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V, MOSES AND M. CALVIN

Lawrence Radiation Laboratory and Department of Chemistry‘
University ot California, Berkeley, California

- | The'model for the control of enzyme bibsynthesié‘pfoposed by Jacob and R
" Monod (16), which depends on repression and dcrepre551on of genetic expression, fﬁv;‘
‘supposcs in the case of . 1nduc1b1e enzymes that the. presence of a spcc1f1c effector ff:
(or 1nducer) is requlred to 1n1t1ate enzyme productlon. It 1s env1saged that |
only in the presence of inducer is transcrlptlon of the appropriate cistron of
‘DNA carried out, w1th the formatlon of a correspondlng RNA molecule, Thls so-
~called 'messenger" RNA,(mRNA) then carrlcs ‘the informational message for the -
syhthesis.of'khe’sbecifiC'proteiﬁ to the ribosomes, where translation of the
nucleic acid infbrmationaltsequence to a polypeptide structure occurs. Much dfv“"‘y
the chemical and genetic evidence in support of this theory has been reviewed>' -‘1‘3‘
by Jacob and Monod (16). hucent additional plcces of evidence have been pro- .
vided by mcasurement of the levels of bpeCLflC mRhA in 1nduc1ble cells, before .-
~ and after induction with a spec:flc effector, and in the corresponding constl-;:”ﬁ"

tutive strain (1,2,11), - - o

~The attainment within three minutes of a constant rate of specific enzymc"“;ﬂ
synthesis follow1ng 1ntroduct10n of the inducer. (18,27) indicates that mRNA
productlon starts very soon after the 1nducer 1s -added, . Similarly, studies by

: kepcs (18) have shown that-enzyme synthe51s ceases, also in about three min- -
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- utes, after inducer is removed from the system or diluted to a concentration . ¢



- "'_ 'rapld halt the blosynthe51s of. the corrcspondmg 1nduc1b1e enzymes.

. in Bac:.llus subtllls and its relation to mRNA fomatlon, Levmthal Kcynan

- “of a cell may be subject to this sort of genetic regulation. Enzymes WOuld -

J.;/[ [ .

SO’ low that it is no longer effective, 1 ThlS has led to the conclusmn that

- at least for the B galactosldase system of I:schcrlchla coli, mRNA is both ra- . -

pldly synt11e51zed and rapldly destroyed Removal of the 1nducer results in al-‘-::»’:

most mstant cessation of mRNA syntr1e51s and the mRNA alrcady ex1st1ng at
_that tlme ‘decays with a half-llfe of about one minute (18) Malntenance of

_-enzyme synthe51s thus. requn'es continuous productlon of mRNA and thls, in turn,

provides a very sen51t1ve response to changes in the envuonment since the
"remox ral of an mducmg substance from the v1c1n1ty of the cells brmgs toa |
Slmllar results for the formatlon and decay of mRNA in the B8- galactosulase »f
'isystem of L coli were: obtained by Nakada and Magasanik (25) R wno obtalned a

. -~ value of 2 5 mnutes for the half- llfe of mRNA, In a study of proteln synthesls'-

and Higa (20) found that the incorporation of [14C]va11ne into protem is ra;-
| p1d1y 1nh1b1ted shortly after the admmlstratlon of actmomycm D. ThlS ant:.- j.v‘ii

biotic prevents the DNA-dependent synthesis of RNA (15). Levmthal et al. (20_).
calculated a value of 2 minutes for the half- llfe of mRNA, and other authors
.vhave also assumed or concluded that mRNA's decay w1th short half-llves (10 23)
| The w1despread occurrence of genetlc repressxon-depresslon phenomcna,
and their obvious potential 1mp01tance as prime regulators of genctic cxpressmn

: and cellular act:w1ty, has led to suggestlons that the whole enzymic apparatus. .

- be produced in response to the presence of env1romnental or 1ntracellular m- g
. ducers and rcprcssors and the productlon of each nrotem mlght be envisaged
as under a nenetlc regulatmg control of the type postulatcd for B galactosr -

) dase in E. coh (26). There may thus be no fundamental gcnctlc differences »



_fine control of proteln blosynthe31s vihich nay be. adhleved with unstable

L =3-
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¢ ’ . .
between 1nduc1b1e and constltutlve enzymes in thc sense orlolnally 1ntended

by karstrom (17), but the dpparent constancy of constltutlvc enzynies may be \
_the consequence of an unvarylno balance of repr0551ng and derepr6551no factor>
~at a gengic regulatory site. A siiort life for their mRNA's would then be an |
important element in the exertion of fine control on the biosynthesis of these
T‘phenotypically constitutive enzymes, The altefnative possibility,.rccoghized’
by Pardee ahd‘Beckwith (26), was that certain enzymes appear to be constit:u‘cive _ -'j R
because of the absence of a control mechanism involving inducers and repfeséors.v
'.vThe rateeof'synthesis of such an enzyme would then be constant in relation %o -
‘,the sYnthesis of all other constitutive proteins in the cell, thé aetual'rate
‘beinglcontrolied; presumably, by some inherent-feature of the codinw of the 4

'\

structural gene (19). Were this second p0551b111ty to be the case one might .

\

questlon the value of short-lived mRNA for constltutlve enzymes since the e

TRNA for 1nduc1b1e enzyme synthesis is not relevant in the case of const;tu¥vff
tive enzyme formatlon.
It has already been recognized that all mRNA in all organisms camnot be'#”’

¢
so unstable as to have a half-life of only one or two minutes., - Spencer and

‘Harris (30) have'shdwn that the biosynthesis and regulation of biosynthesis

- of some proteinSLmay continue in cells of Acetabularia crenulata many days

after removal of the nucleus, This certainly suggests a very great stabilityf:
for the mRNA's involved However, it must be borne in mind that the algal
cells contain a chloroplast and it might be this organelle, rather than thef;f'f

nucleus, which in Acetabularia controls the biosynthesis of the enzymes StudlCd’ﬂi;in

chloroplasts of some plants have been shown to containlDNA (). No such‘reserj_;g;:ef

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



"'tolucne and assayed for enzyme activity as descrlbed by Kepes . (18) Unlts of -

e

several hours after the enucleatlon of/varlous anlmals cells (9 28 29) In the'
case of E. coli, too, 1t has been sugéested that not all mRkA is as short llved
as that for 8- galact051dase (7). Tne induced synthesis of S-Galact051dase in qij;ji.
E. c011 is prefcrentlally inhibited by streptomyc1n compared with the total syn?ifv*V_
the51s of proteln. It was- inferred from the data obtained that the syntne51s 'i,fafﬂ.;

of all proteins requiring the continuous fonmation of labiie mRNA will be in-j;@fﬁﬁ}

- hibited by'streptqmycin under app;opriete circumstances, while the residual'd"
' ,incorporation of labelled amino acids into the protein uhich contihues'ih‘-;‘{.i
- _the prcsence of streptomyc1n may depend on a relatlvely stable mRNA (7). ";}}?
The varlatlon in stability of different mRNA's in the same ‘organism mey |

thus bc of 51gn1f1cance as a means of 1nvest1gat1ng the ba51c mechanlbm of

phenotyplc expre551on with 1mportant consequeuces for example, in the fleld
. of cellular dlfferentlatlon. We have recently obtained ev1dence whlch may be .
1nterpreted as supporting the concept of varying 1ab111ty for dlfferent mRNA'
" and'we: w111 consider the 51gn1f1cance of thls data. from an evolutlonary p01n£ |
,d of view. '\‘ ‘: L . ' e : '
Three straius of E, coli'have been used' C600 1 (1 Y z ) (obtalned from X
Dr. A, B Rardce) 300U (1+y z*) and 2300 (iTy"zh) (from. Dr.,J. Monod) Tne
'oroanlsms were all cultured on M63 mcdlum, an 1norgan1c salts medlum conta1n-‘_‘
11ng glycerol and thiamine (27),at 37 in air. The inducers used for B-Ualacto-f
| sidase were 1sopropy1th10-B-D—galactopyran051de (IPTG) (usually at 5 x 107 -4 thf
and methylthio-g-D-galactopyranoside (TMG) (10 ;l: Samples of cell su3penslonli

- for enzyme assay‘were;removed from the culture fiasks violently agitated w1tn |

L enzyme act1v1ty will be expressed as munoles of o- nltrophenyl B-D- galact051de

. 1 hydrolyzed/min./ml, of cell suspen51on at- 37



"The doubling tlme durlng this phaue

‘(result of exhaustion of the glycerol used as carbon and nltrogen source Crlg.r‘

; o:.enzyme synthe51s beglns to increase about 3 minutes after the first contact :v‘*i

with 1nducer, the rate contlnues to 1ncrease for a considerable period and does. _.7“

dilution (Elg. 1). lhls f;ndlng suggests that an 1mpa;rment of the enzyme in-

| Inoculatlon of the bacterium intoj the M63 medlum results in a loaarlthnlc:.?v”* ”

i

growth pattern as measured by incre of of opt1ca1 dcn51ty at 650 my (Fig. .
q

3 otowth varies on dlfferent.occa51cu§be-,f"‘

tween about 65 and 35 mlnutes Eventually growth stops ‘and the optical den51ty ?J;{tr'
vjbremalns ¢constant. If aftr an hour or more of being in the statlonary ‘phase ofs
',wrowth a portlon of the culture is rapidly added to several volumes of freéh
. culture medlum, logar1thmlc growth starts again w1th no detectablc lag, the
 first sample- Ior opt1cal density measurement being taken about 30 seconds af- -i;ff;t‘

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

&

2), a very areat excess of ammonium nltrogen is present.
' Addltlon of an. 1nducer of g~ galact051dabe to E. c011 crow1ng logarlthml-(a{»f,i

cally typlcally results in the sudden onset of ‘the appearance of enzynm acti- .

"~ vity some 2.5 to 3 mlnutes later (Flg. 3) (5,25,27). The tlme required for -

the dlfferentlal rate of enzyme syuthe51> (rate of enzyme synthebls Vs, rate *'x“ |
of growtn measured by optlcal density (24)) to increase from v1rtually zero to f;f.l
a constant value is very short, and the constant rate is always aculeved w1th1n ;f;f'

3 mlnutes after the addltlon of inducer. Howevcr, if a culture in the statlonary
) ,

fphase of growth is dllutcd into fresh medlum a11eady contalnlno inducer (as in :{f;[”v

Fig, 1), a somewhat'dlfferent kinetic course of enzyme syntne51s is observed

(Fl“ 43, Although as durlng normal logarlthmlc growth the differential rate '

not become constant untll about 15 minutes naveelapsed. Some variation is observed

i

in the length of this perlod Growth, however, '1s logarithmic from the tlme of

duction and Syuthesis process has developed during the period of carbohydrate

starvation.~Usiug;Jacob.and Monod's theory of induction'(lﬁ) we might suppose 3

i



'"l'(Flg 5);. thus dllutlon EEE.SG is not responslble for the delay.

that, since the initial appearance of the enzyme is not delayed there has'been llﬁd;?
no 1nterrerence with the:nltlatlon of DNA-dependcnt mRNA synthe51s. On the o
other hand, since the stcady-state dl'ferentlal rate of synthe51s takes so

long to become constant it mlght be concluded that essentlal components necess—hhﬂfé}"
ary for the overall process of cnzyme protein. synthe51s have become depleted B
in the absence of a source of carbon and energy and that these are only slovly
'>replaced Such componcnts might be am1no acids for proteln synthe51s or rloo--VQQELVJ'
nucleotides for RNA formation. It should be noted that dllutlon of a culture - o
{alrcady orow1ng loaarlthmlcally 1nto fresh medium contalnlng 1nducer results ;fgf

©

~in. the characteristic 3 minute period to achieve a constant rate of synthe51s

No absolute block to B- gdlact031dase synthesis develops durlng starvatlon
which’ must flrst be overcome on- tne resumptlon of - lonarltnm1c growth before - .~

enzyme 1nduct10n can'be effected. Such a block might be envlsaged as a con-:

- .sequence of catabolite'repression (21) developing;durrng starvation,,mowever;nl
" the conditions of this starvation are completely reversed from those.giving'risef
- to catabolitevrepression; the latter effect is observed in conditions.of carbo;\
ihydrate surblus and nitrogen deficiency Furthernore, 8- galact051dase may be f;
induced, albelt very slowly, durlng the starvatlon period 1tsel£ (Flg. 6) ' Al-i
g though the 1nductlon mechanlsm can be brought weakly 1nto actlon durlng starva{f ek
.tlon doxng sofdoes not potentlate enzyme synthe51s durlng a subsequent resumpé; |
" tion of growth in the continued presence of inducer. This is true even 1£ the ‘
| 1nducer is added in tne previous logarlthmlc phase of growth, hours before dlIUfiu
- tion takes place. Fig. 7 illustrates an experlment 1h whlch statlonary state s'i;
cells were diluted into fresh medium, The tirst'contact with inducer in the'
* upper curve was about 4 hours before.dilutioh, 2.5 hours before the end of thefi”
earlier 1_0garitlmiic phase. In the lower curve inducer was introduced at the

~ time of dilution; in both cases the concentration of inducer was maintained




. -

.constant‘at all times ‘after it was fire; added to thé'cells.-lf no inducefv

was present before dilﬁtion,vthe‘diffe;ential rate,cf eYnthesis became con- :E_He-,,

stant about 14 minutes after'diiutiong witen ihducer was presentvbeforefdilu?vf‘“

tion,va c0nstant rate of synthcsiSAWas reached'abeutfls minutes after dilutien. P

Prom this we may conclude that decay of part of the enzyme synthesls mcchanlsm

taLes place during starvatlon, and this would be consistent w1th the decay of

.lablle mRNA when precursors and energy for its maintenance.were not avallablc.- ejffn'”
Freter and Ozawa (8) have shown that it is p0551b1e to obtain a second

'crop of bacterla by reinoculation into medium which had previously supported‘

bacterlal growth to stationary phase. The first crop of bacteria is removed

'evby flltratlon orﬂcentrlfucation and these manlpulatlons result in considerable.’“f‘

acratlon of the llquld In this newly aerated condltlon the medium will support S

. growth of a dllute culture which did not occur in the. flrst very dense statlon-'77

'ary culture.‘we.have 1nVest1gated the effects onhlnductlon of diluting a sta-.e:f*

" tionary culture. 1nto mllllpore ~-filtered exhausted medlum, the inducer being

introduced at the t1me of dilution. Growth was 1ndeed rcsumed at a very rapld
rate with no lag (F;g.VB), the doubling time being only 24 minutes compared withf;} fﬁl
53 minutes for a control sample diluted into fresh medium, The rapid growth conQ’jlie’f
tinued, however, for lS'minutes‘Only, the doﬁbling fime then suddenly increas- |

ing to 362 minutes. The differential rate of enzyme'eynthesis became constant ihe’f T
.exhdusted.medium'(Fig.'Q curve B) in about the same time (16 minutes) as in" o
.1 the control (Flg. 9, curve ﬁo (14 mlnutes) The delay of development of a con-e”

: stant rate of enzyme synthe51s following dilution from a statlonary btate 1nto

.7 fresh’ medlun 1s tnerefore not the result of the need to ov;rcome the effects

= of accumulatlon of an 1nh1b1tor in the medlum as a result of grcwth




~introduction of the inducer were not ¢ffective in- -accelerating the attalnment of

‘ diphosphates of adenosine, cytidine, guanosine and uridine (Fig. 11), ianUGneedlfj
“the period required to achieve a constant differential rate of synthesis. While;‘ﬁg
it is known that'E coli will coneentrate'amino acids from the medium (6) it

L is prooable ‘that nucleoside dlphosphates are unable to penetrate through the :

rate of synthe51s than in the control (14 mlnutes) and the rate was only 20% of

‘the control rate, This effect of the mixed nucleosides was probably related to ff
- must also be remembered that the free nucleosides are not nornal metabollc 1nter-
‘ medlates in the blosyntheSLS of nucleotides.

- 1nterfer1ng w1th RNA synthesis. The 1nh1b1tor of ch01ce of RNA synth051s,}‘v

. ed to 6-azauridine-5'-phosphate and blocking orotldyllc acid decarboxylase an ';
;'h'enzyme 1n the blosynthetlc patnway of pyrimidine rlootldes. 6-Azaurac1l o

I (25 uo/ml ), added to a statlonary culture 30 minutes before dllutlon, d1d not

“Direct attempts to overcome a deldy resulting from precursor deficiehcy ; o
by provldlng such precursors in tne Eﬁésh medlum at the time of dllutlon and
a constant rate‘of synthesis. Neither the provision of enzymic hydrolysate of -

casein (200 ug/ml.) (Fig.‘lo),'ndr of a mixture of 50 ﬁg/ml; each of the 5'-

cell membranes Attempts were made to c1rcumveﬁt the barrler to nucleotldes

by supplylng a mixture of 128 ug/ml. éach of aden051ne, cytidine, guan051ne and

urldlne as free nucle051des. rhe result was rather unexpected (Fig. 12) ln -

" the presence of the nuc1e051des it toox even longcr (20 mlnutes) to reach a steady

some sort of catabolite repre551on and 1is belng separately investigated. It

As efforts to reduce the delay for constant enzymc synthe51s were not

successful the approach was reversed and attemptys were made to 1ncrease 1t by

actinomycin D,. -is not active in E. coli (15) and it was therefore decided to use;

6-azauracil, shown by Habermann (12) to inhibit RNA synthe51s by being convert-‘{

‘s



affect the 1mmed1atc logarlthmlc 1ncreasc of optlcal den51ty of the culture f .
after dilution into frebh.medlum stll} contalnlna the. same concentration of

the 1nh1b1tor. Howevcr, about 44 minutes aftc: dllutlon the doubling tlme
suddenly 1ncreased from 56 to 160 minutes (Fig. 13). The dlfferentlal rate of

- B- galact051dase syntne51s in the presence of 6- azaurac1l was almost 1dent1cal

1 with the control for the first 27 minutes after dllutlon, the control ratc
becoming constant after 18 minutes. Thereaftcr in the perlod between 27 and
30 minutes the dlffercntlal 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 g-

- galactosidase synthesis. When it did become effective it showed itself much N

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

~growth in generél as illustratea by the large fall‘in the tate of differential3QfViﬁ

R eqzyme synthesxs Addltlon of 6-azauracil to a logarlthmlcally crow1ng popula—_ti
tion 51m11ar1y 1nh1b1ted growta in about 30 mlnutes (Fig. 15) and enzyme syn-' f;
the51s a few minutes earlier (blg. 16). )
-These data permit a number of concldsionS.to be reachedlconcerning the
response of the bacterial cell to a sudden transition from a stétiénany state‘i
’ fof growth into fresh medium, Thc addltlon of 1nducer to a 1ogar1thm1cally grow?f.
" ing population results in a steady dlfferentlal rate of enzyme synthesls
being reached within 3 minutes (Fig. 3) This rate is maintained untll orowtht;
t.stoPs due to exnaustlon of Orl‘ycerol in thc medlum. In this condltlon of star-i
vatlon MRNA Spcc1f1c for 8- galactos:dase is not synthesized since addltlon oft“
inducer durlnn/zgztlohary phase does not result in the immediate synthe51s pf ff?

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

" plentiful. Pre-existing g-galactosidase mRNA breaks down during this stage, a R




sy e oot e e e s

conclu51on reacned because the contlnued presence of an inducer from a pre-

,v1ous perlod of cnzyme synthesxs also falls tc ensure the synthe51s of more.

. growth parameters,~does a logarltnmlc increase immediatelyvafter‘dilution in ff}:'g

.. after. dllutlon into fresh medlum. Further, if s-oalact051dase RRNA is unstablef
.. . and must contlnuously be resynthe51zed to malntan enzyme production, whlle

. other protelns depend on stable mRNA's, the greater sensitivity to 6- azaurac11

.?urac11 eventually stops the formatlon of all mRNA. As the one for B galact051-

. dase 5ynthesls is unstable, the synthesis: of this proteln rapidly stops But -
o produced at a decreasing rate in the absence of mRNA'transcriptioﬁ’from DVA”-f'e

'ldase mRNA and its leck of fonnatlon durlng starvatlon and 1mmed1ately after

" gene of the lac operon. Thus a correspondlnc i straln of E. c011 would alsé be B

;15 not formed and .« labile mRNA decmnposes,

'1ogar1tnm1cally as soon as. dllutlon occurs, We may thus pose two’vital:ques-.; ;”'v

" the Opticel density of the culture siﬁniff? -
*proteln syntne51s is concerned, the mRNA's requlred to syntnc51ze such’ protelnéf‘

vg-aalact051dase mRNA is not readlly produced durlng starvatlon or 1mmed1ately}f

- other proteins, dependent on longer-lived mRNA's, are able to continue to be Je,

dllutlon ow1ng to a def1c1ency of precursors are correct one would not ex-.ﬁffi

enzyme 1mmed1ately follow1ng d1lutlon |(Fig, 7). - During starvation, tnen, mRNA

Yet, Wlth no lag, the optical density of the culture begins to increase ' ‘=

tions: (a) is the lag in the attainment of a steady dlfferentlal rate of
enzyme synthe51s related to the 1nduc1b111ty of g-galactosidase (i.e. the con-‘f '

trol of its synthe51$ by a reoulator gene)? (b) what, in terms of various

AL e

" If increase in optlcal den51ty is related to growth at least as far as -

must have eurv1ved from the preV1ous orOW1ng period as, 3udv1ng by the one for{f

of the 8- galact051dase synthe51s compared with growtn becomes clear.-' -Aza-

- ]

In the event that the above remarks on the 1nstab111ty of 8- oalact051-

pect to alter Llnetlcs dependlng on mRNA stablllty by muitation of the regulator ff



;'after dllutlon though there was no lag in optlcal den51ty increase. 6- Aza-

(Fig. 20), the increaSe'with time of the optical density of the culture was fql;ii‘

.mater1al/ml of suspen51on. Cell number was measured in a suitably diluted
‘aliquot of-the‘culture;w1th a Coulter particle counter (22). The size dlstrl%,f;\}
~'bution of each population‘was obteincd with a Coulter.size distribution R

: { plotter, and the total volume of cells in the sample calculated in arbltrarylbighg
“units as the sum of the products of each channol numbex and the nunber of

" particles in that channel. An average cell yolume was ‘also calculated from ”fif

11 _ o
show ' i ' e

| expectcd to/a dlfferentlal 1ag of 8- galacL051dase syntneSLs when it 15 diluted i”:'ﬁ

from statlonary phase, 'lnls is 1ndecd/ the case. The1e is no lag before tne

optlcal density of a constitutive culture dlluted from >tat10nary phase 1nto

N frcsh medlum, begins to increase logarlthmlcally, but ngalact051dase'formation o
- shows the same’ sort of- lag as in the inducible strain (Fig. 17). 'In thlS ex-

'{perlment the dlfforentlal rate of synthe51s was not constant untll 42 mlnutes 9; A

urac1l nas an effect 1n the constltutlve strain snnllar to that with the 1ndu-

cible*l a zero rate of differential enzyme syntne31s after 30 minutes (blg 17)

- g In a lonarltnmlcally growing culturc, too, 6 azauracil affects the constltutlve
! ‘straln'as 1t affects the 1nduc1ble: grOWth slows down (Fig. 18) and enzyme
l;syntnesls stops (Flg. 19) in about 30 mlnutes. It should be noted that the

‘scatter of the experlmental p01nts lS 1nvarlably greater in thc constltutlve L
‘_‘experlments as the proportlonal increase of enzyme activity for each minute

of 1ncubat10n is. very much 1ess than in the inducible straln shortly after

induction is 1n1t1ated
An. 1nvest1gatlon was made of several aspects: of growth follow1ng dllutlon ,*?7

in the presence and absence of 6- azaurac1l In the first of these experlments»h*fj

compared with the numbers of cells/ml. and with the total volume of cellular Vaf




. . optical den51ty 1ncreased rapidly for 30 mlnutes and then slowed down. Theren

i dllutlon is: d1rectly related neither to the number of cells nor to the A;

S total volume of cells Thls suggests that thc uytlcal den51ty rise may re-

"E;ﬂwand protein, galn w1th and w1thout 6~ azaurac11 For measurement of these

~% . 27 minutes for DNA, In the presence of 6- azauraC11 the 1n1t1a1 lags for -

: £;=RhA and DNA were about the same as in the control but productlon of these:

;12-

these data. The results’ 1n blg. 20 show that in the absence of 6- azauracxl

optlcal den51ty 1ncreased 10gar1thm1cally from the t1me of dllutlon as be- ;‘
fore cell number showed no- 1ncrease for 34 mlnutes and then 1ncreased _
'.logarlthmlcally, whlle the total cell volume dld not change for 19 mlnutes,

.. when an exponent1a1 increase started. In the prescnce of 6- azaurac11 the

- were low rates of 1ncrease of- cell number and cell volume compared with the
;P;:control w1th delays of about 44 and 18 mlnutes respectlvely. Thus the. ffﬁ

5'f:exponent1a1 increase in optlcal den51ty which starts 1mmed1ately after

P?asult from an 1ncrease 1n the refractive index of the cells derlved from an
" elevated 1nurnal level of certain macromolecules.

A second experlment was thus concerned with the levels of total D\A RNA;

‘substances, allquots of the suspen51on were removed at 1ntervals after re-‘?

-

- sumption of growth into chllled trlchloroacetlc ac1d to give a flnal con-f"i

-centration of 6% trlchloroacetlc acid. Proteln, DNA and RNA were: determlned
¢

- as described by Berrahand Konetzka 3. Slnce samples were collected 1n1t1a11y*

at 2 mlnute 1ntervals and very llttle 1ncrease was to’ be expected from one’

sample to the next all volumetrlc measurements througnout thls experlment.A
'+ were checked grav1metr1ca11y by using tared tubes etc. ‘The flndlngs are - s
o presented 1ngFlg.,21.. As carefully as we can determlne from the experlmental'

. data, there is in the’ control series indeed no_lag,ln the increase in pro- . ¢

tein (14), while a lag of 5.5 minutes was found for RNA and one of about -

E _substances slowed down or stopped after 20-25 mlnutes. Proteln 1ncreased

3

"’,;”very rapldly, and w1th no. lag, for about 5 mlnutes and then slowed down.-Qf

I T




'=‘g;’NADPH2 at. 37° in buffer at pH 7.4 and follow1ng the fall in optical density

lffg w1th other measurements of the kinetics of formatlon of constltutlve sub-

“3njf_the 1ncrease in act1v1ty of this enzyme when the cells are placed 1n fresh

. to be the best flt for the p01nts represcnted by sol1d c1rcle5° the open

'-‘f’trlanole p01nts were excluded from tne calculatlon. S B 7f' : '4‘4

.27 the sequence of events betwcen introduction of the‘lnducer and appearance oft

. ;ﬁ active enzyme 1nto 51x stages and we may con51der the B galact051dase lag

‘ . in these terms. Stages 1and 2 concern the penetratlon of the 1nducer 1nto

'ljﬂ'6 refcr to the syntne51s of polypeptlde using the 1nfonnatlon carrlcd by mRNA

"7 and the establlshment of secondary, tertiary and quaternary structural

15

" The prccxse times reported ln this experlment are certalnly subject to ; ;;hﬁ 8

.apprec1able crror, but we see no way at tnls tlmc of 1mprov;mrr thc accuracy

:Q-oI these experlmental readlngs. It seemed deslrable in addltlon to 1nvcst1-'
.-gate the rate of formatlon of a partlcular 1dcnt1f1able proteln, prcferably
a constltutlve one, followxng dllutlon. Malic denydrogonase was chosen and

}thls was determlned by 1ncubat1ng toluene-treated cells with Oxalacctate-and :
'f;'at 340 .mu with a Gllford Model 2000 Multlple Samplc Absorbance Recorder.-As:e

uhstances cons1derab1e experlmental scatter was found. Nevertheless the re-

_ _;sults shown in Flg. 22 demonstrate fairly conylnc1ng1y that there is no lag 1n}*"*‘

.nfmedlum. The llne drawn in Fig. 22 was calculated by the least squares method Zf

All the ev1dence points, then, to the lag in 8- galact031dase synthe51s
<*fbe1ng due to a correspondlng lag in the productlon of mRNA as’ a consequence

i}iof depletion of the nucleotlde pools during starvatlon, Kepes (18) has d1V1dedf

the cell and 1ts 1nteract10n W1th "repressor." These events cannot be re-f
. sponsible for the lag since the constltutlvc straln, requlrlng no 1nducer,.m

'demonstrates ‘the lag as markedly as does. the 1nduc1ble straln. Stages -5 and

'characterlstlcs assoc1ated with the enzymic act1v1ty of the proteln. The

‘ffj 1ag cannOt be aserzbed to these phenomena since other protexns, 1nclud1ng

c




| . 6-Meauracil, as shown in the present study and by Habermann (12), inhibits
,ﬁ'ifathe productron of an 1nduC1b1e enzyme earller and more scverely than growth

‘s'ifThe action of act1nomyc1n D, as reported in the 11terature is also in thls 0

'".-‘synthe51s.....ralses some quest1ons concernlng ‘the nature of "messenoer" RNA

. malic dehydrogenase, are synthesized without lag, and no shortage of amino . -

- acids seems to result from starvation, We are thus left with stages'S,and_4if»1@“;ﬁ

thé transcription of DNA into mRNA and the transfer of the message to the ribo-  « "

' somes. The latter stage seems difficult to'reconcile with the lag becauseit".‘
. there appears to be no hurdle to the transfer of messages for other protc1ns“ffr
'sto the rlbosomes Stage 3, then, remains the most llkely orlgln of the lag, s
.’ and this 1nterpretat10n is supported oy the lag in total RNA formatlon found?
i’:experlmentally (Flg. 21) and by the greater senslt1v1ty of 1nduc1b1e enzyme Qi

T4

formation compared with growth to agents 1nterfer1ng with RNA productlon.

:}fdlrectlon. ‘In Bac111us subtllms the 1nduc1b1e formatlon of hlstldase 1s

?;~Z_completely 1nn1b1ted at 10 ug/ml (13), while at 0.2 pM act1nomyc1n RNA syn-ik?;
thesis is inhibited 90-95% and‘protelnvsynthe51s only 50-75%, and the base ;3
‘vcompOSitiOn.of‘the‘RNA produced did not resemble the normal base composJ’.‘ci.csrr:f
of B. subtilis RNA' or DNA (15) The p01nt of the’ latter observatlon was not
.='not 1ost on the . authors They remarked (15) that "the observatlon tnat RAA

synth051s can’ be 1nh1b1ted in vivo w1th onl/ ~'t:.al 1nh1b1t10n of proteln .

“fwhlch, according to Jacob and Monod (16) should possess a short half life,
: ;A p0551b1e explanatlon is that not all "messenger" RNA.moleculcs are snort- '
'!‘sllved but that some may act catalytlcally for a long time after the synthesls!;

) of noe messenger;is.interrupted." We conclude]thatjif,the”lég for indQcioleifl

Venzyne-rormation is to be :ascribed to .a lag io RNA prodﬁction, including ﬁRNA
and not. assoclated thh the induction process itself, then the absence of lag :

for other prote1ns reflects the contlnued presence of functional mRNA for -




. therefore not 1ab11e,“.;i'

‘?:Ttutlve enzymes is stable. The hlgh rates of formatlon and decay of 1nduc1olc
“”'ff;;messenaer glves the cell a means' of respondln" very sensitively to environ- '::
" nental changes by adaptlng its content of enzynes This may well have becomeeﬁfﬁyl
?superfluous for more: ba51c enzymes Whlch need always to be present in about’ t?f
Q;Tthe same quantltles 1rrespect1ve of the external env1ronment. Such cnzymesef

v ”ffwould most satlsfactorlly be truly constity tlvo because they would always be"

! Af:;f°ﬁg:made whenever the cell was grow1ng. Thelr mRNA's would similarly always need5

'"'fﬁ;to be present and no advantage would accrue to a cell Wthh retalned an

1Q;J1nduc1ble type regulatory mechanism which was always sw1tched on durlng

3-=$fcgrowth Rather thls mlght be expected to be a dlsadvantage resultlng as 1t

""fi'would in the continuous expenditure of energy to produce mRhA'whlch was Just‘

‘as rapldly decomposed We might expect that in evolutlonary tlme such a dlS'ﬁ
Ad'advantage would have been selected agalnst and 1nduc1b1e control and lablleﬁ
i»nRhA for constltutlve protelns to have died out in strains exposed to evolu-
'ft,;vt tlonary pressure. ‘The 1ntrace11u1ar balance of constltutve enzymes might nowi
&i; be controlled in the manner proposed by Pardee and Beckw1tn (26) In the

X laboratory, where regulatory control can be removed by uenetlc mutatlon, we

Tt'mlght Stlll expect art1£1c1a1 constltutlve protelns with short-lived mRNA

' ,;f;*'?3and this 1ndeed appears to be the case w1th 1 mutants of the lac operon‘xf
in E coll..,?" | | '

Thls 1eads to further questlons concernlng the dlfferences in etructure

5; .

'[_tnese protelns remalnlng from tne prev1ous growth perlod The 1atter mRAA 1s Af-fff”hl

The evolutlonary conscquences of dlfferentlal mRNA stablllty is 1ntr1gu1ng s

'-;:1f we con31der that mRNA for-inducible enzymes is “labile and that for consti- ;]7?::;15




o normally oceur, and the varylng spectrum of hydrolytlc ‘and other enzymes to;;f’

a stability of the correspondlng mRNA, we might expect thaton occa51on the cell

‘;’ would be expected/to be dependent on a chanae ln base sequence. This cnange 5‘

N ary pressure in such a 51tuat10n mlght lead to a whole series of compromlses, S

: productlon of a protexn, ‘or. vice versa, eventually results in a chance 1n

thc other. ThlS ,of course, is bound up further w1th ‘the reasons for the
/LJ [ .

apparent Stdblllty of the other forms of RNA whlch do not have a mcsscngeriégff_é*f

‘ ‘be . S
ftnctlon. Indeed the explanatlons of stab111ty dlfferences may/not so much -~ 7

in the differences of structure of the molecules themselves but perhaps in .-

. the different environments within the-overall cellvstructure in which theyaj;'

“which they are exposed. .One. way in which the dlfference between the short%i
lived and the long~11ved molecules mlght be determlned would be in their
degree of assoc1atlon with partlcular organelles “especially the r1bosomes.ffff

which S
Thus those types “of mRNA/for some reason 1cna1n 1nt1mately a part of the .. .. i

1bosomes would be expected to resxst the 1ntrace11u1ar RNAse much more than
- the free- 11V1ng messenger molecules The tran51t10n then, from short to
1ong life would 1nvolve the degree of aSSOC1atlon W1th the r1bosoma1 protcln

and 11p1d

If in evolutlonary terms a change from 1nduc1b1e regulatlon to constltutlve

}1as had to pay a price for an advantage galned An alteratlon in stablllty
ultimately

mlgnt have no consequence other than a change in. stablllty control either ’J‘

dlrectly or indirectly through the blndlng with ribosomes. On the other nand }{

the change‘might_resultisometimeswin the protein’aiso having a slightly alter-fjff'ff

. ed structure, an effect Wthh in some cases mlght lead to enhanced act1v1ty

~of the proteln and in other 1nstances to diminished effectiveness. EVOIUthn"i3~VZ}“’




from a sacrifice"'of the"pfe'ferential':means of ‘control 'of"b‘iosyuthes;i"s',"' T

through the retentlon of mRNA with. atyplcal stablllty for the type of

blosynthctlc control bemg used to the productlon of a proteln molecule
T which does not possess the most effective structure for the catalytlc or

‘other functlon Whlch it performs _The testlng of. such 1deas must await the

development of more refmed tedmlques for measurlng the levels of many

TR "_ specific nﬁ%NA's for determlm.ng nuclelc acid structure and for understand»
mo how s structure and functlon are 1nt1mately related in the nuclelc ac1ds

. " and protems

’ ’.‘ﬁ;’
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'L'{f.measured at 650 muuin a Cary Model 14 spectrophotometer. At about 4 hr.f _i

T .portlon of the stationary culture was d11uted fivefold into fresh M63 medlum.

'iyﬁﬁéthe statlonary culture.,

"fg sorbance of culture 1mmed1ate1y after dllutlon 1nd1cated by the arrow

"';;Sdllutlon of an exponentlally grQW1ng culture into fresh medlum contalnlng IPTG

; ij'follow1ng dllutlon from staticnary phasg into fresh med1um~ A IPTG added

‘,_. E_Flg. 9, Inductxon of g-galactosidase act1v1ty in the séme’experlment as .,
k ”‘7{;ishown 1n Flg. 8 in  both cases IPTG added at tlme of dilution. A, fresh me-:
3;32§;Mdlum, B, exhausted medlum. Arrows 1nd1cate absoroance of culturc 1mmed1ately
:.52;£iafter dllutlon. 'ffr' | . |

. b,'F1g. 10, Effect of casein hydrolysatc on 1nduct10n of 8- galact031dabe actl-

~ Moses and Calv1n, Flgure Captlons (1) j:tx*; ,5,1d f “;"j”,¢

e d.oe

, vblg ‘1, Growth of E. c011 C600- l 1n M63 medlum at 37 Optxcal den51ty

. '.'1

S Flg 2. Growth of E. coli C600- l. Ax the t1me 1nd1cated by the arrow

o addltlon of glycerol (curve A) or ammonium . sulphate (curve _) was added to ;}

-7 Fig, 3 Inductlon -of 8- galact051dase act1v1ty 1n logarlthmlcally grow1ng
: ﬁ,E coli C600 1 W1th TMG added as 1nd1cated by the arrow. .
"fiFlg. 4, Inductlon of B-galact051dase act1V1ty in E. coli 300U follow1ng

;fjdllutlon of. a statlonary culture. into fresh medzum contalnlng IPTG Ab-
':ﬂ: Flg. S, Inductlon ‘of B galact051dase act1v1ty 1n B coli SOOU follow1ng
h-.Plg.ZG Inductlon of B galact051dase act1v1ty in B coli C600 1 w1th IPTG

“A, in exponentlally grQW1ng culture; B in statlonary culture._ﬁv‘

- Fig, 7. Inductlon of 8- galact031dase act1V1ty in E. coli C600-1 with IPlG

}'4 hr. ‘before dllutlon' B, IPTG added at time of dllutlon. L
Fig, 8 Growth of E. coli C600-1 when dlluoeu Erom statlonary phase 1nro

'Vfresh medium (_)or exhausted medium’ (B)

1

vity in E, coli C600 -1 follow1ng dilution from statlonary pnase 1nto frcsh

;: mcdlum contalnlng IPTG. A control' B, plus caseln hydrolysate (200 ug/ml )

Foagnee



Moses and Calvin: Figure Captions @

: F1g 11 Effect of four r1bonuc1eot1des nn 1nduct10n of P-aalact051dase
1f~ act1v1ty in E c011 C600 1 follow1ng dllutlon from statlonary phase 1nto"
"7;'fresh mcdlum contalnlng IPTG A control B plus 50 ug/ml each of ADP .
- COP, GOP and UDP
: “bFlg._12 Effect of four r1bonuc1e051des on 1nductlon of B galact051dasc
- act1v1ty in E c011 C600 -1 follow1ng dllutlon from statlonary phase 1nto
yifrcsh medluh‘eghtalhlng IPTG .Y control B,plus 128 ug/ml each of adeno-
< ;g sine, cyt1d1ne guan051ne and ur1d1ne. A _ : ,
‘;*iif Bmg.,ls Effect of 6- azaurac11 on growth of E c011 C600 1 follow1ng dllutzon
Tffrom statlonary phase to fresh nedlum. A, control B plus 6= azaurac1l ‘m
& ;;(25 ug/ml ). Azaurac1l added to B and watcr added to A as 1nd1cated by
' ,?lsolld arrOWS‘i dllutlons 1nd1cated by. dashed arrows.; ,‘fi

T:-‘Flg. 14 Inductlon of B galactos1dase act1v1ty 1n the Ssame experlment asz

*fshown 1n Flg. 133 in both cases IPTG added at txme of dllutlon. A control

"B, plus 6- azaurac1l ) /"‘
'f*fFlg. 15 Effect of 6-azaurac11 on exponcntlally groW1ng cells of E coll

. €600~ 1 A control B 6 -azauracil (25 uo/ml ). added at arrow.;uytuhf757

;*'Flg. 16 Inductlon of B galactos1dase act1V1ty 1n the same experlment as
’lshown in llg. 15 IPTG added at. arrow.’ A control 6 azaurac11 added
112 min. before IPIG, ' A S

", Fig. 17. Act1v1ty of B galactosxdase in E c011 230U (1 constltutlvc) follow-5
’;felng dllutlon from statlonary phase 1nto fresh medlum. A control B, plus 6-7

7“Jazaurac11 s ug/ml ) added 30 min, before dllutlon.;ﬂ_t

;fFig; 18. Bffect of 6- azaurac11 on growth of E. coll 230U A control

2R

77B 6 azaurac1l (25 ug/ml ) added at’ arrow.,




_Moses and Cdlvin:*Eigure CaptionSl(S) o :;;;f ;;f;g ‘f_t’};‘j L ;P“”‘ .
‘Plg. 20. Effect of 6-azauracil on cell enlargement and d1v1510n followxng
‘ :,Fig. 21 Effect of 6-azaurac11 on synthe51s of proteln, RNA and DWA follow

”-Fig. 22 Act1v1ty of mallc dehydrogenase in E c011 C600 1 follow1ng dxlu-

[ L . . . AL XN

Plg. 19 B~ Galact051dase act1v1ty in the same experlment as 1n Flg. 18..;;1
A, control B, 6-azaurac1l (25 wug/ml.) added at arrow, | L
dllutlon of a statlonary culture of E. c011 C600-1 into fresh medlum. g
Serles A, control series B 6- azaurac11 (25 ug/ml ) added 30 mln. befbre

dllutlon.-~‘v fn fﬂf'.~ g t:_":;}',,'dp :

1ng dllutlon of a statlonary culture of E COll C600 1 1nto fresh medlum..
Ser1es=A control' serles B,-6- azaurac11 (25 ug/ml ) added 30 min, before

dllutlon.:,,b ,ff;.'.;;”.ﬂf”hrl,_t,:>;:l El ‘ ;:Q
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‘This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

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 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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