldoes not potentiate enzyme. synthesis dut:ing. a subsequent resump•, . : .":~ .'·".:: 
' ' ' ' \ . . .. ' ·. ;.':'.:,' .. 

r~ ~ ' 

tion of growth. in the continued presence of inducer. 1his is true even . if the 
•'. ~· ·' ....... 
<I·-: • :~· • 

. ·inducer is added in the previous logarit~nic phase of growth, hours before dilu~.·. / ·-'·~ .. 

tion takes place. Fig. 1 iilustrates an experiment in \11hich stationary state 

cells were. diluted into fresh mediwn. TI1e first contact with inducer in the . ' , . .-"" 
upper curve whs about 4 hours before dilution, 2.5 hours before the end of the ··• · ·:·,~,. 

:· ·. .. 
e~rlier l_ogarithmic phase. In the lower curve inducer \lias introduced at the· 

time of dilutiol).; in both cases the concentration of inducer was maintained 
....... 

~· ' . •, 
: ·. / 

.. ·! . ;. : ~:· .. '. 
~ .... ~ • •. ,, j 

: ,,: ,' ':If,• <' 

·~ . 
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__ l·· 

constant at all times ·after it was first added to the cells. If no inducer 
J 
J 

was present before dilution, the differential rate of s)rnthesis became con-
. I . 

stant about 14 minutes after dilution;! \Jhen inducer was present before c.lilu-
. ·I 

'•. 

tion,, a constant rate of synthesis Has reached about 18 minutes after dilution •. ·· , . 

From this we may conclude that decay of part of the enzyme synthesis mechanism · 

takes place during starvation, and this would be consistent with the decay of .. ·.,, 

labile mRI\IA when precursors and energy for its maintenance. were not available. · ·· 

Freter and Ozalva (8) have shm-.rn that it is possible to obtain a second 

·crop of bacteria by reinoculation into medium '\rhich had previously supported 

bacterial grO\vth. to stationary phase. 'I:he .. first crop of bacteria is removed 

by filtration or-centrifugation and these manipulations result in considerable 

aeration of the liquid. In this newly aerated condition the medium ·will support . . 

gro1dh of a dilute cu+ture which did not occur in the. first very dense station

ary culture. We have invest_igated the effects on.inductionof diluting a sta-. 

tionary culture into millipore-filtered exhausted medium, the inducer being 

introduced at· the time of dilution. Growth was indeed resumed at a very rapid 

· rate with no lag (F:i-g. 8) , the doubling time being onlY 24 minutes compared with 

53 mii,lutes for a controi sample diluted into fresh medium. The rapid: growth con-· 
I 

tinued, hm-.rever, for 15 minutes only, the doubling time then suddenly increas-

... :.··.: 

ing to 362 minutes .. The differential rate of enzyme ~ynthesis became constru1t in . 
. . 

exhausted medium (fig. 9 curve ~) in about the same time (16 minutes) as in .. 

the control (Fig. 9, curve .A) (14 minutes). The delay of development of a con- .· ., : 
·. . ' .·:: ~ 

stant rate of enzyme synthesis . following dilution from a stationary state into 

fresh'medium is therefore not the result of the need to overcome the effects 

·of accunulation of an inhibitor in the medium as a result of gravth. 

. ' 

" ·~· 

..... ; 
'• ·,·1, 

.. ·.:;·:r 
'. ' ' ~ 

,': ' ·' ,·, 

->. -~"'" · ... 
l, .• ·, 
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Direct attempts to overcome a deldy resulting from precursor deficiency 
I 

by providing such precursors in ~he £1bsh medium at the ti~1e of dilu~ion ~<1 
introduction of the inducer were not effective in:accelerating the attainment.of . . . 
a con5tant rate of synthesis. Neither the provision of enzymic hydrolysate of· 

casein (200 l!g/ml.-) ·(Fig •. 10), ·nor of a mixture of S.O _llg/ml.· ea<:~~ of the 5'-
., 

. :: 

>·.~. 

diphosphates of adenosine, cytidine, guanosine and uridine (Fig. 11), influenced-· -·- • 

· the period required to achieve a constant differential rate of synthesis. 1\'hile • 
' . 

'-•. 

'· ·it is kno\m that E. coli will concentrate ·amino acids from the medium (6) it .:'\ -~---.- ·. ~ 

is probable 'that nucleoside diphosphates arc 'unable to penetrate through the 

cell membranes. Attempts were made to ·circumve!'lt the barrier to nucleotides 

'. ' . ~ -~ .. 

by supplying a mixture of 128 lJ_g/ml. each of adenosine, cytidine, guanosine and . , .. - ' · 
.. · .. 

uridine as free nucleosides. The result was rather unexpected (Fig._ 12): i:n : . .. . · . .: _·: 
~; .. ' 

... -!, 

the presence of the nucleosides it took even longer (20 minutes) to reach a steady·, ~-·· .. 

. •· . . ~ rate of synthesis than in the control (14 minutes) and the rate was only 20% of 
. . .:.-\.•.' 

·:·;_"' 

the control rate. This· effect of the mixed nucleosides was probably related to · '· ···· . .- · 
·:.·:_. 

some sort. of cat'abolite repression and is being separately investigated. It 
. )-. ~ . 

must ~lso be remembered that the free nuclcosides ·are not nonnal metabolic inter- ' ~- ··. 

mediates iR the biosynthesis of nucleotides. 
·-' 

As effor~s to reduce the delay for constant enzyme synthesis \oJere not . :> -~-
. . . : ' ~.: :~; .. ;;~:··~=-~K-t< 

successful the approach was reversed and attempt::; were made to i.ri.crease it by _ ·" : 
• : : .. /.f ...... 

interfering l'lith RNA synthesis. The inhibit~r of ·choice. of RNA synthesis, . '· ·_ · 

actinomycin D, is not active 'in E. coli (15). and it was therefore decided to us_e · ·'<:::-" _· 
, .. ·· 

6-azauracil, shown hy_ Habermarm (12) to inhibit RNA synthesis by being convert- • ;: · · 

ed to 6-azauridine-5'-phosphate and blocking orotidylic acid decarboxylase, an 

~nz;rme in the bios}rntl-letic 'pathway of pyrimidine ribotides. 6-Azauracil . 
. I 

(25 llg/ml.), added ~o a statior1azy culture 30 m~nutes before dilution, did not 

. .. · .. ' 

.•_, 

... :,.:.-. ·>. 

.··.··: >~~ ·~ 
. _ ..... 

..... ·., 

: ~:.··· . 
i 

• iio. . ~.:. ·.·. 
~ ' . 

.. -;_· ·. ·' . 

. \' .. 
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I . 
affect the immediate logarithmic increase of optical densitY of the culture 

I 
I . . 

after dilution into fresh medium stilf containing the. same concentration of 
I 

the inhibitor. H<:>wever, about 44 minutes aftc!' dilution the doubling time 

suddenly increased from 56 to 160 minutes (Fig. 13) • The differential rate of . 

a-galactosidase sjntl~esis .in the presence of 6-azauracil was almost identical 

\vith the control for the first 27 minutes after dilution, the control ra~e 

becoming constant after 18 minutes. Thereafter in the period bet\veen 27 and 

30 minutes th~ differential rate in the presence of 6-azauracil fell by 90% 

(Fig. 14). The relatively long time necessary for 6-azauracil to exert its .. 

effeCt precluded any ·inhibition of the initial increase in the rate of a

galactosidase synthesis. \vhen it did become effective it sho\ved itself much 

more inhibitory to the synthesis of the inducible enzyme than it did towards 

···"· 

.' ( 

. .~ . 

. grmvth in general, as illustrated by the large fall. in the rate of differential· 

enzyme synthesis. Addition of 6-azauracil to a logarithmically gro\ving popula-

tion similarly inhibited growth in about 30 minutes (Fig. 15) and enzyme syn

thesis a f~w minutes earlier (Fig. 16). 

·TI1ese data pennit a number of conclusions to be reached concerning the 

response d.E the bacterial cell to a sudden transition from a stationary state·:, 

,t; .; 

._r .. 
~, .:· ·~. ;: 

-_ .. · 

being reached within. 3 minutes (Fig. 3). This rate is maintained unt_il growth. , . ,. .. ::., .. 

stops due to exhaustion of glycerol in the medium. In this condition of star- · ... 
-··-. 

""·· •.- .. 

vation InR:'JA specific for a-galactosidase is not synthesized since addition of · , 
the . · 

inducer during/stationary phase does not result in the innnediate synthesis o£ .. :. · " . 

enzyme when dilution takes place and the carbon and energy source again becomes., . : . 

. plentiful. Pre-existing a.-galactosidase mR\JA breaks dO\\'ll during this stage, a 
:: -,, .. 

~ ' I ·," 

', .... . ,, 

·,,. ,•. 

·~. ·> ... .... 



. \-

.. 

\ 

-10-

conclusion reached because the continu9d presence of a.'1 inducer from a pre-
, .. 

. vious period of enzyme synthesis also £ails to er..sure the synthesis of more 

enzyme immediately following #lution((Ffg. 7) •. ·During s~arvation, then, mRNA ·! 
-.,_ 

· is not fo~ed and i·i. labile ·mRNA decomposes • 

Yet, with no lag, the optical density of the culture begins to increase 

-.· ....... 

'·. ··: 
·-'.' ' ~ 

; . 
·;.~ ~" . 
·~ .':j; 

•"; ..... · 

·logarithmically as soon as dilution occurs. We. may thus pose two vital ques- .. 

tions: (a)_ is the lag in the attairunent of a steady differential rate of 

enzyme synthesis related to the inducibility'of a-galactosidase (i.e. the con~ 

trol of its synthesis by a regulator gene)?; (b) what, in tenns of various ' .. ··. ·-··,;:·: -, - . . . 
growth parameters,· does a logarithmic incr~ase irrnnediately after dilution in 

_, 
'• . ;. . 

the optical density of the culture signify? -· 
- • :::r ;........ • : 
If 1ncrease 1n opt1.cal density is related to gro\vtlt, at least as far as · 

·protein synthesis is concerned, the mRN'A's required to synthesize such _protein<: . 

must have survived £rom the previous grO\<~ing period as, judging by the one for: _ . ,· ,' '·; 

_ a.- galactosidas~, mRNA is not readily produced during s,tarv~tion or immediatelY-:-_--. ·: 
' '') 

· after, dilu~ion into fresh medium. Further, if f3.··galactosidase rill:WA is unstable _ ·
1 

': /;-:·~, -
. .. : . . .' . -~. ,~:;-"~' . . . 

·. and must continuously be resynthesized to maintah enzyme production, while 
' . 

other proteins depend on stable m.Ri'i~'s, the_ greater sensitivity to 6-azauracil _· 
;:" 

of tile a.-galactosidase synthesis compared ,.,ith. gro1vth becomes clear. · 6-AZa-· .. .. ':\,, 

-·uracil ev~ntually stops the fonnation of all mRNA. As the one for. 8-galactosi;.;_ ".;·' 
.. 

· dase synthesis is unstable, the synthesis of this protein rapidly stops. But.· 

·other proteins, dependent on longer-lived IllRNA's, are able to continue to be . 

produced at a decreasing ;rate in the absence of mR~A transcription from DNA~ 

In the event that the above remar-ks on the instability of a-galactosi-

. dase mRNA and it·s lack of fonnation during starvation and immediately after . 

'· 

.... ,-_: 

. ' . -·:.. .. 

dilution 0\ving to a deficiency of precursors are correct, one would not ex- -:. :. / · · · ~:· ::. •. . . -. \ ' . 

pect to alt~r kinetics depending on mHNA stability by mutation of. the regulat~r_. ·:. ·:· .· > 
' ' ~ 

gene of the lac operon. Thus a corresponding i- strain of li· .£2!.i. \vould also be . _, · ~ 

.. ... 
.. ·- .. : 
. ·. : -~ -~-

.• 

I 
i 
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expected to/a differential lag of S-g~la~tosidase synthesis \vhen t t is diluted · ·· 

from stationary phase·· This. is indeed/ the case. · Ther~ is no lag before the 

optical density of a constitutive culture, diluted from stationary phase into· 

fresh medium, begins to incre.ase. logarithmically~ but S··galactosidase fonnation · 

shmvs the same· sort of· lag as in the inducible strain (Fig. i7). In this ex-
. . 

periment the differential rate of synthesis-was not constant until 42 minutes 

··after dilution though there was no lag in· optical density increase. 6-Aza

uracil has an effect in the constitutive stra!n sb}iilar· to that 1-vith the indu-

cible: a zero rate of. differential enzyme synthesis after 30 mii1utes (Fig. 17~. 
•. 

· In a logarithmically growing culture, too, 6-azauracil affects the constitutive · 

· strain as it affects the inducible: . growth slows dohrn (Fig. 18) and enzyme 

.synthesis stops (Fig. 19) in about 30 minutes. It should be noted that the 

·scatter ·of the e)-.."Perimental points is invariably greater in the constitutive 

experiments as the proportional increase of enzyme activity for each minute 

·.·of incuqition . is. very ~uch less w\an in the inducible strain shortly after· 

1nduction is initiated. 

An. investigation W(,lS made of several aspects· of growth following dilution . · 
. . . ; 

(Fig. 20), the increase with time of the optical density of the culture was 

compared with the numbers· of cells/ml. and with the total vol'Lune of cellular 

material/mi. of suspension. Cell number \-laS measured in a suitably diluted 

aliquot o:£ the culture: with a Coulter particle counter (22). The size distri~ 

· bution of each population was obtained wi tJ1 a Coulter size distribution · 

plotter, and.the total volume of cells in the sample calculated in arbitrary 

· units as the sum of the products of ead1 channel. number and the numl.>er of 

particles in. that channel. An average cell yolume was 'also calculateu from 

..... ; . ~ 

.. . . ·-~; -._. 

·"'· .. , .. -
·'· 

'·'· .. ···. 

.. '•. 

. ,· 

\ 

. : ~-,..· . 
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.... 
' · . these data. The results in Fig.· 20 sho\v that in the 'absence of 6-azauracil,.: 

. . ' . . . ~ .· ' .. ·.. ~. ' __ · _- . 
.. . 

optical density increased logarithlmcally from the time of·diiution as be-.~.;.;:~}.!. •.:· 
• • . '. •. ~ • -~ •',< : . .' .: • 

·fore, cell number showed no increase for 34 minutes ·and then increased ·· .· ·. · · '·: ·· )': 
. . . ~ ''·. .. ,._., ., . 

. logarithmically, while the total cell volume did not Change for 19 minutes, .' -:::.' 
' .~-~\ . '·:. 'i· . : 

when an exponential increase started. In the presence of 6-azauracil, the·._.: ... · · 

optical .density increaSed rapidly for 30 minutes and then slowed down~ ~nere .. 

· . : were low rates of increase· of. cell .number and cell volume compared with t~e .·.Y 

·· -:>. control, with ·delays of about 44 and 18 minutes, respectively. Thus the 
'· 

... <~'_;'·:::·:: .. :~exponential increase .in optical density .which starts immediately after.'>:',_·:':·;··· 

> dilution is··· directlY related neither to the number of cells nor to the 

· · ·· · · total volume of cells. This ·s_uggests that t.'le optical density rise may re- · 

: sult from an increase in the refractive index of the cells :derived. from an: 

elevated intocnal level of certain m~cromolecules. .·•,' 

~-

;. ' A-second experiment .was thus concerned with the .·levels oi'total·DNA~ HNA:.: .. >::;"'{) !_;~-~ .· > 
;'' 

•· ._r 

and protein, _again with and without 6-azauracil. For measurement of these::.·t;:-··· 
. ': 

J': subst~ces, aliquots of the· suspension \vere remo~ed at intervals after. re., · ·,·_ .. ~·.: :: :; ~.:~,.· 

sump;ion of growt~ into chilled trlchloroacetic acidto give ·a final con-·.'.::·;:.> ... 
. . . . ; ·:- . '. :~ . . ,., 

..... t 

· centration of 6% trichloroacetic acid. Protein, 11\JA and Ri'JA were· determined· .. ;.:;··· 
;: . '.-.. 

as descril;>ed by Bcrr~:and Konetzka (3). ·Since samples were collected initially::::~--:' 
. .~( 

at 2 minute intervals . and very ii ttle' increase was to be' expected from one ; ·.' .... ,' 
. : ,·. "' . . ' ·. . ' . . ·:·:,.' 

sample to the next~ all volumet~ic meaSurements· thro~ghout. this experiment .· · ; : 

\· ;- were checked gravimetrically by using tared tubes, etc. The findings are : ~- ,: ". · 
. . . . .· . .'\ 

.. · 

... · presented in· Fig •. 2L :As carefully as we can detennin~~ f'rom the experimental. , :·: 
. . .· 

. data, there is in the ·control series indeed no lag_ in the increase in pro~ ... ,:.:~.~·:< .. 
. . . ~ .. -~_:' :· . . :: . ~ 

. · tcin cl4) '· \'lhile a l_ag ·of s.s· minut~s was fou.ld for RNA and one o£ about ··· · 

· · · · :, 27. minutes for DNA. In the px:esence of 6-azauracil· the initial ·l_ags for 

RNA and DNA were about the same as in the control, but production of e1ese 

substances slowed down or stopped after 20-25 minutes. Protein increased 
. ; ~·-: :: ' : . '\ ; .. · . . . ' . ' . . 

very rapidly, .and l<~ith ·no .lag, for about 5 lhinutes, and then sl.owed down • 

. : 
~ ' ~ 

..:;-... 
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· The precise times r~ported . in this experiment are certainly subject to . . , ... 

·appreciable error, but we see no way at this time. of ·improving the accuracy· . 
. . ·.. . . . ' . . 

•· ' -~. 
; ·' •• ~ ~ w, 

of these experimental readings. It seemed des.irable in additionto investi-: 
r,' ~ '' •' • j 

' .,.. (.• 

... ·gate the. rate o£ formation of a particular identifiable protein, preferably 
.: .. . : . ' . :· ~- ... .• 

a constitutive one, following dilution. Malic dehydrogenase was chosen and : .. : ; .. :..::: 
-:· : .. :,_ !' 

'J' . this was determined by incubating toluene-treated cells with oxalacetat~ ·and ~~ ·· . ·~ ·. · 
. . . . ' . \ . -• .. ·. . ·._, 

. . . . 

'·~. NADPH2 at 37° in buffer at pH 7.4 and following th~ fall in optical density 
... 

• 'r .. -~ ~' ··· ... 

.. · . -. · . · . at 340 .m\l with. a Gilford Model 200.0 Multiple·. Sample Absorbance Recorder. As.::·::_>:> · ···· 

. : ., . 
. '' 

,.·-~·- .. , .• 

:'·.· ' . 

. .:,;: ~: --~ \ 

, .. \vith 9ther nie'asurements of the kinetics of formation of constitutive sub- . ,. 
. i 

stances, considerable· experimental scatter wcs. found. Nevertheless ··the re.: 

·,·:. ·.·.·.·· .- ; ... . ',,· 

-.... 
/-' 

. ., ·' 

sults shown in Fig. 22 demon5trate fairly convincingly that there is no lag m ·:·~ .•.. . . . . . ' .. ,' 

-.:·.·the in~rease .in activity of this enzyme when the cells are placed. i'u fresh . · 

... medium •. The line drawn in F_ig. 22 was calculated by the least squares method 

to be· the best. fit for the points represented by solid circles; the open·_ 

.•· ' j'• 

:i '<:.· 

:· ·:· 
·-.-...- .. ·_,t ;; 
\ r, ~ 

I ',f, 

~ . •, triangle points were excluded from.the calculation. . .. ~- . 

., .. , . 

. , 
; ... :·· 

. :· :~~ . ' 

; .. · ~- ' 

. ;~ 

"· •. 

· .... 

.. : ~ . 

All the evidence points, then, to the iag in a.-galactosidase synthesis: · >' · 
bei;ng due to a correspondi;ng lag in the production o~ mRNA as a consequence --.--::::> ·- ·:-:_~ · · 

of depletion of the nucleotide pools during starvation~ Kepes (18) has divided" . ,··_";: 

·~ · . · ·.the sequence . of ev~nts between introduction of the Inducer and appearance of ... 

·- ,., 
' 

. ' 

. ·-< active enzyme into six stages. and we may consider the a-galactosidase lag 
' ' . I . • 

in these tenUs. Stages·· 1 and 2 . concern the penetration of the inducer 'into·; <. . 
. . .. . ~. 

' 
the cell and its in~raction with "repressor." . These eyents cannot be re- -

sponsible for the lag since the constitutive st:.·ain, requiring no inducer, ... -·:: 
'~- -~: _:· 

. _ · demo~trates· the l.ag as markedly as does the inducible strain._ Stages S and -:-,·~ '.'. 

. 6- refer to the synthesis of polypeptide using the info:nnation carried by mRl'JA . -·:.· · 
' '. .• • ' • .· ., ·,._,,·.I, 

•• -·l • ··" 

and the establishment of secondary, tertiary and quaternary structural 

characteristics associate.d with the e1tzymic activity of the protein. The 

· l_ag cannot be ascribGd to thGSO phenomena since other proteins • including 
·,. 

. ,· 

• 'I :· 

/ ', · . 
. · · .. ~ .. , ·· .. "'' . 
-~! .~~-~ ·: ''> . 

' ,· . ... 
'·: . 

:.·. 

'· .i 
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'. ,'_ -._ ... -.!. 

malic dehydrogenase, are synthesized lti thout lag, and I].O shortage of amino· , -, . 

acids seems to result fr~ starvation. We are thus left with stages 3. and 4:. - -~ · -~· .. . - . . ' ~ 

.-... · 
"· 

. :._ .. •: •} 

the transcription of DNA into mR."'JA and the transfer of the message to the ribo..; · · ·. · · · · ..... 
-..:· 

. somes. The latter st_age seems difficult to reconcile with the lag b~cause ·: · . · 
' . ' 

; .. .';-. ··.···. : 

... ;, 

there 'appears to be no hurdle to the transfer of mess_ages for other proteins 

to the riboso~s. St_age 3,. then, remains the :::1ost i~kely or_igin of the lag,· _· : \' , ,.·.. . . . 

. · ··. -'.and this i~terpretation is supported by the ·lag in total l~'JA formation found':._:~:~-·.:/·<~ i: 
. ' . . .. ' . . ·. . ' • ' ' . . . ,·. ·-·I' . "'.-·, .• --~- :~ 

· · experimentally (Fig. 21) and by the greater .. sensitivity of inducible enzyme :.:· .... ·:> ··. .. ... ·. . . . . . ' . . ~ . _. . . ~. '.. .. : . . ., ,. . . ~ \ . ;,_ 

,_l • ' - •. • '~-
~ . ',_: . ~ . formation compared with growth to agents interfering with RNA production. 

6-Azauracil, ·as sho~ in the present study and by Habennann (12), inhibits 
;'' ..... 

; . ·•. _:~ .. 

'; .. 
: the production of an inducible enzyme earlier and more severely· than growth·.·. · .. :. --;- . ; 

,·. 
-. ' • • •. ,1; 

..... The action of actinomycin D, as reported in the literature is also in this :· · .. 

: .. · .. ' 

. ' . 

<: .. direction •.. I:ri Bacillus subtilti.s the inducible formation of histidase is . 
. '· ·. · .. · ·: ::l';.:.,.. .• >t}· 

completely inhi,b~:t.~d at 10 }Jg/ml. (13), while at -0~2- ).11\1 actinomycin R.'JA syn- :' . '' ' 
. . . . ; ~-- ':~ ! , .. ·., . : ... -

thesis is inhibited 90-95% and'.protein synthesis only 50-75%, and the base . · .\.··:.:;:·:~·\··.: ~· 
• .. > \. 

composition of the RNA produced did not resemble the normal base composition·· .; · ·:, .. :' 
' ' ·. . ~ ' 

:· 
·, 
... 

of B. subtilis RNA or DNA (15). The point of the' latter observation was -not-·: ·.-:': _,;.< ·: · . "' 
- . . •• - .• • ·., . . . ·: l . :: \~ ·:: ·>·· :-' 

:·not lost orf. the authors. They remarked (15) that "the· observation that RL'JA. 

synthesis can· be inhibited in vivo with only po::.rtial inhibition of protein 

·• · : synthesis ••• ·.~ raises some questio~ conc~ming · the nature of ''messe;nger" RNA,' · 

' whic~h, according to Jacob and Monod (16) should possess a short half-life •. : · · 

.'A possible explanatioJ?, is that not all "messenger" RNA molecules are short-. .·. :. ,:: ... ~··· 

. ~ 

· lived but· that some may act catalytically for ·a long time after the synthesis 1:'· ·, 

of nvi'l messenger. is interrupted." We conclude that if the lag for inducible · ·' .. 
. . . . . . . . . . . ' ..... ,. 

. ' ',.. , .. 

. ·' 

···enzyme formation is_ to be :ascribed to a ·lag in HNA production, includi;ng mRNA, < .. :< .:·X 

and not associated with the induction process itself, then the absence of lag _.··,;.:.: : . 

for· other ·proteins. reflects the.continued presence of functional m.R!~A for 

.. ·.··. 
. ;>- ·~ . ' . ·: 

... :, 

·': .. 
' 

~ ' ~: ~~ 

. ~ ·~ : . . ,... . . 
. .___ ., . > ..... -,. . 

... :.. ' 

~--. 
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these pr6teins remaining from the previous grO\'<'th period. Th~ latter mHNA is 

therefore not labile. .
. •' 

• ,1 . .• • . 

~he evolutionary consequences of differential mHNA stability is intriguing 

. ' 
'(. ,' 

''• 

. '', ; ~ ·,: .. '~. ·. . 
· .. _if we ·consid~r that mRNA for inducible enzymes is 'labile and that for consti- .•. : 

. ~. 

· tutive enzymes is stable. The high rates of forniation and decay of inducible· ... : '·.'· • •• f 

. .. ~ 

• '• e 

• ' ·1, . . 
.. messenger gives the cell a means of responding very sensitively to environ-.:.: .•. )·;·::::-~· 

• :' • • • . • . ' I> ',:' .: ~ • '~. "· • .., • ·, 

. · .. mental changes by aciapti:ng its content of enzymes. This may \<Jell have become :: ~' · .. >: ~;: .: 
. . ' .· •' ·. 

superfluous for more basic enzymes which need al\~ays 'to be present in about· · ·. , ·.• · 

the same quantities, irrespective of the external environment. Such enzymes_ · ... i.": .... 

. ·:·.:-·:·_,would most satisfactorily be truly constitutive because they would ah<~ays be:·~·:/,·:. 
:, . 

• '.t •• .' 

· .::: . made whenever the cell was growing.· Their mR.t'JA' s would similarly always need / 
.. 

· ; · to be present, and no advant_age would accrue to a cell which rete~;ined an ' 
:-...' -~ -~ . . 

' .. ·.' inducible,:. type regulatory mechanism \<Jhich was al\<Jays swi tdled on during. 

~-;'· < . ' :.··growth. Rathe'r this niight be. expected to be a disadvantage, resulting a.S it': 
.~. . ' . . . . . . 

• i • •• 

·'· 

.. ~ . ·,: 

.. ·, 

. .. ~ ~ ' 

would in the continuous expenditure of energy to produce mR~ which \~as just 

as rapidly decomposed. vJe might expect that in evolutionary time such a dis..: 

advantage would have been selected against, and inducible control an¢1 labile 
i 

mRNA.for constitutive ·proteins to have died out in strains exposed to evolu-.. , 

· .. tionary pressure. The intracellular balance of consti tutve enzyines might now:>·'·· 

be controlled in the manner proposed by Pardee and Beckwith (26). In the · 

laboratory, \vhere regulatory control 'can be. removed by genetic mutation, we:· . 

n~ight still expect artificial constitutive proteins with short-lived mRNA, . 

. \ . and this indeed appears to' be the case with i. mutants of the lac operon·.·· .. 

... ·:,.. ';• 

,;'.-

. ~ ' 

) 4 

in E. coli. I, ., 

This leads to further questions concerning the differences in structure 

between stable and labile mRNA which penni ts one type .to be destroyed but nof . 

. ~ ' . 

. ) ~· 
. . 

•. J . 
. ·. \;· •' ...... . ··· '~:- •, 

.··.',' 

·,': .; .· ... 
·• :::~ <. 
'"' ·.·4. 

.. .. ·· 
,l •. , 
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. . ~ .: . 
•.· 

., 
the other. Tnis , of course, is bound up further \vi th the reasons for the · 

·. .J !.({ '' ·••·· . . 

··· .. ,. f[ 
L ~ 

.. ' . ... ' ...... lr.\ ..• t . -~ . ' ... 

... ~. :?':.· t 
~· ·- ·- t ·_ r 

apparent stability of the other fonns of l<NA which do· not have a messenger·,; :·. .. ::.· r 
function •. Indeed the explanations of stability differences may/~~t so. much · .• ~ .· .:·· I 

. '. ' : . ,. ' ~-. . . . t 
• . . ' :: -~. l 

in the differences of structure of the molecules themselves but perhaps in:,.· ·, :: ..... 

. -16-

.. 
. . . ~ 

. ... -
:: ~ : 

,., ; 

: .. t.~e different environments within the overall cell structure in which they. : · _: .·-'·'~- >· . :~- · 
.,.:, .. ,_ :::~· . [ 

·. . no~ali}• occur, and the ~arying spectrum of hydrolytic 'and other enzymes to .. ·' ·, -~ · .-' .. i" I 

· :::: :7 t:~ l:::::~d· ::.:.: m~;~b~:::::::o::::en ~h::::rt-········ ~ :; ;\ \,· •? .I 
degre~ of association w~th pa~ticular organelles, especially. the ribosomes • .-·:~ .. ·,;<,···<···,~c·_. t. J 
· which · . ·.. · · 

·.:-: ... ,·': 

·Thus, those· types of mRNA/for. some reason 1·er.~in intimately a part of -the ... .. 
~ I • . . • < 

ripOSOilJeS WOUld be expected to re~ist. the intracellular RNAse much more than . ' : · .·':; · · : 
~ .. ~. . . 

:the fr.ee-liv~g mes~enger molecules. The transition, then, from short to 
., ~ ; 

long life would involve the degree of association with the· .ribosomal protein... · ::'· · 
. ' •' . ,_·. . ' ... : '_. : ·. ' . ' . . _;· ... )·.· ,·_ 

·and l~pid. , .. , . . . . 
. 

.'-

;._ . 

. :, ; .. ~ : 
If in ·evolutionary tenns a Change from inducible r_egulation to constitutive '(, __ ,·.:':'· 

' . ': ·. ~;,-. ·· ... :··· . . ' 
production of a protein, ·or. vice versa, eventually results in·a change in 

stability of the correspondi_ng mRNA, we might expec~ thaton occasion the cell .·: 
I . . 

.has had to pay a price for an advantag~. gained. Arl. alteration in stability · · · 
ultimately · · · · · · · 

would.be expected/to be dependent on a cl1~nge in base sequence. This a1ange 

might have no consequence other than a change in stability control, either 

directly or indirectly tliro:ugh the binding with ribosomes. On the other hand, :"·· 
. ' . ..-. ,•,, 

the change might result. sometimes in the prote.in also having a slightly alter- ' · ;: . 
' . ' . ' . ~. . 

. . 

' . 

·. ed structure; an effect which in some cases might lead to enhanced activity . ; ·~-~- : 
. ' . ' . 

·. · of the protein and in other instances to diminished effectiveness. Evolutio~-· ·<· ~. ·.:. /.: · 
~ ; ' . . '. . . 

ary pressure in such a situation might lead to a whole series of compromises, . 
:· . ~ . . \. 

l ~- •.' : 

. : . '.. ·~ . ' . · ... 

. . ,. 
I' ~· •. f, ' ' 

t , •• . .. · ,' 

.· :· : 
.·: .. 

I, ... '· 
,·•·. ;,I , '., ·. ;,'·.';:·,' ! . .'•':, • 

... :- · .. ,-, 

•. :•.:·...:· 
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... 

from a sacrifice of the preferential means of 'control of biosyi1thesis, 

.thrt?)lgh the retention.of m.RNA with atypical stabilfty for tli.e··type of 

biosynthetic control bei~1g used, to the production _of a protein molecule 

. which does not possess the most effective structure for the catalytic or_ 

other function .which it perfonns. The testi_ng of. such ideas must await the.· 

· . development of more refined techniques for measuring the levels of mariy . ' · 

specific rn.RJ.~A' s, for detennini?g nucleic acid Structure and for understand.:.: 

:,.·_,: . 
. : .. ·.-~· 

',·. 

. : ' . ~· . 

. ~ .. • 

'.· 

··;·. 

•(' . 
~-

· .. ':· ... · 

, ing ~lOW structure and function are intimately related in the nucleic acids·.>·::;''. · 
-~-

·"'. 

• .. ' .:-· 

. and proteins •. 
, .... ' 

, ••• • 4 

. , · ...... ~ 
•'·-t .. ·· ·.,' 

. '~ . ·; .. . ·.·.· . ···'.", .... ~ ' . -·· . 
....... ,": • .. 11 

'~-.. 
:: .. ... ;', .. .:: ,,._., 

' l • .~. • .. 

·The p·re~~r~tion ·~£ this paper ·was .spons~red by the,~\s~_.Atomic Enc_rgy:! .. ; 

Conunission. · -~·> :'<·.·'~: ·:.::'-.: 
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Moses and Calvin: Figure Captions (1) ·· ·- · · · .' · ·· . . . . ' . .. \ . . " .' ·. \' ~ 

:· . Fig. ·1.. Gro~vth ofE. coli C600-lin M63 mediUm. at 37°;. Optical densi~y ,··.> <::":, .. )::);:': : 
. . . ~ . . . . . . . ·. : . . ' .. : . . . .. . ,. . ' ' . ' : . . 

· ·. : measured at 650 :mlJ;dn a Cary Model 14 spectrophotometer. At about. 4 hr~ a ·'· . 
. . . . ' . . . . . . . . . . . . . ~· ' . ~ . . 

portion ·of the stationary culture was diluted fivefold into· fresh .M63 medium~. 

·.~ .. · Fig. 2 • Gr~wth of E.~· coli C600-l. At th~ time ind:i:cated by. the arrow · __ ,. 
• · .r 

·. · .. addition of glycero;l. (curve ~) or ammoniUm .sulphate (curve·~· was added :to.·.:-:··;·.·;·:.···:;:,_.;.:.:; 

> the stationary cultur~.. . , . . • ·:i\:i·<.()~;· 
· · .. Fig. 3 •. Induction of s.~galactosidase activity in logarithmically gro,~ing .· .. J:z~;·:;··:<·.:~:·;{.' 

E. coli · C600-l with TMG added as . indicate~ by the. arrow. · . . . ·.·· . ·~ ; · .. ~:}S:<~.:~~.::j;: ~· 
. ;. . . . · .. :. ~. '. ~~·:· ..... ~:· ~:-~ ·::. , ... : 

·'· · Fig •• 4. · Induction of B.-galactosidase activity in E. coli 300U following·.· : :<. ·'". , . : 

.. . 

. : t 

. ' . - . . . - · .. ;· ·. -· " . 

·dilution .of ·a stationary culture. into·· fresh mediUm containing IPTG. Ab

. sorbance of culture immediately after diiution ·indicated by the arrow • 

.. -. :·_.·::,/,'.·, ,·· ... · -.-:.- -; . . :·; .. ~ . . . 
. : . ~- . "·· . . . '. ~ 

:: -:· ~ . 

. . . . . . . 
' . ' 

.. Fig. 5. Induction o:f, B-galactosidase· activity in E. coli 300U following : · :· · 
. . -- .. - . 

• ' i ·.• 

dilution of an exponentially growing culture into fresh medium containing IPTG.:.·~ 
-~- . .. f.: . . • • . . . . . . ., .. 

. - .. 
Fig.· 6; · I;nduction of B.-galactosidase activity in E. coli_ C600-1 \vith IPTG: 

. '· 
following dilution from stationary phase into fresh medium: . A; IPTG added·· · 

• - 1.· ' • :- ·.: . . . . . 

: 4 hr. before dilution; B, IPTG added at time of dilution. .·. 

Fig. s. Growth of E. coli C600:-l when diluted f::.·om· stationary ~ha5e···i~to .:··.::. 
. . . . --- . ·, .. . ,;".' 

' 

. . \ . 
· fresh medium (~or exhausted mediUm (B) •. . ., .. 

. . . I 
: . ..... , .. :.. Fig. 9;. Induction of a-galactosidase activity in $e same ·experiment .as·.,·· ;:: 

"'~ ••• • • • • • - • • '. • • :. 1 • o:; 

·' .> · ·~ . shown in Fig. 8; in both ·cases IPTG added at time of dilution. A, .fresh me-
, ~ ·~ . . ' .. • . . -- ~ 

; .. - ·- ···· .. 
· · :. , : .. :: : ._ dium; B, exhausted medium~ Arrows indicate absorbance· of culture immcuiately ... 

. ~ ~· . ' . . . . . . 
' . .. ~ 

· . ··. '.: ·. · :·. after dilution. · .· , · · · 

·· · : ·:: ·,·.·Fig. 10:. E.ffect of casein hydrolysate on induction. of ~-galactosidase l act.i-··. · .. . -:.:';.:\,';·;;'{:': .• 
.. ~. . ·.·. .·· ' . : ' ·.:~.;~:_.--~· .. _;:·~~~·!~~>.~~/:_.;.-

. vity in E. coli C600-l. follm·ling dilution from stationary phase into .fresh · ·:··>'·~···'.~:::j";:::·,c· 
-~-, ... - ~- . . . . . . 1:0::~-·~::.;.._· 

·medium ~ontai~ng IPTG: A. control; n, plus casein hydrolysate. (200 lJg/mL)·.:.;·:-,-_<§~;: .. · 

· · · · · .. ·. : : -:- • . c-.:· . .,: ·:. · · ·· ··· •·· ··~. ···'u.·:·:-:;::;b •. 
it.fl··~;·--_.· ) : ·:·~·, ~--- -:·.·. ·,. ' .· . ,··. . _ .... :. __ :·!' .. ·:\>:_;· ... (< :~ 
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. ;·. Moses and Calvin:: ~igure Captions (2) • ~.. I-~ ' .' •· •' ' ', • '~• 

•' . . ·, 

' . .. .. . . ' '-~ .... 
.. ·.: .. . 

.. , 

·,, 

· ·F .. ig. lL Effect of four ribonucleotides on. induction.of p-galactosid~e- ::· .. :·. -:·.· 
~ . . ~·- ·: . 

"'• .·· 

. ..... \: .... 
-~ ~ t \ . ·-

) . 

'. activity in E •. coli C600·1 following dilution from stationary phase into·.<,:( :.' :\. ·:, - : .___... . . . . .. . •;· .. ~ .... ~ :·· .. 

, .. fresh medium containing IPTG: . ~' control; ~' plus SO l!g/ml •. ead1 of ADP, .. :: 
l ·-~ . . ' 

·. ·: ~ . , . · CDP, GDP and UDP. 
. . ~ ' 
l ~ ~. • : .: ' ·• ; 

.. :.,, . .. . : .: Fig. 12 •.. Effe.ct of four· ribonucleosides ··on mductio~ ·of s.-galactosidase.~· .. 
. •. 

·;:.:·\ .... , ..... activity.in E. coli··:C690-.l following dil~t~on·from stationazy ph.ase ··into.·.·.:·· .·. '··. 
,. •.·• . · . i.f.f./ I', .... · . , .l . 

. ~':'.:'::·:.·,.~.:.·->fresh medium containing IPTG:. A, control; B,plus 128 .l!g/ml. each of adeno..:, ::·: 1 ·, ....... '' -~ . • < ' ' ":.. . . ·: .- .· - . . ' . . ._:!'_ .. ~ •. '.'.(· ... · 

. '_' r::<;:· ... · ·,.; ... ,: .. :sine, cYtidine; guanosirle and 'uridi.ne •.. '' :.·: .·'. . . ·. '"\,: 
... 

' :: .. : >.:<· E:tg~r;13. Effect: of 6'-a~auracil' on groWth of-,.E. coli C600-l following dilution. 
·'!;'·, .. : ..... ··:;.,··.. . . . . .·. ·. · .... ··.··. .·.· ....... ~.·~ .·' · ..... · ··.: .· .... ·.~··· 
.. ,.:>·:::::·::·::.'· •from stationary phase· to fresh medium: A, control. B,.plus 6-:-azauracil·· · · 
·,·~·". ••• ·.~ •••• • • • • ' • - • - j' 1 

.. · ·, .· (iS llg/ml.). Azauracil .. added to B and water added to A as indid~ted. by . · 
... -~-.·· :· ;'~.'.~ ' . ~· '• -.. 

. . ;-':.,.:").::·solid arrows: dilutio~ inc_licated by .. dashed arrows~:<_: · .. :·.. ·.·. · 

· .. :.:·< : .. ; ... : .. ,.fig. 14.. Induction of /~.-·galactosidase activity ~n the .s.~ ~~er~~t ·aS 
' ',' • ..,· I 

. ··.: ··: · 'sham in F.ig. 13; in both cases IPTG added. at time _oidilution. A, contro~·;· 
... · . ., .,. . .. . ~ .. , .· ... 

\ · · · . . B, plus 6~azauracil . .':_· '·.· 
- ,. .. •, ,:1 

. \. ,, . . .· .. . . . 

:·-' .. · · · · ... · · ·Fig. 15 •. 'Effect of 6~azauracil on exponentially gro,.,ring cells 
:·: . ; , ··. , . ' • I . . . • . :. ·.. . . : . . . . : . . . : .· . . . 

: ;: ...... ; : C600-:-l~ A, control; B, 6-azauracil (25 .l!g/ml.) add~d at arrow •. · .. · · .; 

'.··· _,., 
..... ·,. ,' 

. -... .. : ': ' ; . :~ . 
'·. •,. '. 

', ' ·, ; : > ' ~ I• .,. • 

Fig. 16.· · Induction of a-galactosidase activity in· the s~e exp~riment as··.~: . 
. . . ; . . . . <' ~ .. \. 

shown in Fig. 15; IPTG added at arrow.·~. control;. ·B · 6~azauracil, added · ··' 
.. :::.>:, ... ., : ,.. . 

. . ~ ' . 

. . ~- . .-; 

• 1.' 

.•. ··· ~-·--,_., 

... . , ,. ..... . ''· '• . 

• ~:·.,::_,·2 min. before IPl'G, . .. . . 

;,. ;;,. • .. . :/ .:,-. ~ig. i1. · Activity_ of :a-galactosidase .in .§..~ coli 230U .. Ci~> constituti~e)' foll~~/·: 
--~_f ·. ;f ' --~ ··. ,· - ; ' ·:_ . ' . . . ' l -. • • • • ' •• ' '!~. '· . . ,_. .:: . ' . 

<. :, <.· .:. :: ·._<. ing dilution· from stationary phase into fresh medium.· A,. control; B, plus ·6f· 

//·~:·;.<::;·: .. :~:.··:· ... azauracil. (25 _l!g/ml.) added 30m~·~ bef~re.dilution.·.,..- ... ~:·.··.· - . . . 
. -\ ' ' I , . : ~ ~- ' . ' , . • , . , . . 

.... ~- ''/ .. ·.::,·'-:_Fig. 18. :.·Effect of 6-azauracil on g~owth .. of E.• ~ 230U~··A; .. control;.> 
• '. ·f'. • • ' • • • • • • 
- . . . - . . . ' 

::-"···G:'~·.:._. ·.: ,,:,.' .!!_, 6-azauracil (25 llg/ml.) added at·arrow. :: 
j, ·~ .,. ': ~· -' ·, 

,! .• /_ .' 

.,1,_: "1 

':··,-.:···_.; . .' 
'4·,·. : .. · ·;,.:. 

, .... ,.- . 

"· •: 
.-.. : .• · .... ; 

• > r' ;, ' 
1 

,. l' , : r · ~ • • '~ {' ! .-, 

' 1- ' I ; I' I ',. ' 1 .~ : V: •'\ ' ' • 
';- • .' ·: • ' • ~ ~ l • ·-.:. • • .' ·~' •• 

.. ·,:'.·,···' .. ··.::.'>. >'.:'i':.·:·., 
. \ _, .. 

f I • •, ·, ~ '• ., ,• • ' ' : ' • ' :,'.·.~ ' ' ' '·:: .' . -~ ',. ', 

• : ~ '.~ .•.•. t,_ ' • 
. i > '... ,, 

:·.·· ... · .. ;·,. ..... · 
·,,: :: I' . :. ' 
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Moses and Calvin: figure aipti~n·s .(3) 

.; 

,· 

·., ·· . .. ''·. 

.. 
. . 

, ,· 

..... ;,'•,: 

Fig. 19 B-Galactosidase activity ·in the same. exp~riment as in ·~ig~ ·18. -~ .. ·· .: · .. 

..: 

. ~. control; B, 6-azauracil (25 \.1&/ml.) added at arrow. 
• ."\ • t • ·:. ·_._ ·.·~{ ~ .!: ....... 

,\. --~~. __ ,~·.. . " ~ ( 

Fig. 20. Effect _of 6-azauracil on cell enlargement and division following·:_ <:. 
. . '.. . ~:-

dilution of a stationary culture of E. coli C600·1· into fresh medium • 
. ~ -·-- . 

-' ,·_ 

.. Series ~ •. control; series 1!• 6-azauracil (25 .lJg/ml.) added 30 min. before··· 

dilution. ·· . .' ':··, 

Fig. 21. .Effect of 6-aza.Uracil on synthesis of protein, ~~ and DNA follqW~··_,~. 

·. ·ing dilution of a Stationary, culture of E~ ccli C600-i lnto ·fresh medium; 

Series~. control; series !!_, · 6-azauracil (25 _lJg/ml.) added 30 mm. before 
·• ' ~ 

dilution • 
. .. ~. 

· .... 

·•. Fig. 22. Activity of inalic· dehydrogenase in. E.· coli C600~l•following dilu~,. 
. . -- .. .· 

tion of a· stationa!Y: _culture into· fresh· medium. 'Open. triangle points 
. . . ~- : ,• . ' . ~- . . \ . . . 

from calculation of best .fitting. straight· ~ine. "·~·~ . · 
• • '. • : ' , , ~ : ' ' • : • ... .f I' • ; l ', ',,' ' ' ' ',' : • ' : ... 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission~ 

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

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

As used iri 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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