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" . ABSTRACT , , 
,I.J ," 

'~ ': : J 

The rate of synthesis of the enzyme a-galactosidase "15 viewed 

as being determined by a balance between ;the competing effects "Of 

induction and catabolite repression. The phenomenon of catabolite 

repression is considered in two parts: the acute transient phase 

which is usually observed when glucose is added to c~lls of Escher

ichia coli growing on glycerol, and the permanent phd'se \lJhich is 
....... ---
shown by all strains and which persists as long as the added glu

cose is present. 13y studying the kinetics of S-I]alactosidase syn-.' 

thesis before and after the addition of glucose to each of a series 
. + ' 

of related strains, including i , 1- I and 1 and 0 deleted, it is 

demonstrated that the acute transient phase of catabolite repression 

in th~s system is mediated through the operator gene of the ~ 

operon ... 

The specific r~te of the l!£ repressor {i-gene product} in 

transient catabolite repression is investigated by studying the 

pattern of repression by glucose at high and low temperatures in 

strains of E. coli \'/ith temperature sensitive mutations of the i --

" i 

,.; ," 

. "II ••• 

" :, ',' 

'.: . 

.. J 



, ~.' ;f .. 

'·i • 

. '''':,·gene.:', ~ strain possessing a thennolab1.1ercpressor.becomes partially 
. :\.,': ' .. ' .. :', . . ........ ', . ....... 

" const'itutive and loses its transient repression when grown at 42° • 
, . 

,.0 'l' 

';" .. 
.,' ,'. "','" . 'The involvement .of the i-gene repressor in transient represston is 

~ ~.. ; :\. .' 
, .. ~~ .. , ! .. ' '. ',. , , 

also studied using a strain carrying an amber supressor-sensitive 
" .' . . 

t:·': mutation in the 1~gene. This strain is phenotypically constitutive, 
, ,.; . 

..... ',.~ 

... and also fa11s to show transient catabolite repression. When F-

, .... 

" , ~. ,# 

. . '. ~ .. " . . ~ ,~. . :.' 
. " ' ... , ,~. 

',- .,:., ... ::: '.' 

,I 

:1 . i 

:' + ' . " 
j duction is used to insert F lac i into this strain, both induci- . , .. ;~ '. '.,: ,:. 

., " 

"~' .'.. 

,',;~ " .... b111ty and transient repression are simultaneously restored.' It is , . 
.": ... '; 

. , 
c ' 

:~ .>. ~,' : 

) ,'. 

", 
''', .. 

'\ .,~ 
.'., ... " . 

". ..,~ 

, :' i.:>" " ., ..... '.' : .. " 
;. ~'~ . 

~ .: . ..,;." 
, ,t' 

~, , '0 

. ;t " 

.... .,... ~. 

.,..' . ~ ':"4 "1 ' 
'" '-. :~ .. 

. ... : ;;< .• ,: 

....... 

~ ; ',~ ',:, ':" ' :. . ' 
....... , .. ,: 

; .~ .. ' 
f"'" , " ~ •. 

\ .' -... , ,~-: 

'. i' 

, ...... 
- .. ".' 

:If!; 

I •• , :"" concluded that the i-gene product interacts wi th a catabol1 te co- .., .:':< 

. repressor in a way that increases the affinity of the i-gene repres-

SOl" for the operator, thus increasing repression of B-galactosidase. 

The relation of the chronic permanent phase of catabolite 

repression to both repression of alkaline phosphatase and repres

"sion caused by 10\'1 levels of chlor~mphenicol is considered, and it 

is suggested that the permanent phase of catabolite repression is 

non-specific and does not influence 6-galactosidase synthesis via. 

the regulatory system of the lactose operon. A dilution hypothesis . 

to explain;:the permanent phase of catabolite repression is proposed 

and is. 'discus sect a 1 on9 wi th another model from the 1 itera'ture. 

• '. . ~.'. "t . .-

, ',.: ~: '~ . ;-
• J" 

,. : . .1-'1 

- ~ j' 
'. f • ,f, 

.,- . 

1.' 
... ,r . . ': .. :,' 

, ~ ... 
~ . (~ , f' ! ; 

, , 
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'. " I. INTRODUCTION 

A. The General Problem of Control of Expression of Genetic Information 

The problem of understanding the mechanisms for the control of 

,', ' 

expression of genetic infonnation is centl"al to all of biology. All '.:.' ':"' 
, , 

living things, including viruses, have evolved means of controlling the' ,~ 

rates of synthesis of the various proteins coded for by their genetic" '!.' 

'material. This control is necessary for economy', adaptability and dif:-, 

ferenti.ati-on. The bacterium Escherichia coli, the most intensively 

studied of all organisms and the organism for which the.most details 

. about biochemistry and genetics are known, has enough genetic material,;' 

to code for about two or three thousand average-sized proteins. 62 If, ' 

all these genes were expressed without control. anyone protein could ,:,l,' , 

.'" 

• be produced 1n only a fraction of one percent of the total of all pro~ ':,. :, 
. ,.",,' :, .. 

'teins, and all proteins would be made'all of thet1me. All studies of':~<; 
. :\." " ... 

E. coli show that this is not the way the cell functions. Under sotTle,',.'" .. 
. --- . '., ..•... ,' 

conditions a given protein can account for five percent or more of the.. . ,,", 

total cell protein, and under other conditions that same protein can be" 

almost entirely absent. Thus both teleology' and experiment argue that~ 

living organisms control the rate of expression of their genetic infor-

mation •. 

The argument for the case of animal cells is even more obvious. In 

man, for example. skin cells. liver cells and brain ce11s are all de

cended from the single fertilized egg cell and all are believed to have 

the same complement of information in their genetic material (ONA). Yet' 

these ce11s have differentiated and produce very different kinds of pro-, 

teins. 
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/::1:,,' Molecular biology and fieldsthatcontrib~ted to its foundations, .-
• r ~:.t:<, "'.' "', ' . 

• " .~:.: J,' , ... ~': '.. ': • ~., , " ',." > : ". • 

"" ", ":',:"" .:havedemonstratedthat the genetic material 'of an organisms except "~ 

\ .,," 

, , ., 
, , 

f .. 

, , 

"'~ ... ' " 
'.', . .," .. ~ :: ~ , " 

~ fi ' 

" , . " ;. ~, . 

.," " 
j"~', ,:"., .\. . 

" ,~": " . 

" • .. ·,.1 ... · . ".' , 

"some :~mall viruses i sONA, that the DNA 15a helical daub' e strand of 
, . .' , . " , -

", com~1im~nt.:~ry basqs. that there is co1in~arity betwp.en the r't"im~ry , 

'sequence of amino acids' in a protein and th~ sequence of bases in the'" :< 

. DNA that codes for the amino aCids, that the code is a triplet codeand':.'.,:l}':·:, 
, ":'.; .. ~~~~,~,-... " 

, v/hateach amino acid codon is, and that DNA is first transcribed into ",. ", , .': '. 
< • ,~ •• 

~ , , , .': '. '\ 

.. 

.1' .... ; 

-' .. 'k"::' . 
messenger mfA and then ,translated. using ribosomes and transfer RNA, 

and very specific activating enzymes, into polypeptide chains \>/hich' 

'fold spontaneously to form active en7.ym~s.' 

. . .' , ··,V·· 

, "'.: ., 

." " 
• .' ~ ¥ ' 

j':' • ~:!";~ .~.' 
" . 

O. The Best Understood Example of Control of Protein Synthesis 
" 

The best un,derstood system for controlling. this sequence of events· 
~ • J .,<, .; , , .' I .' '.,~ ~~' ' • 

is the lactose' opel·on of Escherichia coli .19,20, Operon is a coined;"':".' ,'", 
, -- '~.""', 'v'--

' •• " ,: •• ',> 

word that means a unit of coordinate expressi.on and refers to a sequence>. 

," of adjacent nucleotides in DNA which is. transcribed into a single mole-,,"::' 
·,-,""'r 

cule of mRNA.' An operon can contain one 6r many genes but at least in . ,,:':;'.:. : :' ... 
. ; ;', . 
" 

the cases so far studied seems always to be under the joint control of' ":.,, 
. , . ' 

: '. 

one operator and a specific repressor. The operator is a r~gion on the :i" '", 
, ONI\ adjacent to the genes under its control "and is hypothesized, to 

, ,,' 

,,< :",;: '''', .. function by binding the specific repressor molecule, thereby preventing'" 
~ .,: • .#~ ~ , • J 

" . " 

transcr~ptionof the genes in the operon and hence synthesis of the 

proteins corresponding to these genes. In this scheme all the enzymes 

or proteins in one operon are coordinately ,controlled so that either 

all or none are made at a given time. 

Very early studies of metabolism in E. coli showed that \i/ild type --

,,.,., 

strains of this bacterium. \,hen 9rOI>l1119 on most carbon sources, contained 
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only very low, levels of the lactose-degrading enzymes 8-galactosidase. 

"'hi ch ,hydrolyzes lactose to glucose and gal actose. and 6-gal actos1 de , 

pennense,whi ch controls the rate of entry of B-galactos1 des tnto the' '", 

cell. 35 HO\,/ever. when these same strains are grm'ln on 1 actose. the 

required enzyr,les for its utilization are synthesized at about one 
.~: .. '". ... 

'.:,.- . 

thousand times the rate in the absence of lactose. This control mecha~ >: ,"'. 

ni sm is called induction. and lactose and niany other s-ga 1 actos 1 des::" ',~,' 

are called inducers. 20 The re~ressor for 'the lactose o~eron is known',:" 

to be (at least partly) protein. The first evidence that the i-gene ", 

product is a protein was the discovery of temperature-sensitive mutants 

. in the 1_gene. 18 ,43 Further evidence came from the isolation of amber-' 

,supressor-sens i ti,ve i-mutants. 3.38 Thi s repressor has nO\1, been i so- " 

lated and shown /? be a protein of about 150,000 ·'~.H •• which binds 

IPTG, is non-inducible, and occurs in about ten copies per 90ne. 15 

. This repressor has also been shown 1!l vitro. to bind specifically to the', 
. . ,'.-

, operator region of DHA containing the lactose operon, and the inducer " 
, 

IPTG ~Ias shown to prevent or release this bind1ng. 16 

c. The Phenomenon of Diauxie 
.< 

A d1 fferent control sys tem for this same operon. was a 150 discovered 
. 35 " , . 

in the earliest studies. ,This second control mechanism prevents the 
, . 

formation of the lactose degrading enzymes if there is present in addi-
I .... 

tion to lactose one 'of several sugars which support a hiuher grm'lth 

rate than does lactose, such as mannitol or glucose. For exa~ple, if 

[. coli are'grown on a mixture of glucose and luctose. the cells first -- -
metabolize only glucose until it is all used uP. then stop growing until 

a-galactosidase and permease are induced. and finally resume gro'dth 

,I .", 

... 

hI .• 



~· .. I·: 
; 

, " }; . 
':" ..... 

'. f :: .. " 

; .. ~ 

.. ' ... .'.' 

I." 

... :. :~,:. ,:: : ,F' 
• 'J • • • /. :' ,~ ~ 

, : r, 
,.' ~.. ··:;·'t· " > 

-~. 
" " .~, . 

using the, lactose. Since the growth responseh d1phas1c. this phenome-, 

:, non was called diatixie. ',Monad grouped'a .largenumber of sugars 

classes: one group, including glucose, seemed to be always imme,diately, . ".:0'.;:, :;1' 

us aD 1 e by cons titu t i vo enzy",,,s. and the other 9\"OIJ~. 1 nc 1 ud1 n9 1 a c tos e. ," ;Yf{i.';:~; r 
was metabolized by inducible enzymes. Thus a period of adaptlltionwas/ ;" 

.... ." t'" . i: 
. , ,. ' C b 

required before growth could begin after-one of the second group of .' ~ , .. ' i 
. , t 

. sugars is given to the cells. Any sugar in the first group is used in ,":",", ),~ .... "q; 
preference to a sugar 1 n the second group \>/hen bacteria arc grO\.,.n in',,,: ' . 

. 1; 
mi xture of the two" and d1auxi e is observed ",hen the preferred sugar ~ s, ' . , ., !, 

v 

depleted. f1uch later than these first observations of diauxie a mecha~: ,;' ~,.' .• t: 
. ' .. \'.,'.'J ,", 

. ; , ' .. ', I 
,,"'; nism was proposed toexplafnthe Phenomenon: 34 during gro~/th on glUCose>, ,,: "I 

'f 
.,: ;. 

~ .. .!" ~ 
.• ' .. "t •• 

........ . ~ 
• ':. 10. .. ~ .' 

.:.,.: 
.. : .... 

'. ~~'.' ~ .. 

" ' .. 
, ; 

an intennedillry metabolite is produced which 'represses the synth.esis of:~':!'>' . "" . i 
',' .. ...... J:' l 

the 1 actose degradi n9 enzymes. even 1 n the presence of 1 actose. When, f, , 
" " ' ,,', I 

the glucose is exhnus ted. the cell s have no enzymes for us i n9 1 actose ":::'''',:''':::,',< I 
,and no ami no ad dsfor the synthes i s of new enzymes. so they use ami no,'~,.,;. ': t 

adds den vcd from the 1ncreas~d rate of ,breakdown of, tnttate 11 tJlar"p"rp-,;;"\' ,;",.1 I 
tein. The rate of intracellular breakdown of proteins during diauxic .; ,"." [ 

" , 
" . 

, growth of h £2!i has been measured and found, t~ be about ten Umes ' 

higher during' the d1auxic lag period than during exponent'ial growth.63 
" \ 

In the ... di.!)ux1e bet~/een glucose and lactose~ a-galactosidase is made, 
( , , , ,':: ~ ,::', ' 

at a very high rate, relative to the total, rate of protein synthesis, 

during the lag period before v1sable growth ~ccurs on lactose. 40 As 
! . ' • 

, ' , 

soon as hydrolysis of lactose begins, glucose is formed and metabolized'" 
-I:' 

and the differential rate of a-galactosidase,synthesis is decreased 

quickly. It is believed, from the fact that lactose will not induce '.-: 

; , 

transacetylase in mutants lacking a functional gene for a-galactosidase,' 

that 1 actose 1 tse 1 f is not a true inducer of the 1 actose operon but ; s 
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changed by a-galactosidase into the real inducer. In the considera-

tions outlined above. induction of the lactose operon by lactose is 

autocatalytic and.the final rate of synthesis of the enzymes coded in 

this operon is determined by a competition bet\-Jeen an inductiQn f.'rt)c~ss 

and a repression mechanism. 
. : ~'" 

"",' '::' , 
, O. 'The Repression by Gl ucose of Induced EnzymeSynthes1s . . .' , 

,,' .. 
": ........... ,' 

The repression by glucose of the, rate of synthesis of inducible,' 

enzymes'was first reviewed by Gale13 and \'Ia5 'called the IIglucose 

/ :,."',. 

effect". Host of the enzymes ~'1hose synth~s;sis repressed by glucose' 
I 

are catabolic enzymes used to convert sugars and other orgat1ic mole-, . . ' 
, cules into compounds involved in intermediary metabolism. Since many,·' 

compounds besides glucose which support rapid growth ofE.'coli also ......... ~ 
repress the differential rate of synthesis of catabolic enzymes, the. 

,old tems glucose effect and glucose repression were renamed "cata-. 
31 

bolito repression" by Magasanik. 

A large number of studies have been reported \;lhich investigate the 

effect of many kinds of changes and stresses: on the degree of repres

sion by catabolit.es in bacterial systems. Re'strict10n of the rate of 
, 41 ' .. ' 

catabolism by mutations affectingdegradative enzymes, by rate limit~· . " . 

1ng addition ~~ a carbon source.6 or by rCr.lo'v1ng t~e carbon source49 ,,;, ' " 

\1/111 derepress (increase) the rate of synthesis of a-galactosidase. ,':<, 
f • _',~' " 

Restriction of the rate of anabolism by ratelimit1ng addition of the ..... ' . ." :'. 

nitrogen or sulfur source.6.31.33 by inhibiting the rate of protein~ 
'45 .,' ,. synthesis by chloramphenicol, or by removin.g a required ,amino -" 

acid,28,31.39 will repress (lower) the rate of s.vnthes;'s of B-

" 

galactosidase. These studies all indicate that the enzymes which 
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are involved in providing the cell with carbon and w'1th energy, in ,: 

general the only enzymes affected by catabolite repression, are syn-
" , 

i 

• I.," 
'-" .. 

',:'" :'1.,. : : ;,; ~ , 
• ,1. 

" 

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

thesized at a reduced rate whenever the total rate of "onsumption or ".' ' ":";;?~:~;';:L; 

dissirni1ationof carbon suurces exceeds the total rate required for " 

biosynthesis., This generalization supports the ufeedback" hypothesis 

proposed by Neidhardt and r~agasanik42 to explain the glucose effect. 
. "" 

f."., 

: . ,to ". '.' ~ .' ~.' ' ... 
. . , ..., ~ ." 

Hhen expressed in the repressor terminology. of Vogel,61 this hypothe-' <';'.'~ ' .. ~ ... ' •• ~ " j. , 

sis states that Itthe rapid rate of glucose metabolism leads to high, , . 

, intracellular concentrations of the repressors \'/hich regulate the 
'" :"",: ' 

. ' , 

synthesis of, inducible, catab.nlic enzym~stl. 41 Although t1'lis genaral--.'; 

·iized mechanism supports many observations, it leaves· t'II0· important ,~t:., ,.: 
; , 

q~cst1ons 'unanswered: (l) what is the identity of the in.termedia,ry' 

, meta~o 11 c product whi ch acts as a repressor (i n more recent tel"mi no-
. ", 'logy a small molecule effector or corep~'essor) ,and (2) what is the. 

" '~' 

'. ,.', 

" . '~/; f / . 
. " .' ~ "";,"" 

, .-
, ~ . " 

, .:, : ... ';,:i ,::",/": " 
': " , '" .' ", 

.,..' ;', : 

! mechanism by which a raised concentration of this compound leads' to . 

a decreased rate of synthesis of an inducible enzyme? The anS\'Jer to .' 

the fi rs t ques ti on, the i den ti ty of the cn tabo 11 te corep,"es sor, has 
. ~ ., ~: ~ 

not been found for the repression by glucose, of any inducible enzyme;'::'·;:, 
: " ';,"., 

,but has been investigated for the repression .of a-galactosidase in ;····~::·'f!,·,·~ 

E. coli, and a correlation \1aS found bet~'1een'severe repression of':':: <:> . 
..... --- . .', , ,':t. !: <':'" I':~ ... < ..... ,~ 

~. , 

a-galactosidase and1ncre~sed metabo'-ic pooi':slzes of four compounds:':::,·<.: ..... ,,' 

derived,from glucose via the pentosePhOs'Pha~e.CYCle.52 !Im~ever', it.:; .. ':""':: ' .. 
I,,~ ~":: 

."as not possibl,e toidentlfy the effector as one of these compounds, ." ' 

and,this·\'/ill probably require the use of' a~ J.!!. vitro system capab1e.·,::,~ .,,": 
' .. ' . .., . 

of synthesizing the enzyme under inducible control • J .• , 

" 

" 

The second question. the mechanism of :action of the catabol ite, 

repressor, has been under investigation for many years. Nakada and 
i 

/ 

,., ... 
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~lag~san1k39 investigated the roles of the1~ducer and the catnbolite, .' 

repressor in the synthesis of L3-galactosidase by h£2l!... They sepa';'. 

rated the phases of enzyme induction and enzyme production by removing 

the inducer by filtration after 3 or 4 minutes contilct · .... ith the cells 

nnd before any enzyme activity had appeared. By interfering with RN.l\ 

synthesis, using 5 .. fluorouracil, and by interfering with protein syn~· 

thesis. using chloramphenIcol or amino at1d starvation, alternately in" 

the two phases of enzyme synthesis they conclud~d that during the in

ductionphase a short-lived messenger RNA specific for B-galactos1dase 
. . 

is produced which directs the subsequent short burst of synthesis.of 

the enzyme when the inducer is removed. They also found that addition . 
of glucose inhibited the induct10n of a-galactosidase but did not 

affect the production of the enzyme by previously 1nduced cells. 

Therefore, they concluded tl1<lt .the cataboiite repressor inhibHs the 

synthesis but not the translation of the unstable messenger RNA speci~ 

fic for a-galactosidase. 

Less is knO\'/O about the site of act~on of the catabolite repressor'. 

and the mechanism by which it 510\<<lS or prevents transcription of mes-. 

sen~er RNA specific for the lactose operon enzymes. The most obvious 

guess would be that the small metabolite. the catabolfte corepressor, 

interacts "'ith the i-gene product (the Jacob-Nonod repressor) to in .. ' 

crease its aff1 n1 ty for the operator. Til 1 S woul d have eXuctly the .', 

opposite effect of the binding of the 1nducer to thai-gene repressor .. 

which decreases the affinity of the repressor for the operator and 

increas~'s the ,"ate of transcription. This explanation fi ts well with·. 

39 the d~creased rate of synthesis of mRNA specific for a-galactosidase ." 

and with the fact that ciltabolite repressio,n has a coordinate effect 

... ' ,'" ~: ',-

." , 

:,' 
... J.:. 

" ~ ~ ~~~, ;:: 
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on the lactose operon enzymes., 
.' ~." 

, ',... , 

'-' ... ', " , However, the conclusion of' all who have reported investigations " ';.~:, ", ',,",c. 

, ,,~ 
• t.. ',~ \ ,l' ;," _.' ~. - .' ,,' • 

, carried out to arls~er the question of the involvement ,of the i-gene" ';'., 
~ ., < ' .' R .,' 

" .: 

repressor in catabolite repression has been" that it is not required,: "",.<:,i,';',,,' , 
, ..... ,", 3.; ,:. 

'~,: .' ./,'.,:; for catabolite repression by glucose of s";galactosidase synthesis. 

The fact that i-Cohstitutives show repression of g .. ga'actosidase 
.~ ~' " ' 

I, 
I ! . :~ '. ,,' ! 

, ~ 
,', ':' 

synthesis in the presence of glucose has led to the conclusion that, 
.... ,;.;~~ "~,:.~. ',";.! 

'.' .... '\ ... 

at least part of catabolite repression,op.erates independently of the, ." 
' ..... 

" "i-~ene repressor. 4 ,6.33 A second repress,orfor S':'galactosidase in,: 
,,:'. 'f'. 

addition to the repressor defined by the experiments of rardee. Jacob " ,', ,. ;',-'. 

,'.' "_." 

and ~"onod50 has been postulated4 to account 'for the 'fact that ratio, of, ,':, •. r. '.' 

",,' 

the differential rates of synthesis of B-galactosiduse in glycerol and,'· - '" 
. 'I' 

+ ' - ' . . 
in gluc.ose media is the same for both, 1 and i strains of h ££li.' 
This conclusion regarding i-g~ne involvement, based on repression by 

. ,', ~ . 

• glucose in 1- constitutives, can be criticized on the basis that total 

absence of the repressor molecule was not demonstrated in these ex- , 

perimentso An absence o~ the defined function of preventing gene 

expression was the only evidence for the absence of the i-gene repres-

sor, but in analogy with point mutations in the z-gene it would be' _ ': 

expected that most po1nt m~tat1ons leading to i- constituttves would' , ., 

st1ll permit formation of an inactive i-gene product nnalogous to 

cross-reading material {eRN} in the case ,of a-galactosidase. The 

product of the ,1--gene might still be involved in the repression 

caused by catabolites. since it may be an allosteric protein which 

has morelylost the ability to combine ... lith the operator unless it 

hilS interacted with the specific catabolite ,.,.hich is active in re .. ' 

pressing the ill operon. 25 

., 

. .. ' , 

\ : .', ;-.~ , 

"., .: 
. "' .... .' ~ , 

, . 

:~, :. ....-. 
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'loomis and Magasan1k25 found that 91uc~se could're~ress 'the one 

hour period of constitutive s,)'nthesis of B-ga1/lctosidase that follows' 
" "54 ' 

transfer by conjugation50 or F-duction of..'!!£ t+z+ genes tnto cells 

that are 1-z" or deleted for all of the lacoenes. They concluded 
, -- .. :'.'; " 

that the i-gene product has no role in catabolite ,repression. HO".I-, 

'ever, it is still ~ot certain that i-gene produ~t is absent during 
','., 

';'. '. • ~r 

th1sper,iod. and it is not known \tihy expression of the z-gene is morc'\ ~ 
.. ~ . 

,,' 

rapid than expression of the i-gene in this ~;tuat1on. Experiments 
>' '.:·'i 

,'- , "': '::, 

have been reported which were designed to explain this one hour delay, ,':' " 

and the conclusion was that repressor protein 'precursors 't/ere befng ':/, 

made during the period of constitutive synthesis and that these could 
; 

interact with inducer. It is thus very possible that the repres~or 

precursors or subunits could also interact,</ith catabolic products ,of· 

glucose to be activated or m~re quickly aggregated, thus giving the 

, 'observed repression when glucose is added. 

,E. The Tl>/O Phases of Catabolite Repression"; .. Transient and Nontransient 

Until quite recently it has been almost universally accepted that' 

the repression caused by addi~ion of a rapidly metaholized cat"bohydrate 

continues as long as the added carbohydrate is present and the meta- , 

bolic imbalance remains. 
, ' 2 

One case wa,s reported in 1961. f n \"hi ch a 

repress10n was caused by the addition of glucose and a spontaneous 

recovery from the repression occurred long before the added glucose 

had been used up. Paigen has investig~ted transient repression in 

.;;.Es ... c ... h_e ... rl .... ·c;.;.;h.,;.i ... d .£2.!i. and he found a family of mutants of h £2.U.. strain 

K-12 that are not inducible for a-galactosidase for about one cell 

generation after the cells are transferred to glucose from other carbon 

, i 
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kinetics of a-galactosidase synthesis of glucose was first studied in 

each of a family of four related strains of E. col1 including one in 
. .................... 

, '. . . 

. ' .. 

which both the i-,alid::o .. genC$,'butmot'i~ihez-.gene (the structural g~ne'" 
57 for a-galactosidase), have been deleted., Di fferences observed in 

repression among these strains. if' show,n to be specific for the lac- , " 

-1' . 
", ,.,'.'\ 

, , ~ :' 

tose enzymes and not due to an alterat10n in the metabolism of glucose" " . " 
" 

can be used to rnake cone 1 us 10ns rega rdi ng 1 nvo 1 vement of the 1 aetose ' ' 

operon control genes. 

:", .' 

The question of the role of the i-gene product, t,he, represso,:,'" ' 
""'" . 

~ ,', .'. 

'f/as next invest1gated using temperature sensitive i-gene mutants. 56,:< ,', 

One mutant (iTt) makes an 1-geneproduct v/hich' is unstable at 42 0 but,:,';-' 

Another mutant (iTSS ) has impai~d synthesis of i-gene,' ,", 
" , ,,, " 

:' ,. 

repressor at 42° but not at '320. and repressor made by this mutant . .',' 
" 

: ,;':,',.:, ";', 

at 10"1 temperature is stable to heat whellthc temperature is raised.; " 

"Repression by glucose 'lIas examined at both, hi,gh and 10\" temperatures, ',. 

for both of these mutants and for thei r parents 1 n order to !iai n more ,', • 
,',:1 

information on the relation between the functional state of the rc .. 

prcss~r and the phenomenon of transient catabolite repression. !; 

The third method used to test the involvement of the repressor in ' 

transient catabolite repression made use of an arnber-supressor-

sensitive f--mutant which behaves as a functional deletion of the 1-', 

gene. Th,e i-gene product in this mutant has lost all of its affinity' 

for the operator~ since the strain 1s fully~onstitutiv~. and has 

lost its affinity for the inducer, as measured directly in binding 

15 experiments.' It therefore appenrs that the fragment of ,the i-gene 

.'. "',' 

product that is made before chain termination occurs is 'f/ithout either 

of its two known functions, and a concurrent loss of one or both 

:. \ 

',. " 

" : .. 

I, 



. ' 

" 

. ", . 

I -13- ", .: . , 

, , phases of the 91 ucose repress i on woul d prov1 de support; ng evi dence for, 

the involvement of the i-gena product in catabolite repression • 

" 

. Finally, the nature of the permanent phase of catabolite repres

sion was considered. Evidence'was cited against the involvement of a 

specific control mechanisAl, and a' possible explanation' for the pheno- ; 

menon was mJde. The patterns of total soluble p,roteins from a given' , 

straingro'l'/O in d1 fferent growth media and from di fferent strains v/ere 

compared by acrylamide gel electrophoresis in order to see how much 

the total complement of proteins changes when the growth medium is 
, \ 

changed. 
I , 

< , 

, ' 
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Abbreviations . ... "' .. ' 
. .: . . 

IPTG . 1sopropyl ... 1 ... thio-I3-0-galactopyranoside 

OT-IPG o-n1 trophenyl-e-O-gal actopyranos1 de, 

ONPF 

'.' DNA 
'. ' . 

o-nitrophenyl-8-0-fucos1de 

deoxyribonucleic acid 

",.''''', " 

;;. 

. "'.,~ " 

. .... 
" ,~. 

...... 
.'''! .' 

, ." .. '. 

'. ~., ~', .:. I , " 

. ,fl, 

'." RNA 
, '.:' ribonucleic acid ',',. '. 

" 1 ",."'. 

,'+,.;:.: ... ', 
i· . 

'f: '.',' 

,;'. ' .. 
o 

aC 

z 

y 

lac -. 
F 1 ac <~ 

E.U. 

M 
. , 

CR-
. 

31 -
" S s , m , 

thr -
J 

met"" 

-pro 

T.~~:.' ;' .. ';' ,. i 

S tructura 1 gene for the repressor of the 'lac operon~:':' ·.l~·'.': -'i,'.' 

inducible for the lactose operon , 

regulator constitutive for the lactose operon 

.' operator gene of the .lactose operon 

operator constitutive· 

structural gene for B";gaiactosidase 

s tructura 1 gene for B .. galactos i de permease· 

lactose (operon) 

" .' '7." 
1 '-'. 

':.,: 

:, ',~, " .. " 

.' 'f ~;"'. " 

".: I 

~ r. , 

". 
< '. ;'" ',' 

• .,J' "'.'\ 
: ~ :. 

.' ..... ' .. , 
, '." .:< 

~ genes included in nnep1some. the fertility .. : .,' , 

factor 
.: 

enzyme! units .", 
,.', .' 

rno 1 ar concentrati"on' ."'".'1: . 
. ' . 

defective catabolite ,repression gene 

·.cells require th1am1!'1e (vitamin Bl ' for grO\·tth 

,sensitive to streptomyc;in . 

. co 11 s require threoni ne for grm",th 

cells require methionine for grrn'/th 

cells require prolfne for 9rowth 

" .... ' 

. , ... 
, " . 

" .. ,~.' :: '/ : 

~;, '. ,-' i 

,f 
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cys -
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try-ase 

alk. phos.· 
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cells require histidine for grO'l'lth 

cells require cysteine for 9f'owth 

cells require leucine for growth 

cells cannot gro't' on galactose as the sole carbon 

source 
, 

cells cannot grow on lactose as the sole carbon 

soul~ce 

defective supressor gene 

cells contain the F sex factor, can ,donate it, 
\ 

are "males" 
+ cells lack the F factor,can ·receive it from F 

strains 

'point mut~tion in regulator gene sensitive to a 

supressor gene, thus so~e functional repressor' 

is made in su+ strains 

structural gene for tryptophanase 

alkaline phosphatase 

repressor is unstable at high temperatures 

(thennol abi1a) 

synthesis of repressor is impaired at high 

temperature 
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Strains of Escherichia c'oli USf!d in this ~lork 

Strain 

230 U 

C600-1 

GR10l 

"', . 

Relevant Characteristics 

1- + + -o Z y 

'1+o+z+y+ B1-' try-ase+ 

" i ·.1+o+z+y- 13
1
- try_aseconst 

2340/F/ .. :
i

··F-rZ·Y+/F lac i -z+y+ Sms ; 
.~ .. .'. _, "", "_", . 3 

: .. "! 

, 

.~ . 

, .-. 

.. 
"3300 .. ,::,.:: .. , ;-o+z+y+ thr-

, . 2000;'oc. 

o~7-10 
E .103 

·E 102 

E 321 

WI.4 

112-12-A-84 

JC 2637 

LA12G 

(1 and 0 dC1eted)z+y+ thr- ~ 

. i+ c++" o Z y ,;. 

al~. phos.const lac· thr" (*) 

1TLo+z+y+ met-
+ ' 

1 parent of E 103 

1 TSSo+z+y- pro· 8
1
-, 

1+ parent of E 321 

F-;-suso+z+y+ su· his· cys· gal· 

Thr- .leu· pro- met- B,·.Smr/. 

Fi1ac' 1+z+y+ 

i -sus + + + hi" -, o z y s su 

F lac i+~+Y+ 

.F+;+6+z+y+ CR- Sms 

" 
'.' ~. 

. ' 

.,./ 

..... 

', .. 1' ' 

". 

w • 

Oriai" . 
I 

J. !I:onod 

.',', M. Riley 

. \ 

..\ 
l 
I . , 

.'.'· •.. 1' , 

M Riley • I. 
I' 

. -, 
J. Leahy 

. , . ' ' . 
E_ Steers 

: . , 

E. Steers 
'. ; 

E. Steers 

E. Steers 

C. \~i 11 son 

,'. v. Moses· 

A. Novick 

A. Novick 

A. Novick 

A. Novick 

B. ~·1ul 1 er-Hil 1 

~" . 

A. J •. Clark 

J. Palmer " 

F. Loomis, Jr. 

. ;, . 

i 
, i 

~ . 

.~. 

! 
..' i 

, t r 

, I . [ 

.' ', .. ' . ~ .' 

.. " ..... "':".~ 
: ~ ..... 

.( 

.. 
alk. phose constitutive isolated by the method of Torriani and 

60 RO,thman •. 
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C. Culture ~'1edfa and Gro\'ith Conditions 

Except as noted.:cellswere grown at 37°' in t46.3 mediumS' containing, 

2 mg!l of the indicated carbon source and ,any specific nutrients re

quired for growth. The amino acids cysteine, histidine, methionine, 

leucine, proline and threonine were added to give a final concentration 

of 50 p~/m1t and thiamine (B1) was used at 0.5 pg/m1. ' 

The cultures being used currently \llere routinely maintained in 

liquid culture at 37°. and the evening before an experiment about, 
, B' " 

5 x 10 cells (0.1 .. 0,5 1ll1) were inoculated into 50 rnl of fresh medium 
/ ' 

( 

and gro~tn overnight with stirring. The culture wasJ,diluted with warm 

fresh medium and 91"01'10 until the optical dcn.sity increase was exponen

tial for at least one doubling before the experiment was started. 

Ternp:rature control to !.O.3° was provided by growing 25 ... 30 ml of cul-' 

ture in a 250 ml Erlenmeyer flask immersed in a circulating constant 

temperature water bath. Aeration and agitation were provided by a 

teflon-coated bar magnet placed in ,each flask and rotated rapidly by 

magnetic stirrer motors positioned belo\-I the lucite water bnth tank in 

which the flasks were ;immersed. 

For the experiments in which CO2 production \1aS measured, 1.0 ml , 

of an exponent;ally growing culture was transferred to the U-tube 
60 ' 

microgro\'/th chamber pictured in Figure 1, and aeration and mixing 

were prov; ded by constant bubbling of water .. saturated ai r at 3 .. 5 011/min 

(50-Sa bubbles/min). 

D~ t·1easurement of Gro'f/th 

Growth of the h ~cul tures was fall O\.,ed by measuri nq the absor

bance (optical density or extinction) at 650 m~ in a 1 em cuvette, 

.,' . 

~ .,' 
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using 11 Beckman DK-2 double beam spectrophotometer. Previous work in 

'37 
this laboratory , has demonstrated that during exponential grm.,th 

optical 'density at ,650 m~ of a culture of h.££ll is directly rr()!"or

tional to total protein over the optical density range 0.1 to 1.8. For 

the experiments involving catabolite repression caused by addition oT' ,,',., 

glucose to cells grm'l,ing on glycerol it was also necessary to shm'# that 

changes in absorbance in the period after additioon, of glucose are still\ ' 

proportional, to changes in total protein, and to find whether the 

cons tant of proporti ona 11 ty I'las the s arne or di fferent. Fi 'Jure 2 9; ves 

the results of an experiment designed, to test the proportionality of 

culture extinction and total protein durin~ a growth shift caused by 
• 

addft.on of glucose. lricorporation of ]~~-'abeled L-leucine into iri-

chloroacetic acid insoluble material was ,used as a measure of total 

protein synthesis. 'Strain 0~7 was di,l.uted into 9rO\~th medium contain-

:ing [14C1 J-L-leucine at a final specific activity of 3.3 m~c/~g and an 

initial extinction of 0.01. Gro'f/th was measured as described above, 

and beginning at a culture extinction of O. la, 0.5 ml samples ,.,ere 

periodically added to 0.5 ml ice-cold 10% trichloroacetic acid. After'· 
" .' 

the samples had been kept at 0° for 11 minimum of 30 min, each was fil.', 
, 0 ' 

tared through a mi111pore membrane filter (HA\~? 025 00, 0.45 lJ pore 

size; !~l11ipore Filter Corp., 'Bedford, ~1assachusetts) pre\oIetted with. 

water. 'fhe precipitate \'1as \llashed five times \'lith cold trich'oroac~tic 

acid and five times with water. and partially air dried by suction. 

The \'/hole filter ~/as then dissolved ,,"ith agitation in sc.1ntillation 

23 ' 
, solution and Cab-O-S11 Thixotropic Gel Pm"der (Packarcr Instrument Co., 

Downers Grove, Illinois) t'/as added to maint(lin the precip.itate in 

!.;: 

" 

'. ".: 
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Figure 2.' ~elation of cul ture extinction to total protein as measured 

by incorporation of [1.14C]-L-leucine into acid insoluble material • 
, , 

Glucose (10 mM) was added at arrow to a culture growing exponentially' 

'on glycerol: 
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suspension. The samples ~'lere ,counted in a Packard Tri-Carb scintilla

tion counter equipped with an external standard • 

The chemical detm;ninatio;, o'fdJrotein gd~e there1ationsh1p or 
225 loIg protein/ml of cultureatJ.n, extinction of 1.0. 37 Using the fact 

that leucine makes up 8.2% by weight of totar Eo coii protein,55 and 
. . _.......... 

converting the slope of the line in Figure 2 of 10.1 .x 104 dpm/unit 
:, " ' 

. ,',', . 

extinction into "'9 protein/unit extinction by using the specific act;-. 
,"",.- . 

vityof the ,14C-leucine, gives the value 170 lJg protein/m1 of culture/··· 

.. :. 

.. ' \ 

'. ~ ";' . .' 

"unit extinction. This agrees well \1ith the value obtained by chelilical . ", 

determination, since it depends on the stated specific activity of the' 

added 14C-leucine and on several volume measurements in making up the 

labeled medium. 

For experiments involving the micro growth'chamber, growth of the 

culture was measured by light scattering using a millimicrovoltmeter 

. (Keathley Instruments Inc., Cleveland. Ohio; model 149) connected to 

a strip recorder (Autograph model 86; Mosely Division, Hewlett-Packard 

Instrument Co., Pasadena. Calif.). Figure 3 shows that the voltage 

output of the photocell caused by light scattering of the cells in the 

, culture is directly proportional to the extinction of the culture 

measured at 6S0 mu as described above. The slbpe of the line in 

Figure 3 is 0.351 mV/unitextinct10n. This graph was used to convert 

mV rend1hgs into extinction values. and the micro growth chamber and 

microscope lamp were ahJays adjusted to give a minimum voltage reading 

of 0.045 mV with distilled watur in the grm'/th chamber. 

.' ' 

., . .': ~ -" 



":;. 

" 

'" . \. . ~ . 

"',' . 

, ~,." , ", 

.... ,;. '. > "'. 

:.' .. 

. ,": 

., )~' .' 

...... 
" ' 

; .. '., 
" .. ,".--

. ,-:"".; '.,~ < : .. 

- . ~ '. ,. :. 

.:: 

• '" '",. h 

'" '. : ... :': 
:...; .... " 

,.,', . 

"0' ~ 

"" 

> 
'E 

i .. 

.r., 

"J' 

0.4 
." 

0.2 

o 

o 

'f 
I 

'.' 

~ 

" , 

:.' 

-22-' 

'" .' 

': l:~ '<.' '~ . 

0.4 ' 

EXT1NCTION 

: i 

, ~ 

I 

. .'::L 
" ...• 

'0", 

.- , " ".' J:' 

',,<,'.'.' '.:': ',t' •• 

." ..... 

; , 

" . 

.... ' -

.,: . 
'., 

':," 
','.- 'f. :. 

.. :' \" 

0.8 1.2 

OF CULTURE 

XBL 682-4041 

Figure 3. Relation 'of voltage output of the photocell of the growth 
. ~ . 

chamber in Figure 1 to the culture extinction measured at 650 ",\.Ie 
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E. Enzyme Induction and Assay 

(1) B-Galactosidas(! \lIas induced 'by adding 10 ul!ml of a 5 x 10.2 t4 -,' 
solution of 1sopropyl-thio-B-O-galactos1de(IPTG) 1n water to ~ivc a 

final concentration of 5 x 10-4 !i.. a-Galactosidase activity was 

• I • . 

assayed by measuring the rate of hydrolysfs of ONPGiri a modification : .. , 

22 
of the method of Kepes. In the early part of this \"lOrk the following 

. assay procedure \'1as used: 0.2 ml samples of the culture were mixed in' 

ac; d';'washed tes t tubes. wi th 20 u 1 of a 1 mg/ml so;};uti on of ch 1 o ram.. . .. , ..... '. 

phenicol to stop protein synthesis. £lefore the assay was started. one.': 

drop (approx. lSul) of toluene was added to each tube and the tube \'1as ' " 

vigorously agitated for about 5-10 seconds .with a Vortex mixer. This 

treatment destroyed the cell permeability barriers and made the sub

strate accessible to the intracellular enzyme. When the tubes had 

equi11brated at 37.0 the assay was started by adding 0.8 ml of a 

3.3 x ,lO·3 M solution of OilPG in 0.1 M phosphate buffer, pH 7.4, con-- -. 

." ," 

ta1n1ng 0.125 ,., NaCl. When an easily visible 'yellow color had developed, - . 

the assay was stopped by cldding 0.2 ml of 1.5 !i Na2C03" The tubes were 

then centrifuged and the yellow color of the released'orthonitropheno

late was measured at 420 m~. One unit of enzyme activity is defined 

as the hydrolysis of 1 rnumole of substrate/min at 37°. All volumes in 

this assay procedure were measured using an adjustable !:yr1nge control 
, 

and cut-off disposable Pasteur-type pipettes pretreated \,,1th a ~ ... ater .. 

soluble silicone solution (Sl1iclad. Clay-Adams, Inc •• New York, New 

York, 10010). 

For assays of constitutive stt·ains where, because of higher levels 

of enzyme, the sample volumes had to be smaller and for experiments 
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. . . where the greatest' possible accuracy was nec'essarYithefol1owing assay'" . ","':1' 

·;··proce~u~e:waS·used.·"·sarnple·s'(30 to 100~" of culture were added' to . 

cleanweished 10 ml.stoPtlered shell vials c'onta1ning 0.2 ml of chloram-. 

';,',' phenicol solution (1 Olg/ml). and the vials It/ere reweighed to correct 
- ,', ,.:. .,' . 

.' ..'; for volume errors. Before assay. one drop (about 10\11) of toluene 
. .. ~~, .;t: . 

~ .~"., ''';:;.'. ~. .' s • :';'.'" _ 
" .......... ,", \'" 

was added to each sample. and these 't/ere restoppered and shaken for 

. '.'" 
~ ~'." 

t -.""-. ',' 

. " . ~ 

, . ... 

.... 30 min at 37° • The stoppers were then removed and the toluene was ...... . 
', .. " 

allowed to evaporate for about 3Qmin at 37° •. The 'assay was started':., 

by adding 0.8 Inl of 0.74 11 Na2C03- About 100 mg of $.olfd BaC03 was, 

then added to each. vial and mixed with the solution to aid in removiti~';:(::~" 
. '. . ..... ~. 

.. suspended matter by centrifugation for 1 min at 1400 x ~g (maximum speed) 
" ~ . 

'1n a bench-top centrifuge' before the ye'lollt'~olor w~s measured at 420 mJ~", ~-,:,,~ 
Sometimes the assay was perfonned at temperatures. lo\,ler than 37° :, 

. ',. . 
~ ~~~. ~. 

" ...... - j' 'I;' """. j .. in order to keep the assay times longer than 1 or 2 minutes ·and thus' '0: • 
• :,' c'" ~,? . 

~ ." 
~ .,; . 

. '. 

• <', 

..... ~ ... ~...; 

. ~ '. ' 

• reduce errors in the time measurement. In these cases. the rate of 

hydrolysis of QUPG was corrected to 37°. using the relationship Q,O • 

1.68 detenn1ned by cornparing the rates .of hydrolysis for the same 

mixture of enzyme and substrate at 37° and at 27°. 
,'., . 

.> . 

(2) l-Tryptophanase was induced by adding l-tryptophan to a final' 

concentration of 2.5. mt1. The assay was based on the method described 
51 

by Pardee and Prestidge. Two series of 50 III samples were taken 

," ./. 

over a .period of 60-90 minutes bet\l/een the addition of the inducer and 

tile addition of glucose. and during a p~riod of about 180 minutes after. 

the glucose addition. One series was added to 0.15 rnl of 1 mg/ml 

chloramphenicol solution and later. after shaking for 5-10 min with 

one drop of toluene at 37°. ~"as assayed for l-t,'yptophanase byaddinq 

.r 
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O.Tml of the assay medium (2.5 mg/ml L-tryptophan and 0.075 ",g/ml pyri

doxal phosphate in water) to start the assay 'and 0.9 ml of the color 

reagent solution (1 9 .e.-dimethy~ .. amino-benzaldehyde. 64 ml 95% ethanol,' ' 
, " 

, and 4ml cone. H2S04) to stop the rea,ction. The assay was run for'de ... 

creasing lengths of time ranging from about 400 minutes for samples 

taken at a cultureext1nction of 0.05 to about 30 minutes for samples', 

taken at an ex~1nct1on of 1.5. The other series of samples viera added. ,,' 
I ' " " 

, directly to a mixture of 0.1 ml of the assay medium and 0.9 ml of the':,,'>' 

, color reagent to 91 ve a measure of the 1ndolo backgrO-und color, wh1 ch' 
, ' , 

incre~ses throu'ghout the experiment. Th~' absorbancy of all tubes was 

measured at 563 mu after at least 20 but not more than 60 minutes at 37°. 

The indole, blank samples \I/ere graphed and used to obtain a background 

value which was subtracted from the 568 mu extinction of each enzyme 
' .. :. ~' ': 

tube. "In this modification, using smaller samples assayed for longer,'.'· 

" ,times, the indole background was kept to ,1\ lo\'1er level. and better pre;'" 
'!' 

chion' wa~ possible. The absorbancy mul tiplied by 27 ,«Jives mumnles of ' ': " 
" 

indole/rol. One enzyme unit is again 1, mumole slJbstrate hydrolyzed/min' 

F. The Diauxie Experiments 

To ensure identical concentrations of nutrients in each flask, the 

'following pr;ocedure was used." Stock solutions of glucose (1.5% VI/V) ,. 

and lactose,"(6.0 w/v) were made up in water. T\t1O m1 of the ,glucose 

solution was added to 200 ml of M63 medium salts without n carbon 

source. This was divided into halves and 1.0 ml of the lactose so1u-

tion was added to one half. Esch of these 100 ml solutions was then 

divided into 50 ml portions, and'S x 10-2 
r" rrTG \-Ias added to one of 

,I; I 
.~ . 

" 

. I, . 
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"~ " 

' .. " 

each pair to give a final concentration of 'sx '10.4 '!i~In th1sway, 
' ...... '.:' 

': f· 

;,' . 
.. r .. , ".growth flasks were prepared that contained 0.15 'Jl9/ml glucose with and'" '.':,::':"'" , 

, ' '. ' . ' '. . .~. -). ',: .:. , :'" '-, .. -,.: 
.. ': -:' ',' 

.... '-

, , 

., . . " ' '., , i, : .'.' .. : :' <:\: :': ; t,~- l 

,without IPTG. and a mixture of 0.15 Jlg/ml glucose and ,0.50 lJ9/ml lac- ",\,::J}}\:{i:F'::) 

'tose wtth and w,1 thout I PTG. After it was demonstrated that I PTG did:,'" :" ?iJ~,:.~\l,:t 
~. ~: -:. ~',; ': .. ' ~ .. - ' - ': ' . 

\ " 

"', not change the results in the flask containing only ~lucose. this flask,~, 

.. ,' . ::'.' 

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

,'; '. :.' .. .'~. ,0::. . 

." , "'~,' 
{. ..';. '-

I .' ~ ',',' , .', 

·.·.1 ' 

! .. ' 

"I 

.. ,'~: 

'.,. 

, . . .. i~ ",~. . 

,.t. 
" " 

" ' , , 

.~ .. 
• < ... 

,':. f 

.. '." ,~":"~ , .",. 

,', 

". , ~ 

" ' 
t " " ... .' 

, , 

was omi tted. The chosen strain of E. coli WIlS centri fugedand resus-, 
'. ----- . .', 

pen'ded in 100 ml of t~63 lacking glycerol but \'/1 th added glucose (0.15 

p9/ml )to 91 ve an extinction of about O.04.Thi rty ml was then ad~ed · 

,to each of three flasks containing respectively: no additions. 300 

of the above stock lactose. and the same lactose plus 30n p1 ,of, 

5 x 10·Z t1 IPTG. Samples 't/ere taken at intervals for measurement of" j > ",', 
- ; , :.~ ".:·t' 

, '. " 

growth and for assay of a-galactosidase. 
i ,~: 

~'" ". 
- ,,,', 

, '. ~ ,'. " 
: '- :.~ .. ' 

14 G. Measuremont of CO2 Production 
""'.' ,. ." 

', ...... ' 

, 14'" , 
,For measuring the rate of COZ production from C1 

, . ' .. " 

. ... ,' ,-

glucose. cells.ware grovin as described in Section C. ,The air, \'thich :~i::,;,~'.), 
. - '. ': ,:. ~'. :\ ...... '.' ; ,~ ",-

provided mi~in9 clnd oxygen for the cells also swept the released CO
2

; ',';:,','.: 
, ' 

via small black tubUlg through a 4-5 ml volume scintillation flo\,,-ce11' ~' 
, , 

I ':'.: ' ,'l;~' ... fined with 'anthracene crystals (chroma/cell detector assembly and • ", ' • '. ,~. I 

-counter; Nuclear Chic~90Corp •• Des Plaines.' Illinois) • 
. .' ... ~ 

, from the flow cell was bubbled through concentrated KOH to trap CO
2 

";, 

,and prevent escape Of·,4cOz1nto the air. :The counting efficiency, was ','-:': , 

, 40-45% measured by bubb 1 i ng 14cOZ of known speci f1 c activi ty. ~t a " 

flow rate of 4 ml/min there was' a one minute, delay bet~/een release of 

14COZ • caused by adding acid to [Ba(H14C03'2T in the cl1amber and the 

appearance of ,counts on the counter. The final specific activity of ' 

" ..... . 

, , , 
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. the C-H'4C)g;ucose was 10.3 umoles/4.00 }J.~/20 !,l an(i of the C .. (j(l~Cl 
glucose was 9.85 pffioles/3.63 ~C/20 pl. Twenty \11 was added to leO ml 

of cells tn all casas, s6 the final concent~at10n of glucose was about 

10-2 ~1. 

. I; .;1';"" 

, ',~ .' "': • ~. ',~, I, 

-
H. The Glucose Shift Experiments 

",":, 

In all experiments i nves ti gtl ti ng the effect of add1 ti on of 91 ucose· 

on the kinetics of a-galactosidase synthesis t the following general 

procedure was followed. An overnight culture \4aS diluted and grown as ... 
, .. 

described above until exp~nential growth was established. The culture>' 

\'1as then diluted to an extinction of 0.05 tp 0007, and 30 ml was trans- . 
" ..... ,', 

ferred to the experimental flaSk. Every 15 or 20 minutes (l , ml sample .... 

was removed for a groi'lth readi ng and ~.,as then returned to the f'1 ask. 

SJmr1es ware taken for latp.r ~o7.yme assay at 1nvervals decreasing from·. 

15 minutes at the start of the experiment to 2 or 3 minutes just after'· . 

the glucose addition, \"here the greatest accuracy was necessary. '.' .:, 

Usually 10 or 12 samples were taken over a 60-90 minute period before .' 

addition of glucose, and 20-25 samples in the 90-120 minutes following .. ' 

glucose addition. The usual plot of results is total enzyme activity 

against extinction of the culture. Since grm.,th is exponential and 

.' enzyme synthesis is proportional to total protein synthesis {tllthough 

the proportionality constant may change) this plot usually gives 

straight lines. 

"ti- ,: 

: : ~, 
, J,i: 

" :.'~ j) , 

. , 
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, For these experi ments, cul tures of each s tra1 n were 9ro\~n over

n19ht'\'1ith shaking at 32° or 42° for E 102, E 103, WI .. 4~nnd E 321,', 
. ,. . 

and at ,37° for 230 U. The cultures were then diluted to an extinctio"/ 

: at 650. fTI).I of about 0.01 (equal to 2.25 ).19 of bacterial 'prote1n/ml). 

;.,' the, abov~ temperatures in separate flasks containing either no addfti'on~'.,.~ 

'o.S,mr,rlft,.G, 1 mr·fONPF, or both IPTG an(1 nNP~ in the ~reviQ1Js t1mounts., 

/. Growth 'was follo~ed by measuring 'the culture extinction at650 m).l and 

after' five or six doubl1ngs. triplicate samples were withdrawn for 

enzyme assay. 

c •• i 

J. Mating Experiments 
. ".'; .. 

, . 

. '.' ":1 
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f 
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j. I' ._; .. ,',.... • ;_~. 

StrainJC 2637 was used to insert i+ 1ntothe i-SUS strain 

, ,. . 1 

• :.i .' .•.. :.;J:;~::},. <'-,:., 
.: •.. 1 

. -~ .". , 

.'1, 
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112-l2-A-04. The requirement of JC 2637 for proline was 'Confirmed; .', .. ';: ! 
f 

'., j "'\ 

<~"" I 
, , colonies of this strain failed to grow for at least 7 days. in' the abe. ",' .•. 

, .;, I' " .' ,.: t 

sence of added prol ine; About 2 x 108 cells/ml of, the donor were incu-,' . :' :.' ",; 
8 ." ; 

" bated with 1 x 10 cells/m1 of the recipient strain for ~ hr at 37° .. " 

without agitation in glycerol minimal medium containing all the growth:. 
j",', 

requirements for both stra.ins. The culture was then diluted with 
..... 

, f "~' 

buffer nnd plated on glycerol minimal plates contniriinghistidine and' .": 

.' '. cysteine to select for the r~c1pient strain and against the donor. 

Hhen visible colonies were obtained, the plntes were inverted for 1-2 
.. :-. 

m1nover fl1ter paper soaked \,/1th toluene a.nd the colonies were then 

tested for a-galactosidase activity \'1ith sterile ONPG solution. 

Colonies shO\o,fing no nitrophenol color for at least 5 min were replated 

;,··t . , 

• '. ! 

. '" 
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, " 

and further colonies selected which showed no ONPG hydrolysis for 1 hr. 
+ '",. 

These were found to be lac on eosin-methylene blue-lactose plates. 

One isolate was, des'ignated Pl1 1 and \<Ias used for further studies; It 

'showed the same 9rm'lth requirements as the recipient parent and not 

those of the donor. yet had become inducible. Th~ conjugrint PM 1 ' 
+ ' 

th,arefore must have rece1 ved an i -gene 'from the donor, and the most 

probable geneti c condi tion for Pt1 1 is i-sUSo+z+y+ IF i+o+z+y+. 

K. Chemicals and Radiochemicals, 

Isopropyl-l-thio-B-D-galactopyranoside and o-n1trophenyl-B-D-- ' 

galactopyranoside Here obtained from .Calbiochem, Los Angeles,' 

California. 0·Nitrophenyl·~-O-fucos1de was a gift from Dr.,K. Paigen, , 
-. I • ,: . 

and chloramphenicol 1I/IlS obtained from Parke, Davis and Co •• ,'Detr,6it,'" 

t1ichigan. Other chemicals, \'-Iere standard co~rical products. 

t [l.l4C]leucine, [l.l4C]glucose. and [6.14C]glucose were purchased 

from tlew England Nuclear Corp. t Boston. Hassachusetts; Ba(u14C03)2 

\'la5 purcllased from Nuclear Research Chemicals .. Inc. t Orlando, 

Florida. 

-'", ", 

"",' 

.. ~. .' 

, " 

'L. I\crylamide Gel Electrophoresis 4 •• ' 
':: '". 

'. ' ... ' 

Proteins are)sepnrated in gel electrophoresis accord1n9 to dfffel"-,':' 
1 .-:; ",' 

.~,ences·: itl;net.chargc ;and~~di,ffet"el1ces' f n size, or shape., TherC!fore. the 
, " ". . . . 

experimental variables that affect resolution of n given sample of 

protoins lire pH il~d ge1 'pore size. Discrimination between t'.'/O proteins 

on the basis of size can only occur in the relatively narrovl range of 

gel pore sizes that at'C similar to the dimensions of the proteins. 

;- \ 
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Th1scons1deration and the fact that proteins :ofthe'same size can have '" . ' 

the same charge at one pH but different charges at another pH indicate.' 

that a range of/pore sizes and several, different pH's shQuld be tried 
j , " 

to ~eterr.1ine the conditions which 9ivethe maximum resolution for any 
'", (',:' ~. 

#' .'j -, •. 

.. ~ . 

" syster.'l of interest. ... ,',:\' ,<I.': I'. , 

The pH 4.5 method developed by Rehfeld ~t' al. 53 
, --

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

for basic proteins": ' . ~:" 
" ", 7 

and the ,pH, 8. 15 i mp 11 f1 ad method ofCl arke '. were each 
"'.<'-..... 

tried at several, ,," .; ... 
1'1" 

.,".,!," 

"-,'\. ' . 

',' 

, ' 
," 

. chemically polymerized inside 7 mm i.d. x 100.mm Pyrex tubes supported 

are made by mixing solutions A. 3, C, and Din the ratios 3:1 :,3:1. 

Immediately aftermixing these stocl< solutions, 3.2 ml ;s pipetted 

, . 

, /'.' 
:.,\ .. ,.-

. ',_. 
\' 

into each ·tubeand \"ithin about five minutes must be overlayered with :'.' :-: 
. " ','. , 

3-5 mm of H20. The H20 is necessary both :toexclude °2" which inhibits ", ~'" 
. "-

... 
polymerization. and to form a flat upper gel 'surface. This step is 

~" \ 

critical,'and great care is necessary to .1hYier the H
2
0 '.!/ithout mixing' 

and diluting the gel solution. Gravity flOl't through a finely dra\,," 
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d1spos1ble· pipette' or' a bent 1125 gauge hypodermi c needle works \>If:!". 

Polymer1zat1on is complete in 30·45 minutes. 

The H
2
0 layer is removed and the gel tubes are inserted, in bored 

rubber stoppers, in holes in the bottom of the upper electrode com

:partment. All gel tubes must be equidistant from the electrodes, 

arranged either circularly around a central electrode or linearly 

with a straight wire electrode. The apparatus used in the present 

. s tudi es was made Trom 1/8" Luc i te and has six tube pos i t ions 1 n a 

·1-1/4" x 7" upper compartment that is 3" deep. This fits onto a lower 

compartment with the same cross-section but 5" depth. Each compart-

1 

ment has a straight .N1crome wire electrode running the whole length 

along one edge of the bottom. Both upper and lower electrode com

partments contain the same pH 8.1 TRIS-glycine buffer used by Clarke.7 

The covers are removed from the bottoms of the polymerized gels. and 

the gel tubes.:are dipped into the electrolyte in the lov/er compartment. ' 

. Electrolyte solution is then poured into the upper compartment to about 

1/211 a~ove the top of the gel tubes. 

The sample to be run is mixed with solid sucrose in the ratio of 

50-100 mg/ml and with a trace of 0.5% Bromophenol hlue in 1% acetic 

acid to act as a tracking dye. The volume of sample added to each. 

tube is chosen to contain ~bout 50 ~g of total protein; in the present 

,procedure this is 40-100 \.11. The Bromophenol blue runs at the salt 

front, preceding all protein components. and indicates when the 

electrophorQsis is complete. The sample can be layered onto the gel 
. I 

surface by letting the heavy sample solution run slowly from a pipette 

held a few mm above the gel surface in the filled upper electrolyte 

.," ," .. ;. 

.'1·.·· 



. "', 
, . , 

-:. ..... 

,", 

";~ '1 
" 

..... 
:., .. ,' "", .. . -32- . ;.:;,:·,.1 

"·'~~mpa~tment.voltage is then applied wi ththe Jowe; electrode as' anode ••• ",<,:, ',i. . 

.. ' 
.-, ' 
,( :>-' •• ,. 

: ~ .• '. .'; ',. ~ I 

....... 

.", . 

. ~. :' 
.. ;" 

,. 
",' 

'" ."'.:'-

i v" 
.. i 

'. t., . 

---t· 

. . 
• ' '. ' .. ' .• J 

·.Oecauscof distortions caused by eleqtrfcal heating. the current Should:',.;.:\{;,i;:;'T'*·;;!j 
, . " ' , . '. " " .. ~ ·'~·· .. !1:'\~~(!';JI)"t.~2j 
· be limited to about 2 rnA per tube and the electrpphoresis should be ,.',;'.:''':':':::\,.'1 
carried out 1'n the 2° cold room. The resistance of the tubes 'Joes up , .' ',' '; 

" . 
. ',.~ 

during the run so ,that the voltage on the constant voltage power supply':,":,: 

(HewlettPackard 7126) has to be periodically increased during the run":, 
· . . " ,',.: " 

· to maintain a given current. One and one-half to blO hours is us~all'y 

· requi red ~efore the dye fron t ,mi grates out the bottom of the tubes, 

\ when the power; s turned off. 

The~ubes are next removed from the apparatus and the gels are 
. . . 

> : carefullyrernovedby gently rimming with a long hypodennic needle 
. . 

. 1· 

'~,;. .. , .. -... <., filled with H20 and run between the gel and the \.,all of th~ 9lass 
... 

;.;: . 

........ . 

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

,,' J ~ ".' 1 ." 

: '\. ,.- . I r 
.. ,. 

, '':.'' 

,.: .' 
; ,,: . ; .. ',;':~. \ ", ' ). : . 
. ".;J.t. 

, ~.. ,~ :-: 
., -:" ~ 

.. ',.i 

'. , 
"~( . 

!"':" I 

,I' , .. , 

~ : .' 

, "'-.'. ",' .... 
. :',,':~, '.' 

....... 

:c, 

-::. 

tube ••. On~e loosened a 11 around, the gels can be pushed out of the . 
';'., 

tubes ~ith low water pressure. Each gel is soaked for 1 hour Qr over-" 

night in a solution of 0.1% Naphthol Blue-Black (amidosch\1artz) in 7% 

acetic acid. Each ge11s then returned to an' B mm tube partially 

. const~tcted at o!,e, end, and the background stain is removed by 

electrophoresis~t 3-5 rnA/tube in 3% aceti cae; d with the dye .' 

migrating tm'lard the anode. Each separate band of protein will. 

be stained blue-black, and the background ~e"will be left clear 

and transparent. 

Two separate samples can be electrophoresed in one tube by in-';: 
, ." ,', . . ~' 

serting a tight fitting \1axed cardboard or sheet teflon,spacer into.':' 

. the top of the tube, in the upper electrolyte solution, So that it " 
; ',' 

" .' . ' . 

presses' against the gel surface. Because' diffusion is so 510\>/ in 
,"," ,. -

. ~ .'.', 

these 7-1/2% gels. different sarnples can be added to each side of the 
, '~" .... , 

. ~, ~ .,'. ~ , 

" . 
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'gel a~d 'electroPhoresed, andthe 1 mm scparat10nwill be visible all 

',' along the length of thef1nal gel pattern., In this manner, very close, 

comparison can be made of ts.,o samples. eliminating variations caused 

by1rragular1ties in ~el composition and gel length. and variations 
,<' • :'. • 

'>'10 current and voltage between tubes. 
, 

"" The total soluble protein fraction from L.. £2ll. wa,s obtained by, 

growing a chosen strain in 50 ml of a desired medium \.,ith magnetic 

, stirring until the extinction at 650 m\J reached 1.0 • 1.2, \'lhich 

'means about 250 U9 protein/rot. .The whole culture was centrifuged 

for 10 min at 18.000 rpm (40,000 x g) in the RC-2B $orvall, $S"'34 
, . ' 

head. The pellet of cells was resuspended in 1.0 ml of the super

natant' growth medium and sonicated for 3t1mes 1 minute intervals at 

maximum power, lIsing the Bronwell 8i050nik apparatus with the sample 

'in a 1 x Scm brass tube immersed in 1 co-water for cooling. The 

"'~ sonicated sample was then centrifuged for 60 .. 90 minutes at 40.000 rpm' 

(max. 140,000 x 9) in the 40.2 head ~n the r'1ode1 L centrifuge. The 

superna,tant,was dialyzed overnight in one liter of 5 times diluted 
1-/ 

Clarke TRIS ... glycine buffer adjusted to pH 8 + 0.5 with MaDh. 
, -, 
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, :":",~;"': II'! •. EXPERH1ENTJ\L RESULTS' ' 
, , 

.~ .,' ::, 
. ! , , .. ;,', ~ • " ,',' 

, I ", 

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

I',· 

" .. ' ,"i ,"'.' '. ~., 

. A. Studies of,bi~ux1e , ". , . 

The' first studies ,of dt~ux1e were done with two strains described' 
.!: .",' 

by Gartner nnd Rl1ei.14 the, ~rYPtoPhanase constitutive GR101 and 1ts , ::'.",";' 

• ... :": f 

. ·t 

~ I ... J 

.;-:' " parent CGOO-lo The mutant ,GR10l was descrfbedas sh~wing no catabo'ite:'~ 

~, ' 

'* :, ..• , 
:, f;.) ': • 

.~:.: ~, ' 

" 

"-". repress i on _ by g1 ucose of tryptophanase 1 n contrlls t to the pronounced • .1 

, /repression shown by the parent strain. C600-' was also reported to 
. '-~ 

,::.'sho\'J a normal diauxie on glucose and lactose. v/hile GR10l did not 

", :':,' cr1. Riley, t10lecular Biology Department Seminar, Berkeley,11ay 1965)~ :',:;, .',~ 

, -

~;:o-,'r':~ \ 

Figure 4 compares the behavior of the two ~trains when growing on a:"."." ' ' ',' .; 

mixture of glucose and lactose. The top half sho\lfs that C500-1 givesa.'\".-;'·~:\~:\1 
typical behavior: a l,~g ,of about one hour occurs bet\.,een cessation of 

.. , gro'l,th when the 91 ucose is all consumed and es tab 1 i shment of a ne\,1 . 

, .. 
"." 

.... :.;.. . ! 

" ' ":'._J 

:~." ". ~ -., :; ~ . 

:- ~'" ':~~~ <:.-' ~ 

.... :.. '1" . 

steady growth rate on lactose~GR10l beh~ves like a complete y •• 

-., 
J : , •• 

. . . , .. ~. 

,:, 

,:'.'. , 

Lac~ " • '. " ~ . I 

tose cannot get into the cell without any permease activity,"and no , :-: ~ .' 
,',~ ". : '; 

growth is poss 1 b 1 e on lactose. ' Another y. mutant. 230U. does gro~., very' 

" slo'l,ly (doubling time 9 hours) orl:)1actose after exhausting the glucose " 
:, ).'. 

supply in the same diaux1e l:lixture. i' . ~. _ 

The degree of repreSSion caused by addition of 10 .. 2 11 glucose ",as;:~:,'.· ' -- . ,: . 

measured for two enzymes in the above t\',o related strains. In C600':'1.<: 

tryptophanase synthesis was repressed to 20% and B-galactosidltse was 

repressed to 40% of the rates 1 n glycerol .In the mutant G~,lOl, trypto:' 
',};. '. 

" phanase was repressed to 30% and B-galactos'idase was repressed to 50% ' 

of the rates in glycerol. Since these strains did not $novi any marked 

resistance to repression by glucose of either B-galactosidase or trypto~ 

phanase. further investigations of them \'tere abandoned. 

- , li 

.. ' i 

'." 

. ' 
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Diauxie behavior of the related strains C600' .. t (i+o+y+) and 

GR10l (1+o+y·). ,Closed' circles are culture containing only glucose; 

open triangles are culture containing both glucose and lactose. 
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,. ,> ~F1gurt! 5 shows the results of a diaux1e experiment with strain 

'" 2340/F lac,interesting because even though it is an i-constitutive .• 
, ',". 

, and makes h1ghlevels of B-galactosidase at all times it still shm'ls a'" 
':.:,><;-. : ,; 

,d1aux1c lag on glucose and lactos~. It is known that IPTG cnn abolish',- .... 

'. 

... -,"': .... ' . 
. i~the diaux1c lag for an i+ strain. 37 For strain 2340/F lac. IPTG reduces" ;, 

'" . , . ' i ~ .:.: ' 

t. 
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,. 

' .... ~_: -'.' f • 

, ,.. . - ~. . '. 

" :'- -'~ . 
, .-
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I 

. the lag to about one third the duration in the absence of IPTG. in 
. / . . 

.. Figure 5 from I 23 minutes to 9':minutes, and in another experiment from 
' .. 

. 15 to 5 minutes. From Figures 5 and 6. on~ can calculate S-galactosi-,":3::':, ",," , 

< ~ •• ' .:t' ." . 

:. ':" ....... " 

'dase is being synthesized at about 100 times'the uninduced rate during ::"':'<:, . 

'. the first phase of growth on glucose. However, as soon as the glucose"···:· ... ~.,; 

is used up and growth begins on lactose, the;,specific rate of SyntheSiS': 

,'. J 

increases further by cl factor of three from 560 to 1550 E.U./ml/unit 
.: ~. 

extinction. 

Figure 6 shows that during the first phase of growth on glucose., 

strain 2340/F does synthesize B-galactosidaseat a rate that is not in-····· ," 

creased by the presence of IPTG •. However, after the glucose has been'. " 

. all consumed, the cul ture containi n9 IPHi increases 1 ts rate of synthe~: .' 

sis of a-galactosidase slightly sooner~ and this culture 111so begins' 
.-

gr()\llth at the maximum rate on lactose with a shorter delay. ". 

,., I." 

Strain 2340/F lac was also grown on a mixture of glucose and 
< . .' ~ 

" .. ' 

glycerol + IPTG and on a mixture of glucose and acetate + IPTG. - .-
. ".-. '":,-:" , 

In' . 
r' ;'.", 

. the di'llux1e between glucose and glycerol •. the doubl i09 time \tIllS in1 .. -":;:;,: ,>':' 
, '.,' 

t1ally 70 minutes and increased to 84 minutes after a lag of 12 minutes'; ;,:,,: '~>~ 

in the absence and 10 minutes in the presence o~ IPTG. Tn the diauxie' 

bebtecn glucose and acetate the inducer IPTG had no effect on the 

results. The initial doubling time was 108 minutes and was followed by 
',' 

. ..~, ...... ~" .~' 
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Figure 5. Dfaux'ie with strain 2340/F. Three separate cultures. 

'contain:' ~ -circles, glucose only; closed circles, glucose + -" 

lactose; open triangles, glucose + lactose + IPTG • 
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a-Galactosidase synthesis in strain 23.40/F during the 

. diauxie s~own in Figure 5 •. Open circles are culture with gl,ucose 
" I 

only; 'clo~ed circles', glucose + lactose; open triangles, glucose 
+ lactose + IPTG. 
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a long lag of about 3 hours with no measurable growth. The gro'llth rate 

thon increased gradually to a doubling time of 7 hours at 8 hours after 

the end of growth on glucose. 

, " 

B. loss of Transient'Repression in an i-o Oeletion r~utant. 

(l) Effects of glucose on rates of ~-qalactosidase synthesis. 

Figure 7 shows the effect of adding glucose to a final concentration 

'of 10 mM on the rate of synthesis of a-galactosidase in fu'1y induced 

strain 3000 (1+0+) and in strain 3300 (i-o+,. In both cases, the 

growth rate increased about 35% and a transient p~riod of severe repres

sion was observed after the addition of glucose which lasted 48 minutes 

for strain 3000 and 36 minutes for strain 3300; this was 0.7 generation 
/ 

time for both ~ases. The differential rate of a-galactosidase synthe .. 

sis after recovery from transient repression showed soma fluctuation 

" in duplicate experiments perfonned on different days, but was most 

often about 45% of the rate before glucose wa~ added. 

In contrast, Figure B shows the behavior of strains 0~7 (both i 

and 0 deleted) and RV/F (essent; ally i+ with, 0 deleted). For both of 

these strains the increase in the growth rate on addition of glucose 

was nonnal,' but no transient severe repression follo\,/ed 9lucose addi .. ' 

tion. Hov/ever. the differential rate of B-gnlactosidase synthesis \'1as' 

1mmed1'ately and permanently repressed to about 45% of the cilrl i er rate 

in the absence of glucose. 

Strain 3300 was also tested for glucose repression in the presence 

of the inducer IPTG to see whether there would be any reversal of glu

cose repression analogous to the reversal by IPTG of fucose repression, ' 
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Figure 7. Transient glucose repression of B-galactosidase synthesis 

, in strains 3000 and 3300. Strain 3000 was induced with 0.5 mr~ IPTG. 

Glucose (10 mM) was add~d. at the arrows. The mass doubling times 

(min) before and after glucose addition and length of transient 
, , 

repression respectively for each strain were: 

75. 48, (b) strain 3300: 70, 5,1, 36. 

(a) strain 3000: 98, 
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Figure 8. Glucose repression of a-galactosidase synthesis in strains 

o~7 and RV/F. Glucose (10 mM) was added at the arrows. The mass 

doubling times (min) before and after glucose addition respectively 

for each strain were: (a) strain o~7: 81. 65; (b) strain RV/F: 84. 

64. . . 
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";~f"~n·.~··c~~st1t~ti~e;report~d by \4i 11 i'amsandpa1~en~64 No effe,ct ',' '.' /<,,';'.' " 
, of.; IPTG '(5 m~t) was observed on the growth rate, the, length of the ' ",,>Y{0t9,:,c: 

;tr~nsicnt phase. or on the rates of B-ga1 actosi dase synthesis before,' 
,', , 
... '., .' 

during or after the transient phase. .\.' ., 

",:'" 
" ' 

~" ' 

. '" - :'.' 

"~" " 
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, ~" ' 
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~; -. '. "'. 
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s titut1 va, in the presence and absen{;e QfJPTr. i ~shown in Fi <Jure 9. ' 
:- • t. ~~. 

.''t'" 

There \'/IlS no effect of the, inducer on the percentage repreSSion during tf',:" ," .. 
",," 

the transient phase, 'or on the length of this phase. The onlydiffe- ,';,'" 
'" ., 

, ' 

'renee between the twa \'1as the greaterpercental)e recovery from tran", 
~., :.-, .:-.\ . '.' . 

sient, repression in the presence of IPTG. 

(2) Effect of glucose on tryptophanase synthesis. To 'check that " 

mutational chcmgcsin the lactose operon affected catabol,i te repression','~>' :, / 
" , 

, . only .,of the enzymes of that oparon. the effect of g, ucose on the in .. ' ",:, ' 
,'( -

dliced synthesis of L-tryptophanase was examined i,1 strains 3300 and 
i. ' , c ' , c-

067• Although quantitative differences in the rates of enzyme synthe';",;;" ,:', 

"'" sis arc often observed bet'fJeend1fferent experiments, Fig'JrC! 10 shows '<:: 

that the kinetics of repression of tryptophanase are very similar in' 

these tl-tO strains \'lhich differ mnrkedly in the rcpr-ession of B
,.',',":'. 

galactosidase synthesis. 

(3) Glucose metnbol1smin strains; 3300tind_o~r 

transient catabolite ,~eprcssion can be abolished bya change ,1n,the 
. ,( 

, .,'., , , 

" 52 pattern of glucose IIIctubolism. t\ny study of the specific genetic 

correlations of the abolition of the transient repression of the lactose" 

enzymes must therefore ensure that the Clbolition relllly is the ,result 

. of a specific genetic change in the lactose operon an~ is not due to an 

alteration of intermediary metabolism. Since the pentosc phosphate 

, .. ' 
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Figure 9. Glucose repression of induced and uninduced B-galactosidase 

synthesis in strain 2000-oc• IPTG (0.5 mM) was added at +; glucose 

(10 m~1)' was added at t. 'The mass doubling times before and after 

glucose addition and the length of transient repression (min) res

pectively were: 95, 73, and 80 for both cases. (a) Cells induced 

with IPTG; (b) uninduced cells. 
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Figure '10. Effec.t of glucose on the induced synthesis of L-

. tryptophanase in strains 3300 and 0~7. L-tryptophan (2.5 m~1) 

was the inducer. Glucose (10 mM) was added at the arrows. The 

mass d~ublin9times before and after glucose addition were (min): 

(a) strain 3300: 76. 56; (b) strain o~7: 6~; .• 58. ' 

'-:,', 

.. ' 
.' 

" ~" 

i 
I 

.', \. 



" ! . 

! 
i 
I " I . i . 

i ., 

! 
I 
I ~ 
i 
t 
t 
, 
I 
I, .. 
i 
I 

-46-

cycle was implicated in catabolite repression.52 it is important to see 

whether there are any profound d1fferencesfn this metabolic activity 

beb'leen the t\1/0 strains. 

In a pair of strains in which only one shows transient repression, 

and in which the genetics of the lactose operon are apparently identi .. 

. cal'. differences were observed in the respiratory release of l4C02 from.' 

(lJ4C)glucose and {6.14C)glucose. 52 Similar techniques were used to 

compare the release of CO2 by strains 3300 (1"0+) and o~7 (1 and 0 de

leted). and Figurell shows that there is little or no d1ff~rence 

. betlrICen the pentose phosphate activity in these two strains •. The 
14 14 . 

. higher the rat10 or 1- C to 6... C releas,ed as CO2, the greater is the 

proportion of glucose being oxidized via the pentose phosphate cycle. 

MetabolisM entirely via glycolysis and the citric acid cycle would 

produce a ratio of 1. 

C. Loss of Transient Repression in a Temp~rature Sensitive Control 

Hutant 

(1) Effect of temperature on transient rp'pre~s;on in ;TL and ;+ 

strains •. The effect on e .. galactos1dase synthesis of adding glucose 

to cells 9ro1;/1n9 on glycerol at 32° and 42° is shown for the i+ strain 

E 102 in Figure 12 and for the 1TL strain E .103 in Figure 13. Ooth' 

strafns had similar growth responses to the addition of glucose: 

little change in doubling time when glucose was added at 32°. but a 

10-25% increase in the gro\<lth rate when 'Jlucose \lias introduced at 42° • 
. 

For strain E 102 a transient rep~'Qssion of enzyme synthesis la/as ob .. 

served at ~oth temperatures. lasting for about the same length of time 



. . 
, , 

. ~'.' 

" .'" 

', ..... 

" ., . 
~. ", 

.. .~ .. 
c· '. . .... , 

'., , 

" .... 

.', 

. " ' .. 

"':':'. , .:' . 
..... :.;. 

' .. ', " 

.. ".. 
•. ! . 

, 
.\ 

" , 

.',., 

. ~ ,'. 

t·: . 
I 

. ," .. , 

I , . 
I ' . , 
1 
\ 
\ 
\ 
\ 

"'~ . 

. ' .. ~, . 
.. '. 

'. "' .. 

j.:. 

! . 
! 

. 1." 
! .' 

. I : '/~':""} .. ' 
.";' 

~ ,.' 

.. ; 

i. 'j: 

,. 
. , 

, ,. . , ~ . 

.! 

,~.; ' . 

, .. " 

. ~. . 

:;"": 

. ,' .. 

\ 
\ . .' .', 

\ 

" " 8 ........ - - -.--
. " 

o 20 40 

. Time '!tfter adding labelled glucose (min.) 
XBL 682-4029 

Figure 11. Release of 14C02 from (1.14C)glucose and (6.14C)glucose by 

strains 3300 and 0~7. The ratio of 14c02 evolved from (1.14C)glucose 

to l4c02 from (6.l 4C)glucose is plotted against time (min) after addf-

tion of labeled glucose to exponentially growing cells~ A(~)., 

strain 3300; B(--). strain 0&7- I 
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Figure 12. Repression by glucose of B-galactosidase synthesis in 

strain, E 102 at 32° and 42°. IPTG to O.SmM was added ·at downward' 

arrows and glucose to 10 mM at upward arrows. Mass doubling times 

(min) before and after glucose addition and length of transient re

pression. respectively: at 32°: 78, 77, 25; at 42°: 70, 66, 29. 
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abolished acutctrans1ent repression and pennitted a parti ally con-
.: . .. '.' '. .' , 

",-' 

".' . 
I .... . '. .' ~ 

,. .~" ~ '. ,',.. .~ 

"(~)'Effectof temperature on the i TSS strain and its parent. The';l~"~';" ',> 

.' ~ > ~ ~ .' .'~ • , 

-' ~ .' :1TSS.s tra'i~ a~ditswi1 d-type i+ parent, ~1I-4, exhibited a different ... ··".',.:: ' 
,. ,'. 

. " ...... , ~;:. . . . ~' .:,.".! . 
' .. ', .'<"1" 

.... ; 
;,:','pattern :of·:,beha'vior. Both strains sho\'ied an erratic grm·!th r<:!sponsc f .' ~ .. 

, ~ '~~:',i~;'~"~' ¥f, ,', "',: • 

" '; 

, , 

, . . ." ..... :; .. ,' 
~. '.' ,~., 

/: .' 

';: r·. " 

j . ' 

· s ., '," • ~ '...' ......... 

. ~""'-".' .... ~ ',:<.,' , 
~ '\ ' 

.' ":, .... " ~ '.' 

'-:, . ...... 
,.-, t 

· .... · . ~ ., ' . 

:",);»'. i.;'/··:.::i·:" . , : 

" "tothe'add~tionof glucose at both temperatures. Instead of a sharp' 
" , ..... . 

; . 
• ", increase' in ,growth rate of 20-40';, which is typically found ~11th many 

strains of. L.. cp,li under $uchconditions. WI-4 usually ,showed 8. fnl ' .. :.' :'" .. 

in~l"()\oith rate \'4hen glucose was adde~, andE 321 invariably showed a '"C; 

sJ?win9,d~ror·9rO\.,th from about 0.7 to 0." generations/hour, which 

··bec~meappal"e~tsomQ45 .. 60 minute; after the:,addition of glucose. 

rne effect of glucose on the growth response ofE 321 nnd Ht .. 4 has 

. not beeri studied i~ more detail. The genotype of. th.cse strains 
. ~ , 

obviously differs in this respect from E 102 and E '03, but this 

diffcrenceprobably has nothing to do \oJith the i-gene mutation •.. , 
::', .: 

The \~lld .. type strain H1 .. 4 showed no,trah.s1ent, repression of 

a-galactosidase 'at low temperature, but trllnsient repression ,.,.as ',",,' 
. '. ' '. ,:. ' .. : .'. . ' .. :~ . : . 

observed"at 4.20 (Figura 14). Strain E 3'21 (iTSS). on the other hand~"; ':",'-
. ,. 'i' , .: !. ,,' ~... • ~. 

. sho\lJCdse'lcre' transientrcp.'ess1on .at 'both temperAtures (Figure 15).'·:..,.;' .. 
. , ... ' . 

,', " . . '., : ;" 

(3) Effect'of lPTG and ONPF'on the rCltes of B-flillact05idll'ip. 
':"" .. ',. 

. Synthcisi~.. Jilyaraman .£121. 21 have used ONPF to $tudy the function' , . > 
. ,:', '., ' 

of normal and modified repressor in a vnriety of regulator mutnnts. '.'" ,,' 

1. -

Th1ssame technique was used in order to clarify the condition of 

'. ., .. ~ . 

,.:..' , 

~ '.' 

""-,,, , 
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Figure 13. Repression by glucose of B-galactosidase synthesis in 

strain E 103 at 32° and 42°. IPTG to 0.5 mM was added at downward 

arrows and glucose to 10 mM at upward arro~s. Mass doubling times 
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(min) before and after glucose addition and length of transient, 

, :>:,J" l"epression, respectively: at 32°: 70, 72, 23; at 42°: 118, 65. no 

transient repression. 
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Figure 14. Repression by glucose of 8-galactosidase synthesis in 

strain WI-4 at 32° and 42°. , lPTG to 0.5 mM was added at downward;,." 
. , . 

arrows an~ glucose to 10 mM at upward arrows. Mass doubting times 

(min) before and after glucose addition and length of transient 

repression, respectively: at 32°: 67, 61, no transient repression; 

at 42°: 93, 56, 28. 
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Figure 15. Repression by glucose of a-galactosidase synthesis in,. 
=-= 

strain E 321 at 32° and 42°. IPTG to 0.5, mM was added at downward: 

arrows and glucose to 10 mM at upward arrows. Mass doubling times 

(min) before and after glucose addition and length of transient 

repression, respectively: at 32°: 78, 73 (with large. increase be

ginning after 45 min), 27,'at 42°:120, 90 (with large: .. increase' be- --

ginning after 60 min), 22. 
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which show varying trimsien.t catabolite repression responses 1nthe 

apparent absence of repressor in both cases. These blo strains 'ttere .,.' 

compared "'ith their.wild-type parents and also "lith 230 U, an ,- con": 
I'" 

stitutivethat is known to exhibit transient reprossion. 37 '. .' " ~. 

, .:. • ~~: < 

:', .. ' 

.. ;. .', .''' 
',.' •• -l- • . Table! gives values for the specific content of B-galactosidase 

! ~ .. 
. " c, .:. . .>. '; 

in cells .gro\im exponentially for 6-7 generations uncler constant con- .. . J: i 
-.'. }.~' " j 

. ditio.ns. Each va1u<! is the average of three samples taken in quick 
.\ '!'~ ; , 

•....•. ;: < suc~ess10n' at the srune extinction. Table I shows that the i TL mutant :' ". ";,'. 

"::::' E103 anditsi+ parent E 102 are totally insensitive to ONPF at bo~h' : >:" .. 

... : .. : .. 
.[ ", 

I 
.I 

.. ~ 
. '. I 

. I 

... ,!,.~ . 

''/) 

,,~~, .~, "f:~' ~.';.:,.:: 
. . 

. !:.;; .. ;.~,,,;;;.: .. ~ ):~:" 

it, 

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

'.' .':'"' .• ,/ '''0.; , 

. ' ~, . .' 

.': ~. :~:" . 
:'. ,.' ~ '4, 

.... ; 32° and 42°.· Both the cons ti 'tuti ve and thei nduced synthesis of 13- .' 

galactosidase in E 103 at 42° are unaffected by the pres~nce of ONPF.' 

'. .... 

"'" 

\ . 

Thus. both E 102 and E 103 grown at 42° contain some repressor. since ,.,;.', 
,:" .' ~~'-" 

~ .' .. 
E 102 is inducible and E 103 is only about 20% constitutive. and even 

. , ,.' ....... - .: 
',' 

" .. '. 

..';' .".';''''. 
.' :~> though this repressor was sensitive to IPTG(since both strains 'flere 

'. /10', .. '.' .,: 
.:. , 

. .' 

• : -r. 

,. 

" 

further induced) 1 t was not affected by ONPF • 

. Strain E 321 (1 TS5) and its 1+ parent \11-4 also appear to contain 

repressor after several generations of grO\'o'th at 420
• WI-4 I'las. in

ducible in the normal way at 42°. E 321 was about 88% const1tuti.ve 

when 9rown at 42°. yet it was severely repressed by ONPF, and thi s 

repression was slightly relieved by IPTG. 
. . 21 

Strain 230 U, 1 ike other nonnal ,- strains. c'ontained no re-

pressor that was significantly affected by either IPTG or ONPF. 
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, Table I 

Effect of IPTG and ONPF on the Differential Rates of a-Galactosidase synthesis 

Separate cultures of the indicated strains of h coli were gro\'m for 6-7 generations in glycerol-minimal 

salts \-lith the' indicated additions at the temperatures sho ... m. Specific 'enzyme activities (enzyme units! 

mg bacterial protein) are expressed as percentages of activities in fully induced cells of each strain •. 

Strain E 102 E 103 Wt-4 E 321 230 U 

Temp. 32~ 42° " 32° 42° 32° 42°, 320 42° 37° 
~-

. " 
Additions .,." . 

, ' 

" -' ~ 

.J " - , -- .' 

None 0.7 0.1 ' 1.1".-:-.- 20 .' '. 0.0 . '0.0 '. ,1.4, ; '88 90 
, ,- -. r 

. " -- , .. - , .", -. 
iPTG (0.5 mM) 100 100 - 100 ' -'lOa laO 100 100 100 100 

- I -

.' , . 
• & • .;-. 

. ...... "-. ",-.~ . 
ONPF (1 mt1) 0.8 0.1. . 1.7 ' 21 0.0 0.0 1.4 49 - 88 . 

, - . 
~ , . . 

~ .- . . 
'tPTG + or~PF . - 100 100'_ 97 104· ' 19 70 12 5,1 87 

. -- .. .... . . .. -.. -.-- . . - .... - -.-.- - ." ---. ". 
._- ._--

-~--~- -,------~---

, . . -
:- . 
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':'r" .', .. ,:; . ,.' The addition of glucose 'to i-SUS cells (strain ,ll2-12 ... A-B4) 

;'" " 
.', .' 

. "~. " 

" ' .• ' 1.,,-. , :.: ;.: .' ,,; -

!'!::i.·;':· <-
. \.'1' 

.~ , i, 

'f - '. - "'::' -~.>~! 

.. 
~. _ . t . 

. : ". - ~ "t"' ..••. I 

. ~ . ':~" ~ ':/~':' :~:.~~< ' .. .. -..... 
.. ::.'., / :,": : .. 
. ~ . <. '" ." ". 

~. ~ '. . 
.t '". 

.' 
,'j:",,, . .... , 

'" "f·· 
., " I, ~ ; 

-i ' 
. ~. ". 

'- .. ' .. '. ~ .-
" 

, i' ,' .. ', 

. : .... .. '.' ~',' 

i: ,-Itf! '. 

:. -.t., ~'. " '. 
.' r, 

. .~, 

. 9ro\,/1n9 on glycerol increased the growth rate bY-!l1%. No transient 

repression of a-galactosidase was observed. and the steady differen~ 

tinl rate of enzyme synthesis fell immediately to 61% of tile rate 

in the absence of glucose (Figure 16)~ 

When glucose was added to the i-sus/i· diploid (strain PM 1) 
,"; 

<induced with IPTG. there \'Ias no measurable, effect on the gro\,/th rate; 
. , ' 

but.transient repress~on was 'now: observed (Figure 16). !mmadiately ,;":' 
'. '. 

after the addition of 91uto~e the dffferentia1"rateof e'nzyme synthe-' 

~~s fell to 21% of the rate on glye~rol afld 55 minutes later (O.9 

<':' . 

. " 

':·1 
. j. 

'1-< 
l 

.' .~: ~.' ~ + ~ 

!' 
'". . i , '.~.: r 

I 

generation) it recovered to about 65% of the original rate of glycerollo:,'::','" ' .. [ 
: "" ~. ,_, F : • • ., 

, .,' ___ il 

:" 
";~ , 

, ..... 

~> E. Effect of Glucose on a-Galactosidase Synthesis in a Catabolite 
. ';·.··1 .. 

,.' :" ... ".;' 

" 
Repression Resistant :'lutant of E. coli 

.!.' .... ;'. : 
,", 

." , 
The kinetics of repression by glucose of p-galactosidase synthe~ .,' 

sis by the .Cn- strain LA12G.1s shown in Figur~ 17.'· Addition of 10 m!·1'.,,;" 
. . .. ' , . , ... ,' 

,\ .. 

glUCOSE! caused a 20% increase in the growth 17t1te frama doubling time >,'. 
, " , , ' 

of 7B minutes on glycerol to 65 minutes. The ,s,pecific rate of syn-
,.,', 

. . ., 
, ." I . 

, . 
.' ' .' i 

, , . '. thesis of s-galactosidase,J/as repressed for50:ninutes (0.77 genera-"::.:.' 

' .... 

.. 
" ' ... ,' 

tion) to 13% of the rate on glycerol and then, recovered to 84% of the' 

init1a~ rate on glycerol. 
,.~,: : . 

"" 

..,.~,.' . . ,.r. " " . ,;:', . ~", 

F. The Permanent Phase of Catabolite nep'fess';on 
(1) Relation of percent increase ingrowth rate· to percent 

repression. Strain O~7 was grown on ~163 ... g1ycerol medium, then divided.' 

into portions and added to flasks containinn various amounts of 
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Figure 16. Repression by glucose of a-galactosidase in strains 

112-l2-A-84 (i-sus) and PM 1 (i-sus/i+) at·3~o. IPTG (0.5 mM) was 

added at +; 10 mM glucose was added at +. The mass doubling times 

(min) before and after glucose addition and the length of transient 

repression, respectively are: ~112-12-A-84,' 59, 53, 0; PM 1, 60, 

60, 55. Bacterial protein was calculated from the relation, unit. 

extinction at 650 m~ '. 225 ~g protein/ml. 
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Figure 17. Glucose repression of a-.galactosidase synthesis in strain 

·LA12G. IPTG (0.5 mM) was added at +; glucose was added at +. The 

mass doubling times before and after glucose addition and the length 

of transient repression (min) were respectively: 78. 65, 50. 
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glucose. ,Table II sho\'ls thechllnge in growth rate and the change in <:, 
specific rate of a-galactosidase synthesis as a function of the final 

concentration of glucose. The growth rates \'1cre determined to a pre .. 

cision of 2%, and the specific rate of a-galactosidase synthesis, 

\'1hich was determined from the slope of a graph of E.U. versus ex-

tinction of culture. has an uncertainty of 2-5% m~asured as the 

average deviation of six samples for each culture. 

The CR- strain LA12G vias used to test the effect of' glucose 

concentration on the permanent phnse of catabolite repression. The 
" , 

standard glucdsc shift experiment was carried out in two parallel 

flasks; the usual 10 mt1 glucose (O.18%) \tlas added to one rla'sk. and 

22 mM (0.40%) was added to the other. Addition of 0.18% glucose 

caused a 12% increase in the growth rate and a final specific rate 

of synthesis of B-galactosidase that ''las 90% of the rate on glycerol •. 

Addi ti on of 0.40% 91 ucose caused a 13% increase in grov/th rate and 
. . 

a repression of B-galactosidase t085Z of the rate on glycerol. 

Those. blo strains were also grown on H63-acetllte, and the 

medium was enriched by adding glycerol. They \'Iere grown on 1'163-

glycerol ~nd nutrient broth was later added.. The first carbon 

source \<las present at O.2%\,,/v. lind the s~cond carbon source \,/as 

added to give a final concentration of O.4~~ •. Both strains shm-ted 

a perfoct of decelerated growth before the growth rate increased 

after' glycerol was added to acetate medium~ the lag was 25 min for 

LA12G. and 70 min for o~7' Table III summarizes the results of these' 

experimrmts. The specific rate of synthesis for str~in LA12G Vias 

measured after recovery frolll transient repression; strain o~7 shol'/ed 

no transient repreSSion. 
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. Table II 

, .\ ' '. "" . 

Effect of different, eonc'entrations of added glucose on the growth' 
"'. l' I' 

rate and onthespecif1c rate of a-galactosidase synthes1s1n 

strain aC Changes are ,expressed relative to the' values for , 61· 

gro\-Ith on glycerol only: 0.81 generations/hour and 9700 CU./ 

extinction. 

.' ." ~:.... ' 

Percent change 

in growth rate 

i 
, I 

( 
Concentration of added glucose (M) 

10~3 lO·~ 10·' 

+17 +25 -6 

",'! " 

,. ,Percent change in 

AE.U./AExtinction 
-57 ' 

;-.., .'. ' 

. .~ 

.::: . 

.:- .. "}: 
:' ~" . 

" .' "'~ 

, '-::~ 

, ' 

... ,:. ..-l-. ~ 

, l.: ~. -..; 

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

," "' .. '"'. I·r 

',
-. ~ '~!,', ,~~, 

' ~: .' ,,' '/', ::'. ,~.... - , 

", j. 

'. ~'. 

;' 
',,:., t, 

0- !~: 
",',,' I:J .: r~! 

.••. ; II" 

;Y" t·: 

r~;., ": F: 
. '. ~ 

.. ' ;. 

" ,,: .~ :~, 

';' ,', 

:, ; 

" ~ .-. 

- '. 

... ~ . 
.;; .. 

. . ; 
I :j 
; .'J 

, , 
;. I 

-; , 
: ,~ .',' t ': 

", " 

" . ", 

" 

1', 
h 

,! ' 

" r' 
" ' 

I 
I 
I: 
t, , , 

, it 

, 

t i 

I i , 
! : , 
I 
\ 

• 
, , , , 



. . 

I ' 
\ 

.... 

. "'-, 

.", .. , 
~.. '., 

. . .~. 

- .. ' ... '-. " 

" '.' ." . 
. ,!~ .:'. 

, '> 

•• : .. :. J.-.. 

~ , " ." ;-. 
", , 

,:.', .' 

".> .. 
, , 

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

-59 .. 

" " ... ' .. 

" ! ~. Table I II, 

Effect on grm-lth rate and on specific rate of synthesis of s

galactosidase caused by adding glycerol to cells growing on 

,acetate and by adding broth to cells growing on glycerol. St~?1n 
-4 ' 

, LA12G was induced vii th 5 xl0 1-1 IPTG. -
C ,!,-, iTA 12r. 

°67 ,':' ,!,!!' ~/ ':..;..}:' .7?'. • .-~ 

, Gene ra t ions E.U./unit (;enerations E.U./unit 
per hour ,extinction " , ~er hour' extinction 

" 
.. " 

Acetate 0.46 5150 \ 0.40 2800 

I ' ' 

Acetate + 
Glycerol 0.75 ' 4800 0.78 2860 

, 

Percent 
, . 

chan~'.! +63 .. 07 +96 
, 

+02 
; " 

Glycerol 0.68 '1.400 ,0.72 3170 

Glycerol + 
Broth 1.43 7000 1.62 2560' 

Percent " , 
change. +'08 -39 +124 -19 . 

'i.}· ' 
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'. "(2)~1mila!..it.x .o.f th..UE1nni!n.~Uha~e of c:.a.tabolite repr~ss1on . 

to repression by chloramphenicol and to repression of alkaline phos

phatase. Low concentrations of chloramphenicol repress s .. galactosi

dilse synthesis much more markedly than they inhibit growth. 58 \~hen 

chloramphenicol was added to four strains of .L.E2li to give a final 

concentration of 1.27 .\lg/m1. both the grov/th rate and the .differen

tial rate of B-galactosidase synthesis were immediately reduced to a . 

. new constant rate. flo transient repression was observed 1nany of 

these strains .• in contrast to the' repression caused by glucose in 

Figure 7. .Table IV shows the extents to w4ich the crrowth rate and' 

a-galactosidase were repressed by this low, concentration of chloram- . 

phenicol. 

, " 

". ;", 

The enzyme alkaline phosphatase is thought not to be subject to •...... , .. 
, ", . 

29, .:>;..' 

catabolite repression. For this !"eason. it was desirab1e to study 

the possible effect of glucose 011 the synthesis of this enzyme in 

the deletedstra1ns. O~7 and RV/F. "'hi ch showed permanent, but not 

transiant,repress1onof B-galactosidase synthesis •• !owever, when 

attempts \tlere made to isolate an alkaline phosphatase constitutive 

mutant from strain o~7 by selection on S~91ycerophosphate in the 

presence of inorganic PhOSPhate,6D all 20 such muttlnts isolated had 

lost their entireB-galactos1dase act1v1ty.47 Therefore. a compari-

son was made of the b/O enzymes in the t\1C related strains: O~7' 

constitutive for 8-galactos1d(1se, and o~7-l0, constitutive for alka

line phosphatase and negative for B-lJalnctos1dase. Figure 18 shm'ls 

the effect of adding glucose on the synthesis of a-galactosidase in 

O~7 and of alkaline phosphijtase in o~7-l0. Both strains were 9row1ng' 

in lm·,-phosphate mediu/:l. and this caused a la!1 of 20 minutes before 

... .'.,. 

'. 

., 
.or }. 
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Table IV 
, , , 

, , ' 

Effect ofchloramphen1col on the rates of 9rowth and the differen-

tial rates of a-galactosidase synthesis in strains 3000, 3300, o~7 

and RV/F 

Cultures of each strain, growing exponentially, were each 

divided into two parallel cultures to' on~ of which was added chloram

pheni,col ,(1.27 ug/ml). Growth (measured by extinction) nnd B

galactosidase activity \~ere fol1o\tled in each culture for 2 hours. 

~tra1n :moo (inducible) was ,induced with !rITG (0.5 mM).~<ltes are 

expressed on a relative basis. 

Strain 

Growth rate: 

- chlora~phenicol 

+ chloramphenicol 

Oifferential rata of 

a-galactosidase synthesis: 

- chloramphenicol 

+ chloramphenicol 

-:t,\/,t't 
oJvvv 

100 

71 

",~ 

too 
26 

3300 

100 

71 ' 

100 

27 

100 

69 

100 

44 

100 

74 

100 

10 

. J" 

.,,',;.'; 
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t .. ' 

~ .'.. , 
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" .. 
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'. < " • 
" .' ~.' . ~. ". 

:. '~ 

'glucose affected:e1ther growth or enzymesynthesh.Thesamestrains, 

did not Sho\'Ithisgrowth lag when cultured in r~63 med1u~,·which.con. ':'>";:';~-:. 
, , \......: .. :. ... "','. .. ..' , 0'-', : . : • 

.. ' .. ' ,'.:' ...... ,') 

. : 

.. "~ ':(;: :', 

" . .... ~ .. " r· 

"t. 

:. ... '.-. '1 

'.~ ,.,"-,' 

. . ", ;, ~ . 

'" . .. 

... 
.•.. . ' 

'. ',' . 

;. ",';'., 

f. ... <:' " .,. ," • 

,. 

" 

.. tained 0.1 H1norganic phosphate. Table V compares the effects of 
, .. ~ .' . , ·',f'" :_:', , ,}' i 

'. glucose and chloramphenicol on the differential rates of synthesis .. 
• : ." .; .' .~' •• _ J t 

" of these two enzymestnstrains 0~7 and o~7-l0. 
, ,'; 

A possible explanation for the fallureto isolate an alkaline .'. ,c,"'.,,; ' . 
II \ ' 

" .- -

phosphatase constitutive mutant from straino~7 without s1mul· 
!'t".. '. :" •. l", 

.,,' , t~neously losing iSll a-galactosidase activity \lIas suggested by Or. :\ " .,: ! 
'. ;', . C" '",,"'; . /',' 

.... G.S., Stent (personal communi cat1 on)." In strain 067 both the operator,'~''':' ,', 

and regulator genes of the lactose operon have been deleted, and it :":'; 
" , . ' .. : .. 

is not known how far the deletion extends ,beyond the i gene. The 
. . '. 

, structural gene (P) and the Rl regul ator gene for alkaline phospha- .' . " 
. :. . " .. 

tase o~ ls.~ Ji:,~ ,beyond the 1 ,gene, and judged by its 1 eve 1 of a 1 ka 1 i n'c , ,,:: \ ' 

.l 

i . 
., 

" 

l 

~ phosphatase activity. strain o~7-10 is probably a constitutive muta~t ',:',', : I 
! of the Rl regulator ,tene.12.tt 1s'ross~o'e that this mutation is a":',,;,.·· '\ 

. partial deletion of the Rl regulator gene. and thus in strain o~7 

the structural gene' (z) for B-galactosidllse may lie close to the Rl 
. .' 

regulator for alkaline phosphatase, so that partial deletion of .the 

Rl gona might overlap into the,z gene, as shown in Figure 19. The 

map of th~E. coli chromoso~e published by Taylor and Thoman59 
.---- . , 

shO'""s the Rl regulator gene on the far side. of the structural gene 
--

,.' I 
'. '- . .- . ! . ;" ~'" " 'I .. 

.. ': ... 

;'.~ . 
.; . 

..... 

, ...• ' ... ! ~: i . . ~. }~. 
,., ...... . 

I 

! 
j 
l 

I 
I 

I 
I , I 

1 
I 

from the lac operon. but the order of the Rl and P genes is not well - 1: 
~! 

estabol1 shed (Dr. A. Garen and Dr. 1-1. Averncr, personal communica- t "," 

", t1ons). . ~l 
, . 

. .J 
(3) Evidence from acrllami de ge 1 electrophoresis. The pattern 

of bands separated from total proteins by ge1 electrophoresis was 
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Figure 18. A comparison of the effects of glucose on the synthesis 

of S-galactosidase io strain.o~7 and alkaline phosphatase in strain ' 

0~7-l0. Glucose (10 mM) was added at solid arrows; the growth rates 

increased at the points shown by the broken arrows. Mass doubling 

times (min) before and after· glucose addition respectively for each 

strain were: (a) strain 0~7' 76, 62. (b) strain 0~7-10; 89, 73. 
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;;:-:"'Compar1S()'~"Ofth~ ,effects of glucose' andchloramphen1col ,on the:' 
; , . :' ~. '. '; :;" , '\ " . 

: .. ,:,-

",' f.;y <:'~':·.·:,·,'d1fferentialrates of synthesis of a-galactosidase and alkaline! " 

"'phosphatasei'nstrains O~7 and O~7-10, respectively, 
. ,t', 

--, , ; .' ~ :,::. .. Exponentially growing cultures were treated with 'glucose - ',' . '. ;,.' .'. --. 

.. ", 

-',.. ~ 

.... . 

. {,} ',' 

" ,.r., ,;' ' ..... ,. 

1 ,". 

.' ;-',:t' 

,,{10 mM)or chl oran~pheni co 1 (1. 27lJ9/rn1). ,The di ffcreri~1 aLrates : 

of 'e~zyme synthesis are expressed as percentages of t"',~ corres-,' 

,pondingrates before the addit1onof glucose or chloramphenicol • 
.:~. :, '.. .~ 

B-galactosidase 
c Co67 ) 
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.,:.Fi,ure 19. Possible genetic relation between strains o~7 and 

o~7-l0. Strain o~7 differs from the wild-type by deletion of the 

o and 1 genes. Strain o~7-l0 may represent a further deletion 

including parts of z and Rl. Abbreviations: Ac, thiogalactoside 

transacetylase; y, galactoside permease; z, B-galactosidase; 

o. l!£. operator; i, lli regulator; Rl •. alkaline-phosphatase 

regulator; P, alkaline-phosphatase structural gene. 
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. '.~" .. ',. "compare'd.fOl'<str~.:inSo~7.300o', 2o'OO~oc~,and tA12G g~O\.,n on the' . I 

..... 

j, .• $'i'·'~' 
,J": .r 

same medi:um and' f6r each of these strains grO\'/n on different media. 

i'nc:iuding M63salts with glycerol. acetate. 1 actose, 91 ucose, broth .. '; "," : 
',", .. ,,:'::' . 

. ':,: " 

.... or yeast extract as the carDon source •.. ~1ost samples could be. 
~ . .' '. . 

.,. 

.. '. ~ .. ······.>separatedinto2o'~,25 bands of varying intensity. The result was 

, ..... t: ,t " that a given strain 9ro\'m in df fferent med; a gllve very siml1 at-
,~ •. . f: . .• ~ ."_. , .... 

~ . ", 

, . 
lookin~J':;separatini1 patterns that differed in, at most, one of the .. ' 

. '. '. . 

"blentyor more bands. HO\,/ever,di fferent strains often gave patter~s.·'l· 

>::,;,':: ,that had several of the bands d1 splacedor present in greatly 

. '\',' .. ' 
.. :. :'., ~ \':";' ; 

changed· intens i ty • 
. ',~' .. ' 

Each b~nd must on the average contain n la~ge 

.' ,': 
'. number'(perhaps 50'-100) of different prote~n sl'Jec1es. The only 

". . .' ,': ' 

protei n that coul d be 1 dent1 fi ed inane of these bands \-/as. 8-

galactosidase. which appeared in a band that migrated about 20% as 

. fast' as the dye front. This enzyme could be identified by cutting. 
" ' , ,.. , ' 

a get'.longitu·dinillly and then staining one half in the usual \'~ay 

" . ',' 
" i . ' 

J C.,.' 

. "'. 
, ~ .. ' .. 

. ," ". t~ -, ". 

,.. ~ . .:"" ~ :,. '.' . ' 
.. . . .. . ~' ' 

.: ~. ,: 

. ' 
'''.'j ",", 

',', -

and treating the other part \,:/1th ONPG,which turns yellow when 

hydrolyzed..f,t least as examined by this technique, the pattern~f.-'. 
.. . . ~ , ' 

total proteins synthesized by a bacterium differs more from strain 

to strain than it does when a given strain is s~/itched from one 

. gro\,/th condition to 'anotllcr. 
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IV. "JOISCUSSrm:, 

A. ,The Phenomenon of Oiauxip 

The lag in growth which occurs after glucose is all used up 

when \'/ild-type strains arc grown on a mixture of 91ucose and lac

tose is presumed to be a manifestation of catabolite repression. 

In the presence of glucose. the weak inducer lactose cannot induce 

the synthes i s of e-ga 1 actosi dase whi ch is requi red for gro\'1th on 

lactose. It has been 'known since at least 1950 that the rate of 

synthesis of a-galactosidase is determined by the balance between 

the competing effects of induction and repression. For example." 

1 mM lactose does not induce a detectable level of B-galactosidase 

in E. coli growing on glucose,11 yet lactose at low concentrations --
(0.2 m!1) will induce cells growing on glycerol to almost the same 
, -' 10 
level as the inducer IPTG at the same concentration. Since IPTG 

'.<, , 

., .... 

\', . 

: ~ .. : .'. : 

is a pO\tlCrful enough inducer to induce cells growing on glucose to 
. : ".\ 

a higher level of B-galactosidase than is present when the same cens " 

are grovting on lactose, it would be predicted and is found that in

ducible celts supplied with glucos.e and lactose no longer !1T"01t1 in a . 

diaux1c manner if IPTG is also present in the med1um. 37 The pre

sumed ~xplanatiion was that the cells grO\'1n in the presence of 1PTG 
I 

had suff1 ci ent' enzyme to pennit immediate utili zati on of 1 actose. 

Since most i strains of E. coli (including strain 2340/F) ....... - .' 

synthesize' B-galactos1dase at a rate at least as I]reat as that for 

a fully induced ;+ strain, it would be expected that i- strains 

would also gro\.., without a diauxic lag on a mixture of glucose and 

~ "" .. 

" ' 



. ~', ,: ", 

. '~, 

']''' ~, i'l, 

.. ' 

·i>,i,; ... 

showb (iiaux1c lag. and this lag isonlypart1ally abolished in the, 
" ---;. ;-,i." '. ~,' ",. ,,' t:1 

.',' " .' .'. ' \,'. " • '.-1 '" 

;, .. ~ " ~. ' . . 
.. presence,'of IPtG •. Figure 6 shows that this stNin does not synthe- .•... 

': " 

.~·~s1ie.s-g~lactos1daseat ah1gher rate while growing on glucose when'. 

'. .. ~~ ;,~, 

t." 

',,' 
,,'-. ,~, :: 

. , /-; 

. ' ~,' ,.' 

IPTG :is'1ncluded ill the medium; however. the cul ture' ~ontaining 
, ' '. . " . 

IPTGdoes increase i.ts rate of synthesis of a-galactosidase after' 
". ',," 

the9lucoseisex~austed sooner than does the culture lacking added 

IPTG •. Thcseresults seem to indicate that the rate of synthesi"s of 

the enzymef3~9alactos1dase is controlled by a balance between in-
:,!. " , 

, ~,' 

::'duction ,and.c,atabolite repression, that this balance is affected 
, , ii', .. , 

"'.,<: 

"; •• ' .... -1-' ',.:' __ ' 

'.' ~"." " .. :. 
by manyth1ngs.andthat different strains'va,'Y in their sensitiv1-

ties'to' i~duCt1.0n by different indiicers and,to repression by 
.. ' _ ~ 'f -' 

• 0',', 

....... ', ..•..... ' ". ..' / .. ~"'., ..... 

.. different carbon compounds. .', 

'.:.:;;/':: ""'/ ";,.' .. ··::J'her(! 'ate 'at.'Jeast twopossibleexpJanations for the diaux1c '·, .. '.X:~."·:~··~~:/ ':::"'"f';, :"'" "". .. ,.' .r' , ',... .. . : 
'( .: :.' ~ ~ ", .,,' / .. > :·:·lagshown for the t constitutive 2340/F. Eitner 500 units ofS- " . 

. ". ~ I 

. . 
;ga1actos1da~e p~r'ml per .unit extinction is not a high enough level 

of enzyme to enable this strain to begin immediate 9rO\-/th at the 

maximum rate on lactose when the last of.theglucose has been used 

",,;:" .. !; , 
;~ . 

.'. ~ '~ 

-" .... ,. ,;. 

:'j',.' .'-:' 

, '," 
.,', , .... ; 

.; UP. or the process of inc.reasing th~ rate of synthesis of B-galacto-' .' : " ' 

, '.... . . . ~." .',' 

sidase by a factor of three'when the glucose runs 'out and this 

'. enzyme is derepressed is the crit.ical factor and temporarily pre-.. :.' ... 
. ~ . 

. ' 
. ", "', /.-",' 

. . .. :,' ventsrap1d growth on·1 actose. The presence 'of IPTG caul d reduce 
~.' ... ~ . 

. . . ~.' 
, ,~ ~ 

' .... 

the durat1onof' thegrovlth lag by speel.linuthe reat'rangefJlent in-
'.' ,-.' \ .," •• , •• 1 

. volved 1n derepression or by allowing the cell to reach a higher 
.~ f· • : , • • 

'level of B-ga,L'lctosidase mOt'equickJyby beginning to synthesize 

this enzyme at an increased rate at an earl ier time. ' 
: ",'.' 
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. B~ Loss of Transient Repressiorn;n':an'!i4e Deletion !'1utant 

The .similar repression pattern observed in strains 3000 (in

duced) and 3300 shows that a change fr~m i+ to ~- does not by it

self alter the repression caused by glucose. This implies that, 

unlike the weak inducer lactose, IPTG fully·induces th~ cell so 
! . . +' . 

that in the presence of IPTG an.istrain behaves toward transient 

repression like an i- strain. This ohsclrvation does not ~xclude 

. the i-gene product .( the rep res sor) as Cl pos sib 1 e candi da te for 

involvement in catabolite repression, since in both induced strain 

3000 and in strain 3300 repressor is present. In strain 3000 it 

has been altered by i'1teraction with inducer, 'r/hereas in strain 

3300 it has been altered by mutat1 on. wi th phys i 01 og; ca' ly s imil ar 

consequences. The mutational change in strain 3300,seems complete 

since IPTG has no effect in this strain either in the presence or 

absence of g1ucose. 

Deletion of both the 1 and·o genes, as in strain o~7' results 

in the total loss of the transient repression, but the steady 

differential rate of enzyme synthesis in the presence of glucose 

was similar to that in strains 3000 and 3300 after recovery from 

the transient repression. We may thus conclude that transient 

repres,s 1 on is dependcnt on thc 1 gene or the 0 gene t or both, but 

that the decreased final rate of enzyme sunthesis in the presence 

of glucose is independent of these genetic factors. The results 

with strain RVjF. which differs from strain o~7 in possessin1 a 

functional 1 gene, the product of which is known to be able to 

affect the trans chromosome,20 again sho\llcd no transient repression, . 

; : 
;,' 
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.. and't~fS·.~s{rainhad th~"Same;1~al rate of en~ym~synthes1s as .the' 

·.f ' .', -" ,... _'. ':'," .' ~:. > ':":' .• 

. ,>: :other';three s·tra1 ns~ " Since, i,n the. i-ogene regulatory 'system oc 

. ,;. ·.··:'15. dO~inan~' t~'i+. 20 and becaus~ strain 0~7 is a complete operator " 
. ;," 

",' , 7 f .. •. ; 

. . .con~titut1ve.5 no difference would be expected between strains'",.: ... li 

" ,' ..... 

.. 

',":', >.'-

r" '. 

'~~i arid'RV/f i!t~etransient repressiori is'dependent onli on the 
r,;. '. 

. ';,".' 

'.' l, , ' .. ,"'".: , 

1-osystem,aJ;1d no differe.nce was found. Also, since the only 
",. ",j 

.' effect; ve d; fference wi th ,regard to the 1 ac operon regt!l ator genes" 
C ",'_". .. • ~ 

bab/e.an strainSo~7 and RV/F is' ~he presence of 1+ in the latter' 

compared with i del in the former, it is certain th~t the i-gene 

,.product has, no ,role in transient eatabol i te repression unless the 
", 

. operator' gene is functional. These obseryations, however, do ·not 
. :>' '..: '.', 

. prove that thei .. gene product is involved in catabolite r:'~pression. 

, but only that a ~unct1onal operator gene (as in strains 3000 and 

\ 3300), or at least a partly functional operator (as in strain 
.; '" . '.~ , .,.; ',:'" ' .'.., , - : . '-' . 

2000-oC)" is required. ' 

Since ~train2000-oc is only about 10%, constitutive by virtue 

, ofarriutati9n1nthe operator gene which presumably leads to a 

decreasedaff1n1ty between the repressor and operator, it might be. 
:.,." 

'predicted that only the inducible 'part of B-galactosidase synthesis ,. 

.1 'should, showtrans1ent repression with glucose. However, as is 

. shown in'Fi,gure 9, i~ was found experimentally that the uninduced 

. synthesis' aJso sho\,/eda transient phase and that, in' fact, the 
, ' '.' .'.- . .' .' . .... 

. :.',., 

':', 

';".: . 
:( 

" 

, .' .' 

'only diffc~~nces'between induced and uninduced synthesis Nere the .. " 
': , . ~ .; ," . ;J>', 

" higher rate of synthesis and the greater percentage recovery in 

.. synthesis after the transient repression in the culture with added 

IPTG. The main s.ignificance of the results with strain 2000-oc 
. ;~"~"" .. 
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" ,,' c 
comparedwith strain 067 is that even partial functioning of the, 

operator gene is enough to permit transient repression. One may 

thus interpret (but not prove) the pattern shm·m by strain 2000-oc 

as due to activation of the i-gene product during catabolite re

pression so that it noi" hilS a greater affinity for the operator, 

- leading to a ~epressiol1 of enzyme synthesis. This could not 
'-! ' , . 
happen in strain RV/F. because in that strain the operator is 

, '0. believed to be totally deleted. so that increasing the degree 

!', '. of'activation'ofthe repressor would not be expected to produce 

, --, • any effect. 

Ev~n though the four strains 3000. 3300, O~7t and RV/F are 

closely related genetically and were selected and isolated on the 

basis of the characteristics of their lactose genes.57 it is 

possible that other changes occurred and contribute to the ob

served differences in repression in these strains. The tranSient' 

,respons~ in catabolite repression can be abolished by a change in 

glucose metabolism \"ith no alteration of the lac operon. 37 and a 
, ,---

claim to have isolated strains resistant to catabolite repression 

by virtue of a change in a regulatory system specific for this 
, 26 27 . 
,function • has been criticized on the grounds that these mu-

tants have an altered glucose metabolism. 37 Also, Neidhart4l 

, , 
isolated a mutant of Aerobacter aero0enes which lacked glucose 

repression of induced enzyolc synthesis, but was still subject to 

repression by glycerol and gluconic acid; and this mutant strain,. 

was shown to hav~ an imp~ired glucose metabolism. Three criteria 

have becn lIsed to test the similarity of glucose metaboliSM in 

- " , .' 
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. " .' 

"both,high and low temperatures" and th1srepression is at least 
"I " '. • 

,'partly reversible by IPTG, so that, the binding sites for inducer 
. . 

and operator have not been lost even at 42°. This leads to the' 

, possib1l ity that at 42° a form of repressor is present in, E 321 

- which has little or no repressing activity unless it is first 

activated by ONPF., Tna fa.ct that strain E 321 also shows tran

,sient,catab()lite repression at 42° suggests that repressor may 

.... ' also be, activated by glucose metabolites. These results indicate 

that changes in susceptibility to ONPF repression and to glucose 

, repression are both due ,to mutation in the i-gene locus. and 

"'suppor~ the ide~47 that transient catabolite repression is mediated 

, , through repressor-operator interaction. 

,'It is not known why strain WI .. 4 is'anomalous in showing no 

acute transient catabolite repression at 32°, but since this strain 

',' 'and its derivative E 321 do not grow normally on glucose (see page 

4'0) and since it is known that a change 1n glucose metabolism can 

cause a loss of transient repression.4l •52 an altered glucose 

metabolism may be the explanation. 

Strain 230 U is all 1- point mutant, and therefore presumably 

,'contains an altered repressor molecule. This strain'1s fully 

constitutive and does not respond to ONPF, but does exhibit tran~ 
. 37 

sient cataboiite repression. Since transient catabolite repres-

sion appears to be effecteo through the repressor, it appears 

that at least for this strain glucose metabolites are more pOVler

ful than ONPF in promoti ng the binding of repressor to the operator. 
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. . ..... ,.1 , 
D. Effect oi G1~cose on i-SUS and i-SUS /i+' Strains 

1: ' 

The absence of transient repression in the i-SUS strain sup-

ports the idea of a ,role for the repressor in this phenomenon. 

The repressor in this strain has presumably lost affinity for the 

operator, 'giving rise to the constitutive phenotype. Gilbert and 
" .. 

~1uller-H111l6 have shown that this repressor has also lost affinity 

for the inducer. This argues strongly for the presence of a large 

~unct1onal deletiori in the i-~cne in this strain, and is thus con

sistent with transient catabolite, repression being mediated by the 

i-gene product. The simultaneous restoration bf both inducibility 

and transient repressioi) by the insertion ;of i+ into i-SUS confinns 

this conclusion. 

The observed relation of transient catabolite repression to 

various mutations' in' the i-gene may be explained by a' mode', in 

. ... ; 

.... ; ;' ".; 

which the repressor is a trivalent molecule,rather than the bi

valententity originally sugg~sted by Jacob and ~~onod.20 This fd~a· 
, '. .' 8 .' .. 

has been briefly discussed by Clarke and Brammar, and was also con-

..... :. 

" .. 
',. . 25 

sidered by Loomis and Magasanik but was rejected by them for 

reasons which were 'subsequent~y c~fticizedo8,47 The three postu-
:~. . .' 

lated sites on the repressor would be an .inducer-inte:act1ng site 
, , 

(1), an operator-interacting site (0) ~ and a catabol ite corepressor- . ,. 

interaciing site (CR). 
, '. 48 . 

According to this mOdel. the O-site 

interacts with the operator in the absence of inducer and prevents 

transcription. In the presence of inducer the I-site binds to the 

1ndu'cer and the O-site is allosterically modified in such a \~ay':that . 

I .. , 

I 
. "I, 

;.:.' , 
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.: .",;.;,·;';:.:1t:nO:;1~nge·r)a~·aff.1nitYfOr the operator.\.a~d 't';anscriPtfon prf)...·, 

" ·:\,:"'J"c~~d~'~ 36~'The' C'R-'Site int~r~cts \'11th t~e ca·~~boHtecorepressor .• 
, .,' ," . :.. ,(.- '. 

':('" \. -:':' "j ; 
."' .. 

'. ", and increa~e~theaffinit.Y of, the O-site for the operatQr •. Thu'O ." '." ~:. j :" W • ~, .:_ 

.. ~ . 

the CR- and I-sites have opposite effects on the degree o'f binding' 
" ~-' ~ .• ; ,.d;:"·'.:· 

, '. ~i. 

"'" ::of the repressor .to the operator, and can be viewed as being comp~t--:;: ; ..... 
~ J .' ., " ;":.:) :~"' : \:, • ,~, ':', '. :":; l' "", 

Jtive. Evidence has been published indicating that induction and ,: •. ~ .. 
. ", tJ' . 

. i b"" 6,., lti ' cataboli te repress on may e compet.1 t1 ve phenomena. uy e t ng 
.. ' 

,~ J., 'r ~ .~ 

'.' 

',. 

. ."thethreerepressor sites mutate 'independently and by combining the, .. :' 
~ " 

( .. ~, 
1. 1. • ~ < ~ '. j. 

, ~"" .. ,,\ 

.~'"., II "'; ·~/!,appropriate alleles for the three sites into one gene, all the kno\ltn./~; 
. . ..... . . ."' .... ; .. ::., .... i 

.' ... '. , . 
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phenotypic variations of transient catabolite repression behavior 

can be accounted for bythi.s model. 

E.·. Glucose Repression in a Catabolite nepressionResistant t'iutant 

Loomis and r'1agasanik isolated a mutant of E. coli that was· , . _ ........... 
able togro\,1 ,in minimal medium \'/ith N-acetyl lactosamine as the 

/. . 
s~le source of nitrogen when 0.4% glucose was also present in the 

medium. 'This mutant was. thus .,esistant to glucose repression of , 

.: ,.: ,'~',,~' 

., 
'.':' <,: .. 

.... ~. 
~', >.~., 

,_ 1 ,~~ . . 

': .. 

"' .• ? 

'." . f 

' . .,.,.: -' 

e-ga 1 actos i dase, whi ch is needed to hydrolyze the t~~acetyl 1 actosL .. " 

amine. and make the nitrog~n available to the cell. '. They reportp.d 
: .. 

'that the differential rute of B-galactosidnse synthesis' for the CR-:.··' , 

mutant LA1.2G. \"hen growing on:jg1ucose minimal r.md1um, is the same· . 
or 20% higher than when the same stf'ain is growing on' glycerol 

. . 

. i',' .' di 26,27 Th dOd' bli' t; If ml" rna me um~ey , not pu sh any klnet cs o~ 8~ 

ga,lactos1dasc synthesis ilnd did. not investigate the ,"esponsc of 
. . 
. ': the synthesis of this enzyme ~Ihen glucose 1S added to induced cells 

. ', .. <. ' .. ~ .. , 
.; ,', 

! , 

.. . ..... .. ; 

'growing on glycerol minimal medium, at; has been dO~le 'for the other " .' . 
• 't\,!" :'-' 



i: 
I , 

I ! • 
" 

, 
~ . 

" , 

",.' "" 

-75- , . 

strains investigated in this present work. As shown in Figure 17, 

when this sarna glucose shift experiment is done using strain LA12G, 

which was reisolated using Loomis and Magasanik's indicative plate 
26 ' 

assay, a transient repression '"as observed and the specific rate 

of B-galactosidase synthesis recovered to 84% of the rate for 

growth on glycerol. Although the permanent phase of catabolite 
, 

repression is still seen with this strain, the perc~nt recovery 

,is the highest measured for any strains that are reported in this 

study. , The final specific rate of B-galactosido1se synthesis after 

addition of glucose was usually 35% to 50% of the rate before 

glucose addition, and 71% in, Figure 13 was the highest other value 

obtained. It thus appears that when measured by the ptesent tech

nique, the glucose repression o~ a-galactosidase in strain LA12G 

, differs in degree but not in kind from that observed in all other 

strains studied. 
! 
! 

I 

F. The Pennanent Phase of Catabolite Repression 

In all of these experiments, there seems to be no relation 

between the length or severity of the severe transient repression 

and the final percent recovery of the specific rate of a-galactosi

dase synthesis. There does seem to be a loose relation between the 

degree to which growth is increased and the degree to which a

galactosidase synthesis is repressed by addition of a second carbon 

source. This is shown for different concentrations of the s~me 
. I 

added sugar in Table II. and for different enrichment mixtures in 

I ' . 

": .-:": 
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" " Table ·III.,.· However •. no quantitative relationship. can be found, 
. .. 
~.".'. 

.' ~ ;.,' ", .. 
. ,' ,. 

, •• .• ·L 

. ,.r,:", " .. ; ,', ".', .~; 

.'.:'.' 

. '.:~, . 
, ~:" '~ .. ' 

' .. ··and the trend for greater growth stimulation to lead to greater ,,", .. ' ... 

. repression is not consistent in Table II, especially at 0.1 .!:l 

glucose, where the growth was. slov/er than on glyc~rol alone, yet 

a~galactosidase was severely repressed. 

. . " , . ~', " . 

. ",' ;'" '" 

,f." ., .• 

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

. '..... .~. :-' , 

It is generally agreed that a relationship exists bebteen:,:' " 

'catabolite repression and the rate of substrate metabolism. f4any.· 

observations support this View, \'Inichwas first formulated on the 
31 41 

basis of studies of Aerobacteraeroqenes. • . Okinaka and 
44 

Dobrogosz grew a r~L strain of E. col i on 17 different carbon and --

.\.~ .' ~.:'. :.; t 

' :, j~ ... ' .. ~, .'. ~ '. 

t • ,: ,',.' ,,' ... 
, '" 

>:~~;.:< 

>~,' . '. 

, .' "';' '" .. 
ni trogen sources, and plotted the gro\·,th rate against the differ-

ential rate of B ... galactos1dase synthesis for steady-state aerobic· 
i 

growth on eadh medium. They found that in gen.eral, the higher the 

. rate of grm'lth. the greater \'ias the effect ofcataboli te repression 

on a-galactosidase. 
i 

" . ... 

, .The results reported in this thesis show that in the lac 
. -

operon acute transient repression is mediated via the operator 

gene and the product of the regulator gene. These same results 

a1so indicate that the lac control genes are not involved in the -. 

" ... , 
,j ':.' 

"i "": -:. 

'.::, . 
•• ,< "" 

~. "" 
. t • ' • 
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., 

permanent phase of catabol ite repression, ~/hich is ahtays seen after: 

recovery from the ~evere transient phase. Nhen it is present. It 

thus seems .that this permanent phase of repression may not be a 

specifically controlled repression, but may be only an apparent 

repression, on a differential basis. produced 'i/hen glucose stimu

latesan increase in the rates of synthesis of many ot,her proteins 

during the growth shift-up, with a consequent dilution by default 

.; . 

.:,- ' 
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of all proteins not so stimul ated •. Increases in growth rate are 

known to be associated with increases in the proportion of total 

protei n found 1 n the ri bosoma 1 fract; on. 30 and the sY11thes 1 s of 

enzymes specifically associated \'lith glucose metabolism is probably 

also. stimulated. Since a-galactosidase is an irrelevant enzyme as " 

far as glucose metl.lbolism is concerned, its rate of synthesis would 

be expected to suffer by comparison with the rate'of total protein 

'. synthesis. The study of alkaline 'phosphatase, another enzyme irre

levant to glucose metabolism and one that is considered not sensi-
, 29 
tive to glucose repreSSion, and.certa1nly not subject to any 

acute form of catabolite repression, prov1des a test of this non~ 

specific dilution hypothesis. Figure 18 shows that in the related 

strains o~7 and 0~7-10, both e-galact~sidase and alkaline phospha- . 

tase are repressed to about the same extent byaddition of glucose.' 

,The studies using chloramphenicol also lend support to the .idea 

proposed to account for the pennanent phase of catabolite repression. 

Chloramphenicol is an inhibitor of protein synthesis and appears to 

cause catabolite repression when used at low concentrations, suffi-
58 c1ent to cause only a partial inhibition of growth~ Table IV 

(' shows that in stra1n~ 3000, 3300, and 067 , a low concentration 

(1.27 ~9/ml) of chloramphenicol produced about as much repression as 
, 

glucose in the phase after recovery from acute transient repression, 

The reason for the particular sensitivity to chloramphenicol in strain 

RV/F is'not known. The results in Table V show that glucose and 

chloramphen1col repressed the synthesis of a-galactosidase in strain 

0~7 and of alkaline phosphatase 1'n strain 0~7-l0 to about the same 

extent. 
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The phenomenon of catabolite repression has only recently 

be.en divided into two phases. the transient and~:the permanent re

pressions.and therefore most of the early\>/ork Nh1ch investigated 
II· 

" the. effects of various perturbations of anaholism and of catabolism 

,on the synthesis of inducible enzymes probably is applicabi~! to the·' 
. ':' 

, . "". 

, 'permanent phase and not to the transient phase of catabol He repros- ' ... ' 
".'. 

sion. !he transient repression is only seen when many samples are , 

, assayed over a short period of time after the chanl]e in conditions 

which caused the change in rate of synthesis of.the enzym~ of inte

rest. ·r~o'stof the experiments in this thesis were designed to in

vestigate the transient repression of B-qalactos1dase. and the 

results sho\>/ed that the transient repression was controlled through 

. "., ... '" 

.', .•. t,' .. 

", 
, .. 
··• .. 1 

.' 
lsi 

·~l 
'j 
;1 
[, 

the same 1 and 0 g.enes which were used to' control the induction of .' . (~> .• >'j! 
"".' ':C',..-; ;,", , . ; I 

this enzyme (and,;the whole lactose operon) • However., these sa:me, <::;> ;.t 
':'results indicated that the permanent phase of catabo' itc repression.~ .... '<'.>,::: ~"f, 
'of this operon was not controlled using the i and 0 genes. ....... .' . 

The question then arises, \'1hat is the mechanism responsible' ; 

for the pennanent pilrtof 'catabolite repression. Any proposed . ' 

scheme must be able to account for a11 the accumulated observations 

of catabolite re~ression which exist in the literature. As dis-

. cussed in the first section of this thesis, the hypothesis o~ 

Neidh~rt and Magasan1k,42 which postulates that catabolit~s which 

"are formed from glucose llccumulate in the cell and repress the 

fonnat1on of all enzymes whose activity wou1d augment the already 
, 

large intracellular pool of these compounds, seems to be consistent 

with the observed effects of changing the relative rates of ~~~ 
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anabolism and catabolism on the degree of repression of inducible 

catabolic enzynes. 

The catabolite repression (CR) gene hypothesis of Loomis and 

Magasanik26 is one attempt to ac~ount for the changes in the level 

of permanent catabolite repression caused by variolls'envir:;:-;mental 

changes. HO\,Jcver. this model is \'taakened by the ::!1ff'icult.'l of pro

viding a site' for interaction with the proposed second repressor. 

the CR repressor. to control the rate of expression of the lactase 

operon genes. Both the operator-z gene end and the permease

transacetylase end of the 1actose operon have been eliminated as 

possibilities, and the only remaining site in the lactose o'peron is 

the region between the structural gene for 8-galactosidase (z gene) 

and the structural gene for permease (y gene). 

The no specific control or dilution hypothesis proposed in 

this thesis is another attempt to explain the non-transient part 

of catabolite repression. Because conditions which increase re

pression are the same ones which normally increase the rate of 

qrov/th. it may be true that large increases in the l"ates of syn

thesis of structural proteins and proteins involved in 1rm'lth and 

division occur when glucose or similar metabolites are added to 

h£2Jlllnd therefore all other proteins, although not specifi- . 

. cally' repressed. are made in a smaller percentage of total proteins. 

The analysis of the patterns of total proteins made using acrylamide 

gel electrophoresis was one attempt to test the plausability of this 

idea. Because E. coli synthesizes about one thousand different --
proteins and only about 20 different bands are visible on the stained 
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gels. a quite different pattern when a given strnin is9rownon. 

different medi4 v/ould lend support to the idea. but little change 
, ' 

in electrophoretic patterns \iould not disprove the idea. The 
, ,I ' " , , 
"/' " ' ' 

finding of these experiments ~/as that different strains ~ even when 

, qui to closely geneti cally related. gave elcctrophoreti C' patterns 

, more di fferent 'than those from anyone of these s tt'a 'i flS' ,~rO\"non 

several different carbon compounds. Thus this hypothesis remains 

. unsupported, and a rigorous test of it~wtll be diffic~lt~ One 

:,'" improvement \llOuldbe to use labeling introduced at the time of the," 

,'t.' ' 

" 
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.' .~- ", change in gro\llth" conditions to see if the protein made after the .' '; . 

: .. ,7.,:· . 
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change (the radioactive protein) has the ~ame pattern of banding as . '. 

the protein made in the period before the environmental change (the:' 

, stainedpro~ein). 

Catabolite repression has not been studied in as much detail 

for other operons and other enzymes. It is not kn~,.,n how general 

is the t\1o-phase repression shO'lln for catabolite repression of /3-

. • i·; '; ',~ " 

~, . ' . 

, :'." 

1,":. 

gal actos 1 dase in h £2li. Future work wi llsholtl hovJ the rate of 

express'ion of other a,parons is controlled ilnd affected by changes 

.•... ,",' ;." 

, in the environment, and ,thereby \'1111 tell us whether,the catabolite 

repression,of a"gCl.lactos1dase is 'n control mechanism that has general 

apl'lication. 
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v. SUHr1ARY AND CONCLUSIONS. 

The rate of synthesis of the enzyme a-galactosidase is vie',.o!ed 

as being determined by a balance bet\'leen the competing effects of . 

induction and catabolite repression. The phenomenon of catabolite 

repression is considered in two parts: the acute transient phase. 

which is usually observed when g1ucose is added to cells of 

Escherichia £2l!. grO~'1ing on glycerol; and the permanent phase, 

which is shm-m by all strains and wh'lch persists as long as the 
! 

added glucose is present. 3y studying the kinetics of a-galactosi

dase synthes1s before and after the addition of .glucose to each 

of a .series of related strains, including f", 1-, and; and 0 de

leted, it is demonstrated that the acute transhmt phase of cata

bolite repression ill this system is mediated through the operator 

gene of the lac operon. -
The specific role of the lac repressor (i-gene product) in .-

tr~nsi~nt cat~bolita repression is invQstigated by studying the 

pattern of repr~ssion by glucose at high and low temperatures in 

strains of E. coli with temperature sensitive mutations of the 1M ------ . , 

gene. A strain possessing a thermolabile repressor becomes par

tiall,y constitutive. and loses its transient r~pression when qro'tm 

at 42°. The involvement of the i-gene repressor in transient re

pression is also studied using a strain carrying an amber supressor .. 

sensitive mutation i~ the i-gene. This strain is phenotypically 

constitutive, and also fails to shO\'1 transient catabolite repres .. 

sion. When F-duction is used to insert F lac i+ into this strain, 
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. ... ' bothinduc1bility andtrans1ent repression.are·s1mult'aneously res.-
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tored. ,It is concluded that the i-gene p.roduct interacts Nith it 

'catabolite' corepressor in a "lay that increases the affinity of the' :'~:'.>. .' ; , 

", i .. gene repressor for the operator. thus increasing repression of 

. , .... :~··fl-ga 1 actosi dase. 

. ,,' .. 

• I' 

,": -. 

'I,' 

The relation of the chronic permanent phase of catabolite 

",repression to both repression of alkn1ine phosphatase and repres .. 

s10n caused by 10\,1 levels of chl orlllnpheni col is considered, and it 

:',1ssuggested that the permanent phase of catabolite repression is . 

non-specific and does not influence B-galactosidasesynthesis via 

the regulatory system .of the lactose operon. 
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J' APPENDIX I 'I ',' "',. 
",:; :" 

DISAGGREGATION OF PLANARIANS,\ , 

, .' 
I' 

This work was begun soon after,I came to Bc.rkeley and joined 

" ProfessorCalv1n'sgroup in September~ 1962. 'Both cellular and 
, ,,,' 

~olecular,disaggregations were attempted,the ultimate hope being 

that planarians could be trained to run mazes, and then disaggre

gated and the molecules which stored the new memory identified, 

and isolated. 

Several enzymatic methods were attempted, using p'apain. tryp-

" sin, pancreatin, collagenase, hyaluronidase. and lysozyme in con-
I 
I 

, " ,:': ' 

"' .... 

., 

, :' centrations ~an9in9 from 0.4 to 3.2 mg/rol., Th~ wonns usually died 
I 

after incubation at room temperature for one day,but microscopic 

exaMination showed only pieces of tissue and smaller aggregations 

of cells \f/ith very few isolated cells. 

In non-enzymatic attempts it ~/as found that 10.9 mg/ml sod1um ,. 

bury' :ulfatc :;olution l;lould cor::plotcly dis$olve a planarian in " ---, 

one day. Doth 0.5 rng/ml sodium lauryl sulfate and 99% D20 had 

similar Lffects: the inside of the worm ~Jould be released, leaving_ 

a shell·1ike piece of skin. NIlCl(O.25!2.) and distilled water had 

only ~l1ght effects on the wonns--which \'4ould die after one week. 

would have the mucus greatly 10.osened from the underside of the 

body, and could be easily broken up \·l1th a stirring rod. No whole 

cells were visible in any of these preparations. 

The ultraviolet spectra of planarians treated in several ways 

were used in an attempt to characterize the resulting solutions. 

'. , ' 

, "', 
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~ ',. \ <;: ~.: ":'~:,;" '.~\"';': '" . '.',>,1.;; ;.,' " ' .. ! .:' , ............ " . ,., .. ," ,1" ": , .. ;,.,::,; ..... ,;~~ ....... ··"~':'t.",. "\ .... . 
i,\)::: ~<~ ,~;,.':. Afresh'!preparat1onof planari(lns by the'meth6dof Ansevin and 

, .~. t:,' , '. .' ,', " ., :.~ - -. '" , . . . , "'" .', . , ,., 

;. " ~ . 

. """~'" ,'::. Bi.rchSha·tml'(K~,D.~·.AnseVin (\nd R; Buchsbaum.J.Exp. Zo~'.lli, ~~O~2,",·:".,".",,~· ",,"" 
.. '"\ "' 

· , '. ,"rt1arch 1961)~when~e~,trifuged ina cl1n1calcentrifuge ror 2 or for:':,>.~, "':.' 
· . .' ; .. .... '. '. .:;' 

.", :. 

: .,- ' 

, :: ' .. ' 

',' 

" 1 

· '",. " 
. ': ' ;' ~ .~ . 

,r " 

., , 

.15 minutes at maximum speed. gave an absorption maximum at 253 mu. 

." , ;.' ...)' ~ 

· " ~.' 

":'Two, woms dissolved ina mixture of 4.8 mg sodium ,lauryl sulfate 

plus 1.0 mg hyaluronidase ,in4ml gave a sin~le maximum at 265-

270 rou. but the supernatant from a small volume of \l/ater in \'/hich 

.... 
.' ", '\ 
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..~,' \ 
~:: '. ,. '. 

r,' ,"', 
" . ' ,,-.l 

",' ' ... 
I . ~ . '. ,:: ':-"::. ::;' 
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~: . ' 

· ~ .... ,.>,. 

. '2 WOrr.lS died and disintegrated through 'natural hazards gave onlY,' a',:·:;.' ".";, 
'"', :~. -; '. '. ..' , . \,.' "., : .... . . ,',.,., 

.,': 
.. ':: '.' 

~ .... '" • ~~ 1..- :; .... ' ."" ... ;-: •• : 
, . . :.. ~ .. ',\ .... 

'. ~. 

, . - .~~ . : 

f.~ :".' ~ 
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~. -' 

, scattering spectrum. When several worms were minced \'l,ith razor' 
". ' .. ' . ;' . 

blades and the centrifuged'mince ,\'las washed, brice with 0.25 11 

sucrose" and the,n resuspended in 1.0 !l sucrose, the spectra from, '.'.. :;: 
· , ~ . " :-, ' ,. • t" • p' >- ': ( 

the suspension/measured after various periods pf 'settling and cen- ',:.' .. ,;···.'.....·;'i 
/ ' ,,, ';~'" 

, tri fugati on:',I,showed only: two broad peaks a t27S-2BO r.tu. ' . ' "",:,' 

Several h15tological stains were used as an aid in identifying .,;,;",.,', 

the ma~ria1 rcsul.til'i9 from these disaggregation attempts. D1 1 J~e 'v.:,' 

',Giemsa., to1uidino blue. eosin, and hematoxylin ware used with and 

, without buffered formalin fixative. The best ~esults wereg;ven 

.by a mixture of eos1nand,hematoxylin. t-/hich gave some differential,! 

staining • 

Limited disaggregation was achieved with ,0.2% trypsin in~om. 

bination with 0.3% NaCl at pH 7-8, and Nith 0.1% llnd 0.7% hyaluro-' 

n1dase in combination with 0.003% EOTA and 0.5 - 1.5% NaCl. When 

stained \O/ith an eosin-hematoxylin mixture, SMall amounts of red

stained, large-sized heterogeneous matcriDl. looking like cell 

will1s or shredded tissue. and much larger quantities of light to 
• 

dark purple~sta1ned material conSisting of small particles, perhaps 

Ii ... · 
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. cell nuclei ~ \'1ere v1s1ble'~ 'Many individually iso1cited particlos , 

were~lso seen in these preparations, and \>/ere tentatively identi.' 

fied as neoblasts. 

The best cellular disaggregation obtained was accomplished, 

uSing a method developed by Charles Sames (University of California 

Medical Center, San Francisco, Personal Communication). Ono plana

rian \\fas put into 1.0 ml of a fresh solution of 40 mg/ml highly 

purified trypsin (Worthington Biochcmf cal Corp.') \'1Hll 3.5 I'1g/ml 

'NnCl and 0.05 mg/ml CaCl~ and an adjusted pH of 7.8. ' After about 
~ . / ' l-

I 

30 minutes ,the worm \",as dead and broken into pi eces.. The suner-

natant was then decanted and replaced \'tith an equal volume of the 
I 

tions made by this method were centrifuged for 30 minutes at 20,000 

x 9 on ,a stepped sucrose gradient of 0.75, 1.00, 1.25. and 1.50 4 
, ~ 

sucrose. Some separation \lias obtained, but fe\'/ intact whole cells 

could 'be found in any of the layers. 

Molecul ar fracti on,'lt1 on experiments were done \'iHh 14C_l abe1ed ,. 

planarians. In the first experiment 57 worm~ were put into 15 m1 
, '. 14 

of spr1nIJ \'l(1ter contain1ng 4.0 1119 of sodium propionate 2-C (10.6 

pc/mg) "lith pH adjusted to 7.2. The total activity of the supel·natant 
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decreased approximately linearly from 68 xl0· disintegrations/min' 

'~'.f,' ." ' . . , • .. " .: '. ':.'''' " 6 ." / . .' 
initially to 32x 10 dis/min after 2 days.,'"On the second day the """'" , .. ' .. 

::;: ::: :::::::' p:l;::: ::p:a::::: :::::;::::ze:h:" h::a:e::te ..•... ·(~'~tf!~J 
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\oIaS centrifuged for 10 min at 1800 x 9 and aga1~ at 20',000 x g, ,', .' 

after addition' of NaCl to 0.1 M. This clear supernatant 'lIas next 
.- '. : ' 

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

'" ,', dialyzed overnight against 0 .. 01 M tris buffer, pH 7.6, using,a 
. '.:.~;' .f·: " ",," .\ - . - . , '.1 ' 

'"; ::,:"" , ... spiral st~ing drip method (\1. D~ Hospelhorn., Anal. D1ochem. 2. 182 
, , , 

,," ~'.-:-. f. •• ;.~" ~~. ';/:", • '~'" .:.-

: .. ,'" ,"""[19611)., The non-dialyzable material was concentrated' to about 
. ')' ," 

• '" : ~.' .: • '< 

... ~ '. 
' •• ' > •• 

"1, . 

"0' , ', \ < 

' .. :"." ., , 
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, \ ' 
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, " 
. , .t: ·.r • I 

'0.2 ml using "Aquacide" and then washed from the dialysis tubing 
~ • '. , • '. 'I ,~ 

t~ :'. 

,and recentr1fuged. The resulting superna~ant,was put onto a 

1 x 20 cm OEAE Sephadex colunm and eluted with a gradient elution 
'. c. 

apparatus, running from 0.01!i tris buffer, pH 7.6, to 1.8 Ii NaCl.: '" ,:, ,'" 
'- I ; " 

Each l-ml fraction was scanned from 2,90 to 250 m\.l with a Cary 14',,><, 
'.' .,'.. ~ ~. 

spectrophotometer. and the optical density at 280 and 260 m\.l was 
.' ~'v" '. 

plotted for each fraction. Samples were also removed from selected ,,'.;:: 

fractions and the 14C activity ~as measured by liquid scintillation <'C, .. ",. ' 

counting. A small optical density peak at the exclusion volume of 

260/280 ratio of 1.'6 \'1as next to be eluted, and was follm'led by a 

broad paak having a 260/280 ratio of about 1~1 and only a low, level 

of labeling. 

Another batch of worms was labeled for three days and hoino-
.'! : 

genized and centrifuged as above. &ut not dialyzed. The supernatant 
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.... 



i _\ 

: • r~ 

, . 

: r ,- ~ 

-91- , ';," ,I 

.... , 
, ,'. 

was then' applied in the coldroom to a Sephadex G-200 column equili

brated with pH 7.8 phosphate buffer. Fractions were collected, and 

absorption at 260 and 280 Il1\1 and radioactivity were measured and 

plotted for each fraction. A single large peak of activity and of 

optical density (\'lith a 260/280 ratio of 0.6) was eluted from the 

column. The radioactivity peak was displaced from the optical den

sity peak and \<lclS eluted slightly, earlier. This experiment was 

repeated~/1th another batch of labeled "/onns, and was fractionated 

using a very slow running G-200 Sephadex column and 0.01 M phosphate' ' 
. ! .... 

I 
buffer at pH 8.0. This time two peaks were eluted: the first had 

a 260/280 rati 0 of 0.82. the second arati,o of 0.62. The fi rst 

peak had a s pocHi c act; vity re 1 a ted to opti Cd 1 dens i ty tNi ce as ' , ' 

high as the second peak. The fractions corresponciing to the second 

peak were pooled, concentrated over H2S04, =lnd rerun on another 

G-200 column. This gave a single peak with a trailing' shoulder and 

almost equal 260 and 280 mp absorptions. The peak fractions and 

the shoulder fractions were pooled separately, concentrated, and 

one-half of each was hydrolyzed in 6 N He,. These four samples were -
then chromatogrllphed on paper in b"o dimensions \tlith phenol-\"ater 

and butanol-propionic ac1o-water, but for some unexplained reason 

the films put on these chromatograms showed no exposure after four 
! 

weeks. 
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. '/ .. , ;.INDUCTION· OF B-GALACTOSIDASE IN- D20CULTURE,~ 

-, "" -

...... Because of the possibi11 ty of learning something more about the' 

process.of induction of B-galactosidase in Escherichia coli, it 
, " ~ 

...... - ;' 
.. 

seemed\l/orthwhfle to attempt growing E. coli in medi a containing 
", ............... 

,. ..•. ;: ,!", 

, 1 

high. concentrations of 020' and then to study the kinetics of enzyme','<' .. :~':. > • 

.. 

.' 
, . 

, . 

production \'1hen these cul tures are induced. 

, Strain r·1L 3 (i+o+z+y·) \-IaS innoculated into r~63 glycerol media 

contaHdng 0, 5U,. 75. 90, and 99% °20. Growth "laS :ollowed by 
, . 

periodically measuring thc optical density at 650 mu.· The lag 

before measurable growth.occurred was longer for each increase in 

020 concentration, and the doubling ti'mc for the 99% D20 culture 

was 3.2 hours. or about twice that for the control ~ulture in nor-

mal medium. 

The cul ture that had grown to stationary phase in 90% 020 \Ol8S . 

subcultured into fresh 90% 020 M63g1yccrol medi~m and induced 

with IPTG at 5 x 10.4 M when the 0.0. reached about 0.4. Samples -
. were removed at one minute intervals and added to ,tubes containing 

.. toluene for assay of B-galactosidase as described in the main body 

of th,is thes,is. The doubling time for this culture was 2.08 hours 

and enzyme activity appeared at 3.0 + 0.5 minutcs after addition -
of the inducer--the same induction lag that is shown by cultures 

gro\'m in 'H
2
0 media •. 
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'" ' This experiment \</as repeated with aste~1le cultu!"c of r11. 3· 

grown to stationary phase in 99% °20 t,163 glycerol medium and sub

cultured in the same medium •. Unan the 0.0·. reached 0.9. IPTG 'lIas 
. 4 

added to a final concentration of 5 x 10· H and samples were taken -
at 30 second intervals for assay ofp-galactosidase. A plot of 

enzyme activity versus tirne after addition of inducer showed the 

appearance of a-galactosidase at 3.1 * 0.3 minutes. The doubling 
. -. 

time for this culture was 3.0 hours. 

One experiment was done in which strain ML 3 was grown in ord1· 

. nary ~t63 glycerol and induced with 5 x 10-4 MIPTG \'/hllc in e~po-.-
nential grO\'/th. Enzyme production \'Ias fallOt-/ed for·10 minutes to 

determine its rate, and then the induced culture was diluted into 

99% 020 1>153 containing 5 x 10-4 .!:! IPTG. One p.art was dilutad 10 

times to give a final concentration of O2° of 90%, and one part was 

", ':.~ .: 

'" '. 

"'j , 

""." " . :', .. , 

. ':"/,': ... 

." .,: 
, .... :. 

. ,':. ~ 

'", ',' 

': ..... . 

", "," .. , 
.,. '." ,'" 

I" -.:' 

. ..' , 
. ,',',', 

diluted 100 times to give a final 99% 02~ concentration. An attempt. . . 

was made to follow both growth and rate of enzyme production in 

both of these cultures. For both the 90% and the 99% 020.cultures, 

a-galactosidase synthesis probably began after the ~ormal 3 minute 
,f:: 

lag: for the lO-fold dilution production\'/as established 4 minutes 

after dilution. and for the lOO-fold dilution enzyme activity "las 

measurable by .10 minutes after" dilution. Data on growth in the 
I 

. I ' 
peri od 1 mmedi ate ly fo 11 ow1 n9 dil ut 1 on '<las not preci se enou9h (be-

cause of the very low O.D.) to determine "/hether growth began at a 

constant ,rate immediately after dilution 1nto the D
2
0 medium. but 

\-/hen established, the doubling time for the 90% D20 culture was 

. '. ":: 

-"./', 
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2.,2 hours and for-the 99% culture was: 3.2 hours. The: specific 

; rateof'synthesi sofB-galactosi dasein 6enzyme un; ts/uni t O. D. 

'. was 5400 for 'an H
2
0, control t 5800 for the 90% cul ture, and 2800 

, ' 

. for the lOO-fo 1 d dll uted cul ture wi th fi na 1, D20 concentrati on 
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APPENDIX III 

),." UPTAKE OF nmUCER BY ESCHE~!CH!l\ COL! -----.-. 
" ." .. 

. Thcseexperi1'1cnts were undertaken in the Fall of 1963 with the 
' .. ' . . 

. h'opeof learning something about ,t.he amount of inducer that \,!Z\s 

,taken in and bound by E. col i 1 n the process of induction of the -- . 

lactose operon •. This work vias done long before the' ac rep~essor 
,'I ......... 

had been successfully,isolated and identified as pr·otein. A per .. 

. mei\se negative strain was IJsed to avoid the complication of con .. ' 

eentration of fnducer that occurs in y+ strains. Nethyl .. 35S- Il- 0-

galactoside (nm) with 11 specific activity of 27 uC/mg was used in 

these experiments. Because of the 87 day half·life of this iso

tope, the labeled TMG was repurified by paper chromato~raphy 

using butanol-propionic acid-water. 

Several experiments of the following uenernl type were carried 

out: a c':!lture of bacteria was grO\·m up, centrifuged, and resus

pended 1 n tw1 ce the volume of the packed cell sto give a 50% sus- . 

pension of cel1s. Equal volumes of labeled nm \~ere added to each 
I . 

of two tubes containing 1.0 ml.of the 50% cell suspension, or 1.0 

rnl of growth medium. The tubes \'/ere then incubated for various 

lengths of t~mp., the cells were centrifuged, and the supernatant 

and the blank tube were counted and the activities compared. The 

ratio of the activity inside the cell to the activity outside the 

cell eQuid then be calculated for different concentrations of T~'lG 

and for different times of incubation. 
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<, ,':' :;': ':',\ F~r a conce~tration of TMG of 1 'x: 10 .. 7 ~1, the kineti cs of up- , 
. . . ... 
t~ke showed that the' uptake 'was about 90% complete after 3 minutes 

of, incub,ation at 370
,' and the final ratio of concentration of in

ducer inside the cell/outside the cell was O~74. Therefore, if 

there "lerono binding of inducer inside the cell, this would 

. ' mean that about 3/4 of the cell volume \'ul"S accessible to the 

inducer. At this concentration of inducer~ about 120 inducer 

molecules would be present in one cell volume if they w~re evenly 

distributed. This result is also consistent with some of these 

inducer molecOles being bound inside the cel', and less than 3!4 

of the cell volume being accessible for equilibration \I/ith 

" inducer. 

A related experiment was dORe in which the same y. strain 

of E. coli was harvested, broken \'1ith the French Press, and cen--- , I 

trifuged •. Th~i supernatant \t/as added to labeled n1G, the mixture 
'I ' 

I 
"las put into a ,dialYSis bag, the bag vias put into 200 ml of gro'f,th 

medium at'Qo, and the' inside and outside of. the bag were sampled 

for scintillation counting at vad.ous lengths of time after the 

,. , bCI)inriin,9 of dialysis. At18 hours, the ratio of activity inside! 

outside \'/3S 1.166. This ratio stabilized after 80-120 hours of 

dial~sis at 0.994. Therefore, no binding of inducer CQuld be 

measured by this method. 

Several unsuccessful attempts \f/ere a1so made to construct 

a column.containing bound inducer whic~ could be used in an 

attempt tQ isolate the repressor molecule from broken cell 
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. suspensions. Sy~en~ beads 8% crosslinked with d1viny1benzene 

were refl uxed \'Ii th tetrahydrofuran and Znc'2 in an attempt to 

get bound residues of the form: styre(le-Cn2-Cf12-CH2-CH20H. 

which could then eventually be linked to an inducer molecule. 

However. no evidence could be found for successful l\od1t1t;ln to 

the beads. 
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.' ATTEMPTED SE~ECTION Pr{()CE!)URES FOR AND AG/UNST s-GALACTOSIDASE .' 

'F' ;/ CONSTITUTIVE STRA!NS . 

~ '. '. 

. . . ~. .... . 
,."",,:: .. 

,The' two compounds phenethyl-o .. D .. galactos1de and cinnamy'-B-

'0-'g~lactos1dewere used in an attempt to select cens of E. co11 '. 
" '. . ," '. . ---- --..-
.' "'.. . · \4nich!IICre phenotypically z under non-starvation conditions. 

. ',:" 

< Since, hydrolysis of these COMf)Ounds by a-galactosidase releases 

· poisonous alaohols, constitutive cells should be selected against, 

and these galacto!;ides are referred to as suicide compounds. 
, . 

· However, when several strains, includ1rtJ i+ ,iM
, y+, and y. t 

'. \ .. ere plated on concentrat1of.ls of l'henethyl ant,:! cinnamyl alcohol 

that \-Iere shown to inhibitlgroWth of these strains, no si1n1fi- .... 

cant decrease in the number of colonies onthe'platcs occurred. 

Or. r~e'vin Cohn (Personal Communication) also found that these 

'galactos1des did not function \1ell as suicid~ 'compounds for 

selection of lactose negative cells, but only flrrested grm1th 

reversibly undar,certain conditions. 

The compound th reony 1-8-O .. ga 1 acto.s 1 de \'/aS synthes 1 zed 

commercially. and \'Ias to be used to select cells that \'1erc 

reSis.tilnt to catabolite repression \lnd hence \'lOuld synth~s1.zc 
.,',' 

a-galactosidase;n the presence of glucose,_··:.n. threonine re-

quiring strain would be used for the selection. since it could 

not grO!,..,,'unless it made a-galactosidase, necessary to make the 

threonine available to the cell. The compound was made and 
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. verified to.ba the ri']ht isomer byNHR. but it'was discovered 

"that a-galactosidase would not hyd~olyze this galactoside 1!l 

vitro. 

Thecom!'ound 2-NH2-l,3-butanediol. which differs from 

., .. ',:threonineonlY 1nhaving a -CaOH in place of-CH20B, WIJS ~lso 

. r 

fed toa threonine requiring strain, but could not be used by 

' .. ' this strain in place of threonine.' 
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