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INTRODUCTION 

The present paper is concerned with the question of the origin and kinetics of 
incorporation of the elements of an inducible (i.e. adaptive) enzyme-protein. The data 
also present some bearings on the more general problem of protein interrelationships 
and protein turnover within growing cells. 

The inducible enzyme fl-galactosidase of E. coli was chosen as object of these 
experiments because of the exceptionally convenient properties of this system 22, x, 2,z. 

A culture of E. coli growing in a medium of mineral salts with a non-galactosidic 
carbon source, such as succinic acid, produces only a trace of ]~-galactosidase. The addi- 
tion of a suitable galactoside to the growing culture is immediately followed by a sharp 
increase of up to 5ooo fold in the rate of synthesis of fl-galactosidase. This high rate of 
synthesis is maintained as long as the bacteria grow in the presence of the inducing ga- 
lactoside (inducer). However, if the inducer is removed, the rate of synthesis falls 
immediately to the original trace value, and any enzyme present at that  time is there- 
after diluted in the increasing bacterial mass. Thus we have a system in which the 
formation of a given protein can be initiated and stopped at will. Furthermore in this 
system, it is possible to use inducers which are not hydrolysed by the enzyme nor utilized 
as carbon and energy source by the bacteria and which apparently do not affect the 
synthesis of the bulk of the other protein. 

The questions we have sought an answer to in the present work are: 
(a) to what extent do other proteins of the cell contribute, either directly (as specific 

precursors) or indirectly (as sources of amino acids or peptides) to the synthesis of 
fl-galactosidase ; 

(b) whether there is any significant turnover of fl-galactosidase within growing cells. 
These questions were clearly formulated, albeit only partially answered, through 

previous immunochemical and nutritional studiesa,4, 5 the results of which should be 
briefly recalled here. 

* This  work  has  been suppor t ed  by a g ran t  of the N a t i o n a l  Cancer  I n s t i t u t e  of the  Na t iona l  
I n s t i t u t e s  of Hea l th ,  Be thesda ,  Mary land .  

** E l y - L i l l y  research  fellow of the  N a t i o n a l  Research  Council,  ~952-I954.  
*** U.S. Publ ic  Hea l th  fellow, i 9 5 2 - I 9 5 4  . 
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Immunochemical  analysis of the fi-galactosidase system 4,5, has shown that: 
I. the induced biosynthesis of fi-galactosidase (Gz) corresponds to the appearance 

of a new protein molecule identifiable as a distinct antigen, not detectable in non-induced 
bacteria; 

2. the non-induced as well as the induced cells contain a structurally related protein 
(Pz) which cross-reacts with the antibody to the enzyme (Gz) ; 

3. the induction of fl-galactosidase synthesis is accompanied by a decrease in the 
overall rate of synthesis of the Pz protein ; 

4. among diverse species of Enterobacteriaceae only those which possess the Pz 
protein are capable of synthesizing the enzyme (Gz). 

These results led to the conclusion that the mechanisms for the synthesis of the 
enzyme (Gz) and of the Pz protein were related and that the two proteins were either 
successive or twin members of the same biosynthetic pathway: 

I . ;till. ac. ~ >  } )z - - >  (~z 

i)r 2. a lu .u '2 .  
" ---~ ( ;z  

However, nutritional and kinetic studies on fi-galactosid'ase synthesis 6 have shown 
that : 

I. virtually all indispensable amino acids are immediately required for fl-galactosi- 
dase synthesis ; 

2. the rate of ~-galactosidase synthesis is a constant fraction of the rate of synthesis 
of total bacterial protein, from the time of addition of the inducer. 

These results suggested that the elements of the fi-galactosidase molecule are not 
derived from other proteins, and also that fl-galactosidase synthesis is essentially irre- 
versible, i .e.  that the enzyme molecule is not in a "dynamic state" within the cells. 

However these conclusions could be directly tested only by studying the incorpora- 
tion of radioactive atoms into fi-galactosidase. The present paper presents the results of 
such a study. Some preliminary data have already been discussed in a general report by 
MONOD AND COHN 7. 

MATERIAl ,S  ANI) ~ fETHODS 

Strai~ 

T h e  m u t a n t  (MI~ 32400)  o f  E. coli M L  s was  used t h r o u g h o u t  t h e s e  e x p e r i m e n t s .  

Media  

Unless  o t h e r w i s e  speci f ied al l  cu l tures  were  g r o w n  ill t i le  sulfur def ic ient  m e d i u n i  61 (13 .6  g 
K H 2 P O 4 ;  2 .o  g NH4C1;  o .2  g m a g n e s i u m  c i trate ;  o . o t  g C a ( N O 3 ) e ;  o .oo  5 g F e C l a ;  i o o o  m l  H oO: 
a n d  sutf ic ient  K O H  to br ing  the  p H  to 7.o.  T h e  c a r b o n  source  (succinic  acid} a n d  the  su l fur  source  
( (NH4)2SO4)  w e r e  a d d e d  s e p a r a t e l y  in the  a m o u n t s  speci f ied in each  e x p e r i m e n t .  

VChen des ired  th i s  m e d i u m  w a s  m a d e  r a d i o a c t i v e  b y  the  a d d i t i o n  of asS "carrier- free" sul fate  
o b t a i n e d  f rom the  I s o t o p e  D i v i s i o n ,  A . E . R . E . ,  H a r w e l l ,  E n g l a n d .  Al l  of the  r a d i o a c t i v i t y  of this  
m a t e r i a l  w a s  prec ip i tab l e  w i t h  b a r i u m  ion.  T h e  a m o u n t  of  Slflfur t h u s  a d d e d  c o n s t i t u t e d  an in- 
s ign i f i cant  f rac t ion  of the  t o t a l  p r e s e n t  in the  m e d i u m .  

Inducer 

T h e  i n d u c e r  used  itl these  e x p e r i m e n t s  w a s  m e t h y L f l  D - t h i o g a l a c t o s i d c  (MTG) s y n t h e s i z e d  b y  
Prof.  HELFERICH ( B o n n ,  G e r m a n y )  9 to  w h o m  w e  s h o u l d  l ike  to  e x p r e s s  our  t h a n k s .  M T G  is no t  
h y d r o l y z e d  b y  the  f l -ga lac tos idase  of  E .  coli, n o r  is  it  m e t a b o l i z e d  as a c a r b o n  source  b y  the  bacter ia .  
T h e  k ine t i c s  of  i n d u c t i o n  b y  M T G  u n d e r  the  c o n d i t i o n s  used  here are s imi lar  to  t h o s e  e x h i b i t e d  
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by  methyl-fl-D-galactoside 6 in tha t  the increase in enzyme is directly proport ional  to the increase 
in bacterial  protein  from the m om en t  the inducer is added, provided a " sa tu ra t ing"  concentrat ion 
of inducer is used ( >  io -4 M). 

Method o[ culture and measurement o[ growth 
The cultures were grown in conical flasks shaken in a 37 D C water  bath.  The methods  used for 

following bacterial  growth have been described elsewhere 6, Under  the comtitions employed here, 
the generat ion t ime in the exponent ial  phase of growth  is one hour.  

Determiuatiol~ o[ fl-galactosidase activity 
fl-galactosidase act ivi ty  of toluenized suspensions of bacter ia  and of extracts  was determined 

in 2. 7. io -a 3I  o-nitrophenyl-fl-D-galactoside (NPG) and o.o5 3I  sodium phosphate  buffer (pH = 7.o) 
at  28'~C by previously described methods  s. The unit  of fl-galactosidase act ivi ty is defined as the 
a m o u n t  of enzyme which hydrolyzes 1 mtt mole of fl-NPG in one minute  under the above conditions. 

Preparation o/the crude extracts 
Crude extracts  were prepared from bacteria  which had been harves ted  by  eentrifugation and 

washed three t imes wi th  o.o 5 M sodium phosphate  buffer (pH ~ 7.o). The volume of culture employed 
for each extract  was sufficiently large to contain a total  of 6. IO 5 units  of fl-galactosidase or approxi-  
mate ly  2 mg of enzyme protein. The wet  bacter ia  were then mixed wi th  an equal weight  of dry 
a lumina  and the mixture  ground for five minutes  in a mortar .  The ground mater ia l  was then taken 
up in an equal volume of o.o 5 3I  sodium phospha te  buffer (pH = 7.o), centrifuged and the super- 
na t an t  saved, while the precipitate was  ground for five more minutes  in the same mor ta r  and then 
taken  up in an equal volume of buffer. This was centrifuged and the superna tan t  mixed wi th  the 
previous one and centrifuged for one hour  at 12,ooo r .p.m, in a Sorvall SS-I centrifuge. The resulting, 
clear supe rna tan t  const i tutes  the crude extract .  All of the above operat ions were carried out  in 
the cold room (o 3 ° C). 

Isolation o/fl-galactosidase 
There are four different stages in the purification procedure:  I. precipitat ion of nucleic acids 

wi th  s t reptomycin;  2. fractionatiorL with  (Ntt4)~SO4; 3- fract ionation by  means  of electrophoresis 
in s tarch;  and 4- specific precipitat ion of the enzyme with  an ant iserum. Unless otherwise specified 
all operat ions were carried out  in the cold room (o--3 ° C). 

i. When  one volume of a i o %  solution of s t rep tomycin  was added to ten  volumes of crude 
ex t rac t  a s t r ingy precipitate formed which, after s tanding overnight ,  was separated by  centrifugation 
and  the supe rna t an t  saved. The precipitate is largely nucleic acid 1°. The ratio of the optical density 
a t  28o m #  to t ha t  at  26o m #  changed from o.55 in the crude ext rac t  to 1.2 in this superna tant .  
No fl-galactosidase is precipi tated by  this  t r ea tment .  

z. A sa tura ted  solution of (NH4)~SO 4 (7oo g + i liter H20  ) was added to the above superna tan t  
to a final concentrat ion of 4o% satura t ion  and the mixture  allowed to s tand for I2 hours.  After 
centr i fugat ion the precipitate was taken up in about  2 ml of o.o2 M t r i s - (hydroxymethyl )amino-  
methane-HC1 (TRIS) buffer (pH = 8.1). This solution was centrifuged for one hour  at i2,ooo r .p.m. 
in the Sorvall SS-t centrifuge and the supe rna tan t  subjected to dialysis against  6 1 of o.o2 M T R I S  
buffer (pH = 8.1). The overall yield of enzyme at  this point  was about  7o%.  

3. The dialysed ext rac t  was  fract ionated by electrophoresis in starch, a method for purifying 
fl-galactosidase tha t  was suggested to us by SWEGELMAY. The electrophoresis appa ra tus  consisted 
of a rectangular  t rough of lucite 5 ° cm long, 3 cm wide and 2 cm high wi th  walls 2 m m  thick and 
open at the top. This trougtx was mounted  horizontal ly and to each end was fastened a section of 
glass wool which made contact  wi th  an electrode vessel containing 4 1 of o.o2 M T R I S  buffer (pH 

8.1) and a carbon electrode. Rhone-Poulenc pota to  s tarch was  washed four t imes wi th  twice 
its weight  of water  and then wi th  o.o2 M buffer (pH = 8.1) until the p H  of the wet  s tarch was 8.t. 
This  thixotropic,  wet  s tarch was then  poured into the lucite t rough to form a layer of L 5 cm high, 
making contact  at each end wi th  the glass wool. The levels of the buffer in the two electrode vessels 
were then  made equal wi th  a siphon and the sys tem allowed to equilibrate for 3-4 hours  at  0-5 ° C. 
Approximate ly  i ml of the dialysed ext rac t  was  mixed wi th  washed, dried s tarch to form a paste  
of the same consistency as tha t  of the s tarch in tile t rough and the mixture  was placed in a hole 
which had been cut  in the s tarch t rough 15 cm from the cathode end. The electrodes were then 
connected to a 45o-5oo volt  D.C. source and a current  of 6 to 7 mA passed th rough  the starch. 
After i5-18 hours  the position of the fl-galactosidase in the t rough was determined by punching 
the s tarch at i cm intervals  along the length of the column with thin-wMled glass capillary tubing 
(diam. ~ i ram), adding a drop of o.oi  M o-nitrophenyl-fl-D-galactoside (fl-NPG) in o.25 M sodium 
phosphate  (pH = 7.o) to the s tarch removed with  the capillary tube,  and observing the appearance 
of the yellow color result ing from the enzyme catalysed hydrolysis  of the fl-NPG. Those i cm sections 
of s tarch t ha t  contained the enzyme were then  removed and each section placed in a glass tube 
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(14 inul ill d i a m e t e r  and  l o c m  long} which  was cons t r i c ted  at  the bo t to lu  arid had a small  ~ll?/OUl?t 
of glass wool p laced in th is  cons t r ic t ion  to p reven t  the s ta rch  from l eak ing  out  of the tul;e. Th+ 
enzvn/e  was then  e lu ted  from the s ta rch  by passing 2.o Inl of o.o 5 .11 sodium ])tiosphate bulle] 
( p i t  7.o) t h rough  tl;te s ta rch  ill tit(_' tube.  

The enzyme  a c t i v i t y  and  r a d i o a c t i v i t y  e l  the eh la tes  were de t e rn lmed  and t h a t  e luate  with 
the lowest  r a d i o a c t i v i t y  to e l l zyme a c t i v i t y  ra t io  c o n s t i t u t e d  the  purif ied enzyme  ex t rac t ,  this 
genera l ly  also be ing  t i le  e lua te  wi th  the m a x i m u m  a m o u n t  of euzymc.  The resu l t s  from two typical  
e lec t rophores is  f rac t iona t ions  are shown in lqg. r. The to t a l  a lnoun t  of e n z y m e  recovered in the 
e lua tes  was abou t  7o % of t h a t  added  t(~ the  s tarch,  whereas  the  e n z y m e  in the  e lua te  t h a t  conta ins  
t i le  n l a x i n m u l  a lnoun t  of enzy lnc  cons t i t u t ed  abou t  1.5 (~{, of t h a t  added.  Thus  the overal l  yield 
from crude to  pur i i icd  e x t r a c t  was about  I O  '~/i" 

The pur i f ica t ion  factor> or tire." ra t io  of t i le specific 
enzyme  a c t i v i t y  (units per  mg sulfur) for the puri t]ed 
e x t r a c t  to t h a t  fer the  crude ex t rac t ,  was abou t  2o for 
e x t r a c t s  der ived  from ful ly  induced bac te r i a  ( [ oo enzyme  
uni ts  per mg bac te r i a l  N). The a p p r o x i m a t e  pur i f icat ion 
factors  for s teps  i, 2 and  3 of the  procedure was ].% 
4 and  3 respect ive ly .  E x t r a c t s  from pa r t i a l l y  induced  
bac te r i a  (enzyme uni ts  per  bacter iM N less t h a n  1oo) 
obv ious ly  exh ib i t  larger  pur i f ica t ion  factors.  

4. The spccilic p rec ip i t a t ion  of the enzyme  was  
car r ied  out  wi th  an t i - e nz ym e  sera absorbed wi th  Pz ~. 
This  t echn ique  is d iscussed l a t e r  {Tabh~ I l l ) .  

Fig. ]. l '21ectrophoresis in s ta rch  of tim ful ly  label led  
enzylne  (full line) and  i ts  i sola t ion control  (dot ted  line). 
See the  p recursor  e x p e r i m e n t  for an e x p l a n a t i o u  of 
these  ex t rac t s .  A. R a d i o a c t i v i t y  iu e lua te  versus  dis- 
t ance  a long the column.  B. Enzyme  a c t i v i t y  in e lua te  
versus  d i s tance  a long  the  column.  The to t a l  enzyme  
p laced  on the  co lumn was  8 . o . i o  ~ un i t s  for the  fu l ly  
label led  e n z y m e  and  5 . 2 ' I o  5 un i t s  for i ts  i sola t ion 
control .  The cond i t ions  unde r  which  the e lec t rophores i s  
took  place were as follows: vol tage  g r a d i e n t  -- 9.z 
volts  per  cm;  cu r r en t  ~ 6 mA;  du ra t i on  of run ~ i6  
hours  for the  ful ly  labe l led  enzyme  and 15 hours  for i ts  

isolat ion c o n t r o l ; t e m p ,  of column - 5 l o ° C .  
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Determina t ion  o / r a d i o a c t i v i t y  

The r a d i o a c t i v i t y  of a g iven  sample  was de te rmined  by  add ing  0.30 ml of the sample  to an 
a l u m i n i u m  cup (i 5 m m  in diam. and 3 mm high) which was t h e n  p laced  under  the  infra-red l a m p  
to dry.  The dr ied  sample  was  p laced  12 m m  under  the  window of a shie lded Geiger  Muller  counte r  
(General E lec t r ic  Company,  E n g l a n d - T y p e  E H M 2 S  wi th  a mica  w indow of 2-3 mg per  em 2 weight)  
and  the  n u m b e r  of counts  per  miml t e  de te rmined .  The efficiency o{ th is  coun te r  was a p p r o x i m a t e l y  
5 % and the shielded b a c k g r o u n d  12 counts  per  rain. All samples  were ana lysed  in dup l i ca te  and  
the t o t a l  n u m b e r  of counts  obse rved  was Mways  g r e a t e r  t h a n  Looo. Under  these  condi t ions  the  counts  
per min  were p ropor t iona l  to the  concen t r a t ion  of the  r ad i oac t i ve  c o m p o n e n t  up to 3 '  IOa counts  
per  min  and  the  r ep roduc ib i l i t y  b e t t e r  t h a n  5 %. Consequen t ly  the samples  were a lways  d i lu ted  
so t h a t  the  r a d i o a c t i v i t y  p u t  on the  a l u m i n i u m  cup was less t h a n  2.5" lo a counts  per  rain. 

EXPERIMENTAl. 

7"he specific labdli~g o/ the protein/raetion o/ the bacteria ~c'~ith radioactivu'~'% " 
If  the synthesis of fi-galactosidase were induced in a culture in which the only 

source of radioactivity was the bacterial proteins, then the isolation of the enzyme and 
the determination of its radioactivity would provide a sensitive means of evaluating 
what proportion of the elements of/7-galactosidase is contributed by other proteins. Let 
us therefore first direct our at tention towards  the problem of specifically labelling the 

llelercJzcc,~ p. s r6. 
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non-/~-galactosidase pro te ins  (i.e. those  
r ad ioac t ive  isotope.  

Since E. coli grows well  in a syn the t i c  
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Fig. 2. Incorporation of radioactive ass by E. coli. 
ML 324oo grown in medium 01 containing a 
limiting amount of (NH4)2SO 4 labelled with 3~S. 
Samples taken at various times and analysed as 
follows. Left: total bacterial nitrogen per ml 
(curve I). Right: - curve T, total radioactivity 
per ml of culture; - curve B, radioactivity of 
bacteria after three washings; - curve P, radio- 
activity of bacteria after above washing, treat- 
ment with 5 % trichloracetic acid (TCA) for 15 
minutes at o-5 ° C, and three washings with 5 % 
TCA; - curve S, radioactivity of supernatant 

after cerltrifugation of culture. 

p roduced  in the  non- induced  state)  wi th  a 

m e d i u m  conta in ing  sulfate  as the  sole source 
of sulfur, i t  is convenient  to  use the  radio-  
act ive isotope of sulfur, asS, as the  label l ing 
a tom.  The expe r imen t  descr ibed  in Fig.  2 
i l lus t ra tes  the  manner  in which the  bac te r i a  
incorpora te  sulfur. Dur ing  the  logar i thmic  
phase of growth,  the  inco rpora t ed  sulfur 
consists of two fract ions : the  t r ichloracet ic  
acid (TCA) soluble f rac t ion (25 % of incor- 
po ra t e d  sulfur) and  the  TCA insoluble or 
p ro te in  f rac t ion (75°o of incorpora ted  
sulfur). When  a p p r o x i m a t e l y  9 o % of the  
t o t a l  sulfur has been incorpora ted ,  t he  
growth  diminishes  and sulfur incorpora t ion  
comes to  a hal t .  At  th is  po in t  the  ra t io  
be tween the  TCA insoluble and  soluble 
fract ions begins to  increase unt i l  all  of the  
incorpora ted  sulfur is in the  TCA insoluble  
or p ro te in  fract ion,  a t  which po in t  g rowth  
ceases. Tha t  g rowth  ceases because of a 
lack  of sulfur is ev iden t  from the  fact  
t h a t  g rowth  will  resume i m m e d i a t e l y  upon  
the  add i t ion  of sulfate to  the  culture.  

These resul ts  confirm the  work  of COVv'IE, BOLTON AND SANDS 11 who found t h a t  the  
incorpora t ion  of a~S of sulfate  in to  t he  pro te ins  of E. coli is p ropor t iona l  to  the  growth.  
S imi la r ly  ROBERTS AND BOLTON 1= found  t h a t  25 % of the  incorpora ted  sulfur of E. coli 
is TCA ex t rac t ab le  and  consists p r i m a r i l y  of g lu ta th ione ,  which can be incorpora ted  
in to  the  p ro te in  fract ion.  T h a t  sulfur which  remains  in the  supe rna t an t  af ter  growth  
ceases has not  been ident i f ied  bu t  i t  a p p a r e n t l y  consists of non-ut i l izable  sulfur since i t  
is not  i nco rpora t ed  b y  bac te r i a  growing in th is  supe rna t an t  supp lemen ted  wi th  a l imi t ing  
amoun t  of non- rad ioac t ive  sulfate.  

F r o m  the  above  da ta ,  i t  is ev iden t  t h a t  the  non-fl-galactosidase pro te ins  can be 
specifical ly labe l led  wi th  t he  r ad ioac t ive  isotope asS b y  s imply  al lowing the  cul ture  to  
grow to  s t a rva t ion  in a non- inducing  med ium which conta ins  a l imi t ing  amoun t  of ass 
l abe l led  sulfate,  the  o ther  components  being kep t  in excess. If  non- rad ioac t ive  sulfate 
and  an inducer  are a d d e d  to  such a s t a rved  culture,  f i-galactosidase will  then  be syn-  
thes ized  in cells whose o ther  p ro te ins  are labe l led  wi th  a~S a l though the  med ium conta ins  
no u t i l izable  35S sulfur. This  is the  sys tem we desire. 

The de novo synthesis o~ fl-galactosidase. Precursor experiment 

E m p l o y i n g  the  above  sys tem,  t he  precursor  expe r imen t  schemat ized  in Fig.  3 was 
performed.  Cells in phase  I were ob ta ined  b y  inocula t ing  a syn the t i c  med ium t h a t  
conta ined  a l imi t ing  amoun t  of asS-labelled sulfate and  no inducer.  This  cu l ture  was 
al lowed to  grow to  a m a x i m u m  (i.e. unt i l  all  of the  sulfate had  been uti l ized) and  was 
kep t  in th is  s t a rva t ion  s ta te  for one hour  so t ha t  all of the  incorpora ted  sulfur was in the  
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p ro te in  fraction.  These cells in phase i were then  al lowed to pass into phase, I I  bv  
d i lu t ing  the  s t a rved  cul ture  into a non- rad ioac t ive  med ium t h a t  conta ined  the  inducer ,  

I u methyl- /?- l ) - thiogalactoside (MTG), and  
( :~,>:.: ......... ~,,~.,,~, the  same l imit ing amoun t  of sulfate as 

~c~<~N<, ,%~ ~::::?:*::s~+~.,*~:, ' t  p revious ly  employed,  bu t  not  label led 
"~3"~%~'~:~ ~'\~ = "~  ......... "'~ ..... with I m m e d i a t e l y  upon cffecting this  

~ ~ , ' ~  ~ i i i ~ ~  di lut ion,  the  bac te r i a  began to  grow and  
~,~o~o,~cr~vE 3 ,o~ ~Ao/o,~cr/v~ s synthesize  ~-galactosidase,  th is  growth 

~o ~uouce~ sua~u~ /uoucen and synthes is  ceasing when the  newly 
57ARVAT I , g t /  ~ . 

added  sulfate was consumed.  Three dif- 
ferent  d i lu t ions  were made  in order  t h a t  
cul tures  could be ob ta ined  in which the  
specific enzyme ac t iv i ty  var ied  from 5 

Fig .  3- S c h e m a t i c  o f  t]lc 1 ) r ecu r so r  e x p e r i m e n t .  
R e c t a n g l e s  r , : p r c s c n t  t o t a l  b a c t - r i a l  p r o t e i n .  
C e n t r a l  r e c t a n g l e  r e p r e s e n t s  / ] -ga l ; i c to s idas ( ' .  

S h a d i n g  i n d i c a t e s  r a d i o a c t i v i l \ .  

to  58% of the  m a x i m u m  found in ful ly  induced  cultures.  Fo r  if a pa r t  of the sulfur 
of /3-galactosidase were der ived  from pre-exis t ing  proteins ,  then  the fract ion of the  
enzyme synthes ized  in i t ia l ly  should conta in  the  highest  propor t ion  of 35S and con- 
sequen t ly  the  ~-galactos idase  i so la ted  from cul tures  of lower specific enzyme ac t i v i t y  
should have  the  higher  ra t io  of r ad ioac t i v i t y  per  enzyme unit .  These three  s t a rved  
cul tures  were then  ha rves t ed  by  cent r i fugat ion  and the  bac te r ia  washed and ground  up 
to  make  the  crude ex t rac t s  from which the  enzyme was isolated.  The de ta i l s  and  resul ts  
of th is  cul ture  phase  of the  precursor  expe r imen t  arc presented  in Table  I. 

T A I 3 L E  1 

P R E C U R S O R  E X P E R I M E N T  C U L T U R E S  

Cultures 

Bacterial concentration 

Initial Final-starved % Total Initial 
growth occurring (units/ml) 

(pg N/ml) (#g N/ml) in phase I I  

Enzyme co~entration 

Final-starved Initial Final specifw 
- -  activity 

(units/ml) ±oo Final (units/~g N) 

P h a s e  I < o. i i IS o 7 0 .06  
P h a s e  I I  A ~ 0 6  120 i 0 6 630  i .o 4 .8  

B 89  [24 28 5 3 ,9  ° 0  o .13  32 
C 67 i i 8 43 4 6 , 8 o o  o .o6  5 S 

F u l l y  l a b e l l e d  <~o.L r i 2  o ~ i , 2 o o  too  
E n z y m e  c o n t r o l  

M e d i u m  fo r  p h a s e  1 w a s  t h e  m e d i u m  61 p l u s  i o  m g  s u c c i n i c  a c i d  p e r  m l  a n d  3 8 / ~ g  o f  asS l a b e l l e d  
(NH4)2SO 4 per ml (9.2/~g S per ml). The specific radioactivity of the sulfur was 1.9" Io 4 counts 
per minute per/~g S. The medium added to achieve phase II was the medium 61 plus io mg succinic 
acid per ii11, 38/~g non-radioactive (NHa)2SO 4 per ml, and sufficient methyl-fl-D-thiogalactoside 
(MTG) to obtain a final concentration of I .o. io -3 1~1 f. The medium used for the fully labelled enzyme 
control was the same as that employed in phase I but contained in addition MTG at 5.o" lO .4 M. 

Before considering the  results  ob ta ined  upon isola t ing  the  enzyme from these ex- 
t rac ts ,  we must  discuss the  controls  t h a t  were used. The first control  was designed to  
ob ta in  asS-labelled f i-galactosidase in which the  specific r ad ioac t iv i ty  of the  sulfur was 
the  same as t ha t  of the  r ad ioac t ive  med ium employed  in phase  I above.  We shal l  call  th is  
the  / u l l y  l a b e l l e d  enzyme.  I t  served as a s t a n d a r d  of compar ison  whereby  the  radio-  
ac t i v i t y  of the  enzyme iso la ted  from the  three  ex t rac t s  could be evalua ted .  Thus a 

16,/t, r e , c c s  p t z6  
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medium identical with that used in phase I except that it contained the inducer MTG, 
was inoculated with a trace of E. coli (see Table I). This culture was allowed to grow 
to its sulfur limit, was harvested by centrifugation and the bacteria washed and ground 
up to provide an extract containing the fully labelled enzyme. 

The other controls consisted of artificial mixtures of an extract of non-induced 3sS- 
labelled bacteria with an extract of fully induced non-radioactive bacteria. The enzyme 
isolated from these controls should contain no radioactivity if all the other proteins 
had been eliminated in the isolation procedure. Consequently these controls check the 
isolation technique and will be referred to as isolation controls. Two such controls were 
made: one containing the same radioactivity and enzyme activity as the fully labelled 
enzyme extract and the other duplicating the radioactivity and enzyme activity of 
extract A (phase II). 

" F A B L E  I I  

PRECURSOR EXPERIMENT EXTRACTS 

Enzyme activity Radioactivity G = Radioactivity 
Extract (units/ml) (counts/minlml) Enzyme activity 

(countslminlenzyme unit) 

P h a s e  I I  
:k c r u d e  

pur i f i ed  
B - c r u d e  

• p u r i f i e d  
C .- c r u d e  

p u r i f i e d  

( ' on tro l s  
i .  l : u l l y  l a b e l l e d  e n z y m e  - c r u d e  

pur i f i ed  
2. I s o l a t i o n  c o n t r o l  for 

fu l ly  l a b e l l e d  e n z y m e  - c r u d e  
- pur i f i ed  

3. I s o l a t i o n  c o n t r o l  for  
p h a s e  1 I -A - c r u d e  

pur i f i ed  

X io  -4 X IO 4 

t . 4 o  ~o9 78 
o.42 o.91 2 . t  
6.8 13o I9.~ 
2.64 1.38 0.52 

~2.o 84 7.0 
8.0 0 .95 o. I18  

lO.I 110 IO.9 
4.2 2.78 O.66 

lO. 5 lO9 Io .4  
5.0 1.33 0.27 

1.37 91 60 
0 .60  0.45 0.7o 

T h e  p r e p a r a t i o n  of t i le  c r u d e  e x t r a c t s  an d  t h e i r  p u r i f i c a t i o n  are  d e s c r i b e d  in ~IATERIALS AND 
METHODS. 

The essential element in the isolation procedure consisted of a specific precipitation 
of the enzyme by anti-fi-galactosidase serum. This serum was completely absorbed with 
an extract of non-induced bacteria, and then fractionated 4 to isolate the antibody- 
containing y globulin. This preparation would not precipitate with Pz, or for that matter 
with any other protein in the inactive extract, but it continued to precipitate the enzyme. 
Since the antibody did not inactivate the enzyme it was possible to determine the 
enzymic activity as well as the radioactivity on the washed specific precipitate. With 
the purification procedure which was finally adopted the isolation control contained 
only o.4% of the radioactivity of the fully labelled enzyme (Table III). Thus a technique 
was realized whereby fl-galactosidase could be isolated from an extract containing only 
2-3 mg of enzyme, representing less than o.2 % of the total material. 

Bearing in mind the significance of these controls, let us now turn our attention to 

l?eferences p. ±z6.  

S 
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T , \ B L I  

P R E C U R S ( ) I ~  E X P E R I M E N  

Totals 

Purified extract Enzyme  activity 
(units × zo -a) Radioactivity 

(counts~rain × ro -~) 
/rom extracl carrier total 

Phase  I I 
A 6.0 -6.8 32.8 t2.9 
13 29,o - 29.0 t5,2 
C 28.0 - 28.o 3.3 

Controls  
I. Fu l ly  label led  enzyme  25. 4 -- 25. 4 iti. 7 
2. I so l a t ion  cont ro l  for 

ful ly  label led  enzyme  27. 5 27.5 7.3 
3. I so la t ion  control  

for s t a t e  2, I 8. 3 24.o 32.3 t~.3 

f l -galactosidase was  p r e c ip i t a t e d  fronl the  e x t r a c t s  by  add ing  I.OO ml of a n t i s e r u m  capab le  of 
p r ec ip i t a t i ng  4 '  I°4 uni ts  of enzyme  (MATERIALS AND METHODS) to 2.OO ml Of e x t r a c t  con ta in ing  
a p p r o x i m a t e l y  3" lO4 un i t s  of enzyme.  In  the  case of phase  I I -A  and i t s  i so la t ion  control  i t  was  
necessary  to add  car r ie r  enzyme  (pa r t i a l ly  pur i f ied  non- rad ioac t ive  enzyme  ex t rac t )  because  of the  
smal l  a m o u n t  of enzyme  recovered  in  the  pur i f ica t ion  procedure .  I m m e d i a t e l y  af ter  m i x i n g  the ant i -  
se rum and the  e n z y m e  ex t rac t ,  a o . ioo  ml sample  was  w i t h d r a w n  and ana lysed  for enzyme  a c t i v i t y  
and  r a d i o a c t i v i t y  (totals).  The m i x t u r e  was  then  a l lowed to s t and  in  a 37 ° C b a t h  un t i l  the  p rec ip i t a t e  

the results of the precursor experiment, summarized in the last column in Table I I I  
which gives the radioactivity per enzyme unit for the fl-galactosidase in the various 
extracts, relative to that  of the fully labelled enzyme. In considering the relative radio- 
activity of the enzyme in the three experimental extracts A, B and C, the amount of 
radioactivity corresponding to the trace amount of enzyme synthesized in the non- 
inducing radioactive medium employed in phase I must be taken into account. Thus in 
the case of sample A, I .o% of the total enzyme extracted would be expected to be fully 
labelled since this percentage was synthesized in phase I (see Table I). In samples B and 
C only o.13 and o.o6°0 of the total enzyme would be expected to be fully labelled as a 
result of synthesis in phase I (Table i). The relative value for the radio-activity per 
enzyme unit found in the specific precipitates should therefore be corrected by sub- 
stracting the percentage of enzyme in tile extracts that  is flllly labelled due to synthesis 
in phase I. Such a correction shows that  for samples A, B and C, the amount of radio- 
activity associated with the enzyme synthesized in phase I I is respectively o.I, o.8 and 

o/ of that  of the fully labelled enzyme. Since there is no definite order to the wflues 0.I /o 

(l'.e. A > B > C) and since these values are within the range of reproducibility of tile iso- 
lation controls, we may conclude that  in each sample less than o.8 % of tile sulfur of the 
sulfur of the enzyme synthesized in phase I I  was derived from non-/3-galactosidase 
proteins synthesized in phase I. This result, taken in conjunction with the fact that  in 
sample A the enzyme level was only 53/o of that  found in the fully induced bacteria, 
indicates that  if any protein precursor of fl-galactosidase exists in the non-induced 
bacteria, its level (expressed as amount of sulfur per bacterial nitrogen) must be less 
than o.o 4% of that  for fi-galactosidase in full?," induced bacteria. 

Thus the possibility that  tile Pz protein is a precursor of fi-galactosidase is effectively 

R<,/c,, c m c . ~  p. ~ • ~). 
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I 

SPECIFIC PRECIPITATES 

Supernatants Precipitates 

Radioactivity 
Enzyme activity Radioactivity Enzyme activity Radioactivity C = Enzyme activity Percent ol C 
(units x zo -a) (counts~min × /o -a) (units × ~o -a) (¢ountsl"min × io -a) counts:rain ]or ]ully labelled 

0.48 i2.6 29.6 (5.4) 0.027 0.0050 I.I 
1.29 I4.4 26.o o.I 12 o.oo43 o.9 
0.085 3.0 26.2 o.o19 0.0oo72 o.16 

0.093 5-4 25. 9 11.6 0.45 ioo 

o. 12o 7-3 27.8 o.o52 o.oo 19 o.42 

0.35 6. 4 28. 3 (7.2) O.Ol 3 o.oo18 o.40 

had flocculated (ca. 2 kours). It was centrifuged and the supernatant withdrawn for analysis. The 
precipitate was washed three times with cold (o 5 ° C) o.85 % NaCI solution, suspended in i.oo ml 
of o.o 5 34 sodium phosphate buffer, pH = 7.o, and the enzyme activity and radioactivity of this 
suspension determined. 

The values in the parentheses in the column for enzyme activities of the precipitate equal 
the amount of enzyme from the extract (i.e. after correction was made for carrier enzyme). The 
C values in tlxe next to last column are calculated from these corrected enzyme activities. 

e l iminated.  For  the  Pz prote in  level in non-induced bac ter ia  (expressed as immunologica l  

combining  uni ts  per  bacter ia l  nitrogen) is approx imate ly  30 % of the enzyme (Gz) level  

in fully induced bac ter ia  ~ and consequent ly  if the  Pz protein were a precursor of the 

enzyme,  one would be forced to the  highly improbable  conclusion tha t  the  amount  of 

sulfur per uni t  of Pz prote in  would have to be less t han  o.I % of t ha t  for the  enzyme.  

More general ly,  the results of the precursor exper iment  indicate  t ha t  fl-galactosidase 
is synthesized exclusively from mater ia l  tha t  is assimilated after the addi t ion of the 

inducer  and hence proteins  exist ing in the  non-induced bac ter ia  play no significant role 

as precursors.  

The  stability o /pro te ins  in vivo 

A second conclusion can be drawn from the results of the precursor exper iment ,  

namely,  tha t  non-C3-galactosidase proteins are stable, not being degraded to amino 

acids by any mechanism. For  if the s ta te  of the proteins  wi th in  the cell consists of a 
cont inual  synthesis  from and breakdown to the i r  const i tuent  amino acids (i.e. state of 

" d y n a m i c  equi l ibr ium") ,  then one would expect  the fl-galactosidase synthesized in 

phase I I  of the exper iment  to be labelled with  35S as a result  of the breakdown of the 

radioact ive  proteins.  Since the amount  of rad ioac t iv i ty  found in the enzyme synthesized 
in phase I I  was less than  0.8 % of t ha t  for the  fully labelled enzyme,  we can conclude 

tha t  the rate  of b reakdown of the non-fl-galactosidase proteins  must  be less than  one 
percent  of the ra te  of synthesis.  Tha t  this  is t rue  is clear from a considerat ion of the 

following d iagram : x x ~ 4. 
SO a ~ ÷ sulfur containing amino acids - - ¢ -  proteins 

l , I 
Re/erences p. ~r6. 
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in which x equals the rate of net synthesis of the proteins and y equals the rate of 
breakdown. The specific radioactivity of the sulfur in the non-fi-galactosidase proteins 
in sample A is 84% of that of the proteins in t)hase I or of that of the fully labelled 
enzyme (see Table I). Hence the minimum specific radioactivity of the sulfur in the 
amino acids resulting from any breakdown of these proteins would be 84 o; of that of the 
fully labelled enzyme. Since the sulfur-containing amino acids synthesized directly from 
the sulfate of the medium during phase II cannot be radioactive and since there is no 
appreciable amino acid pool in E. coli, then the specific radioactivity of the sulfur in the 
total amino acids which act as precursors to protein synthesis would have a minimum 
specific radioactivity that was 84y/(x -~- y) percent of that of the fully labelled enzyme. 
Thus the fl-galactosidase synthesized from these amino acids would have a minimum 
specivc radioactivity that would also be 84/(x + y) percent of that of the fully labelled 
enzyme. Since the enzyme in sample A that was synthesized in phase II was found to 
contain less than 0.8 % of the radioactivity of the fully labelled enzyme, then 84y/(x + y 
must be less than o.8, or y/(x + 3') must be less than o.oi ,  i.e. the rate of breakdown of 

T A B L E  IX" 

STABILITY OF /~-GALACTOSIDA.qE DURING BACTERIAL GROWTI4 IN THE ABSENCE OF AN INDUCER 

I. C u l t u r e s  

Bacterial concentration Enzyme concentration (units'ml) 

Culture Initial I,'znal 
D*g N ' m l )  (1~  N / m l )  In i t ia l  F inal  

l>hase I .~ o. [ ()5 (? l o, 15 ° 
l )hase  11 I2.O ,2(> ) ,3oo ) .20o 

M e d i u m  for  p h a s e  I w a s  t h e  m e d i u m  61 p lus  )o m g  s u c c i n i c  ac id  per  ml,  3 8 /~g  ( N H , ) ~ S O  4 
p e r  m l  a n d  5" ~o-4 M M T G .  T h e  m e d i u m  for p h a s e  II  w a s  t h e  s a m e  e x c e p t  t h a t  the  M T G  w a s  o m i t t e d  
a n d  t h e  ( N H 4 ) I S O  4 w a s  l a b e l l e d  w i t h  ass  such  t h a t  t h e  spec i f i c  r a d i o a c t i v i t y  of  t h e  su l f l l r  w a s  t .O'  ~o 4 
c o u n t s  p e r  ra in  p e r  # g  S, i . e .  the  s a m e  as t h a t  e m p l o y e d  in t h e  p r e c u r s o r  e x p e r i m e n t .  

I I .  E x t r a c t s  

Ieadioactivity 
E n z y m e  activi ty Radioact iv i ly  C - -  

Extract  ( u n i t s ' m l  × io ~2 (counls, 'min~ml .; t .  4) F n z y m e  activity 
(£oltllts lltl'tl enzyme unit) 

P h a s e  11 c r u d e  f.74 i 2¢> 72 
purif i ( 'd  I. 2<) o.o.S ,). 7 ° 

.Gee MATERIALS AND ME'I'H()I)S for the  ])r~.p;trati()lt of t lw c r u d ,  ¢ 'x t rac t  a m l  t h t  It r i i i c l t i o  
| ) r occdurc .  

I 11. St)ecific p r e c i p i t a t e s  

P)~ri/icd e.vlract 

/font eMrat[ 

t 'hase  II 15.7 

Tota l 

t~n~vmg ~tcttz,lf) ( ttnits z !(, :U 
lCadioaaivlll 

i'c~)tents mi)l • r 
carrier lol tl 

2( ) -7  3 I'. I I [ . q  

See  the  l e g e n d  of  T a b l e  l I I  for a d e s c r i p t i o n  of the  m e t h o d  a n d  an  ( ' x p l a n a t i o n  of t h t  d~tta 
g i v e n  in t:he v a r i o u s  c o l u m n s .  T h e  fu l ly  l abe l l ed  cnzvm,*  con t ro l  is t h a t  Xixcn in l a M e  III since, 

f f e / e r e ~ z c c s  p .  l x 6 .  
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the non-fl-galactosidase proteins must be less than one percent of the rate of synthesis. 
The validity of this interpretation is dependent upon the assumption tha t  all of the 

amino acids derived from the proteins are re-utilized for protein synthesis. That  this- 
assumption is reasonable is supported by the work of COWlE, BOLTON AND SANDS 11 
who showed that  amino acids once incorporated into the protein of E. coli are not 
released to any significant extent into the medium. This result, which we have confirmed, 
is also a striking demonstration of stabili ty of the proteins of E. coli during growth. 

This conclusion, surprising in view of the generally accepted idea of the "dynamic 
state" of proteins in vivo, led us to investigate the stabili ty of the fi-galactosidase by  the 
very simple and sensitive experiment schematized in Fig. 4. Cells in phase I were ob- 
tained by allowing the bacteria to grow to a limit on non-radioactive sulfate in the 
presence of the inducer, MTG. These starved cells were washed to remove the inducer 
and were then placed in a non-inducing, a~S-labelled sulfate medium in which a ten-fold 

increase in bacterial mass took place 
I I I  

NO/Y RADIOACTIVE S RADIOACTIVE S 
INDUCER SULFUR NO INDUCER 

5TARVAI'/ON 

Fig. 4. Schematic of exper iment  for determining 
the stabil i ty of fl-galactosidase during bacterial  
growth in the absence of an inducer. (Same 

symbol ism as in Fig. 3). 

before growth stopped due to lack of 
sulfate (phase II). I t  can be seen from 
Table IV that  the total  enzyme in the 
culture remained constant during growth 
in phase II .  Thus any incorporation of ass 
into the enzyme is a measure of both the 
amount of synthesis and of the amount of 
breakdown of the fl-galatosidase in phase 
II ,  i.e. in bacteria growing in the absence 
of the inducer. From Table IV it can be 
seen that  the amount of radioactivity 
in the enzyme isolated from phase II  

bacteria is only 0.4% of tha t  of the fully labelled enzyme. The isolation control for 
sample A of the precursor experiment also applies to this experiment since the enzyme 
activity and radioactivity of the crude extracts are approximately the same. The fact 
that  the phase I I  enzyme has the same radioactivity per enzyme unit as its isolation 
control makes it highly improbable that  the radioactivity in the phase I I  enzyme is 
significant. In any case it must be less than o.4°./o of that  of the fully labelled enzyme. 
This means tha t  less than o.4% of the enzyme could have been broken down while the 
total bacterial mass increased by 9ooo0 . Since in the presence of an inducer such as MTG 
the increase in the enzyme is proportional to the increase in bacterial mass, then the 
rate of breakdown of the enzyme during bacterial growth in the absence of the inducer 
is less than o.2% of the rate of synthesis of the enzyme in the presence of the inducer. 

En=yme acliPltv 
(un i t s  ~ I~, 3) 

().44 

,qupermda~tt Precipitate 

Nadioactivilv 
C - - -  : Percent o] C 

Radioact iv i ty  E n z y m e  activity Radioact ivi ty  E n z y m e  activity .t¢~r [ully labelled 
( . . . . .  t s 'm i  . . . . .  a) (un i t  . . . . .  ~'.,' ( . . . . .  ts, 'mi . . . .  -a)  ( . . . .  i s m i n ~  . . . .  ~ . . . .  

\ enzyme units  / 

I J.b 3o.3 (~3. [! o,o2 4 o.oo],s 

sulfur ()f the same specific radioact ivi ty  was us(td in the two expcriment:s. 

o . . t  o 

lee/eremites p. I i6 .  
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T A B L E  V I  

STABILITY OF ~-GALACTOSIDASE DURING BACTERIAL GROWTH IN T I l E  PRESENCE OF AN INDUCER 

EXTRACTS 

Radioactivity 
Enzyme activity Radioactivity C = : 

Extract (units/rat x ~o -* )  (counts/min,~ml × ~o_4) E n z y m e  activity 
(counts,min lenzyme unit) 

Phase I 

Phase I I  

Phase  I l I  
A 

B 

C 

- c r u d e  32 256 8.0 
- purif ied 9.5 3.4 0.36 
- c r u d e  2. 5 20.8 8. 3 
- pu r i f i ed  i -9 o.78 ° .41 

- crude 3.8 25.4 6-7 
- purif ied 2.2 0.66 0.3 ° 
- c r u d e  6. 7 14. 4 2.* 
- purif ied i-9 o .20  O.lO5 
- c r u d e  lO. 3 13. 4 1. 3 
- purif ied 6.9 0.56 o.o81 

See NIATERIALS AND METHODS for the  preparat ion  and purif icat ion of the  crude extracts .  

If there were no breakdown of fl-galactosidase in phase III of the experiment, then 
the total amount of radioactivity associated with enzyme should remain constant and 
hence the enzyme radioactivity per ml should be 
the same for cultures in phase II, and phase III, 
(samples A, B and C). The enzyme radioactivity 
per ml of these cultures is equal to the enzyme 
concentration in the culture (E) multiplied by the 
radioactivity per enzyme unit (C) found in the 
specific precipitate. If no breakdown took place 
during active enzyme synthesis, then E . C  = K ,  a 

constant, and consequently a plot of C versus I /E 
should yield a straight line with slope K and in- 
tercept at the origin. When the data are plotted 
in this fashion (Fig. 6) it is clear that they fit 
such a straight line. The curved dashed line in 
Fig. 6 is the curve that would be expected if the 
rate of breakdown of fi-galactosidase were ten 
percent of the rate of net synthesis. This curve 
definitely lies outside the limits of experimental 
error associated with the determination of the C 
and E values, these errors being such that the 
lowest breakdown rate detectable would be 5 o//o of 
the rate of net synthesis. Therefore the rate of 
breakdown of /~-galactosidase during bacterial 
growth in the presence of the inducer must be 
less than 5 % of the rate of net synthesis of the 
enzyme. 

Although this latter experiment is less sen- 

a4 C 

Phase 

y 
2~ $ 0  75 ~00 

Fig .  6. Stabi l i ty  of f l-galactosidase 
during bacterial  g ro wth  in the  presence 
of an inducer.  Abscissa:  Inverse  of en-  
z y m e  ac t iv i ty  (units  per ml) in the  cul- 
tures  during phase II and phase I I I  
(A, B, C) of the  exper iment  schemat ized  
in Fig.  5. Ordinate:  rad ioac t iv i ty  to 
e n z y m e  ac t iv i ty  ratio of the  specific 
precipi tates  g iven in counts  per m i n .  
The dashed-l ine represents  the  expected 
curve  if the  rate  of b r e a k d o w n  were 
lO% of the  net  rate of synthes is .  The 
errors invo lved  in the d e termin a t io n  of 
C and E are approxin la te ly  seven and 

f ive percent  respect ively ,  a 

0.2 

01 

sitive than the previous two it nevertheless indicates that fl-galactosidase synthesis in 
1,:e/erences p. II6.  
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l . \  HI .E 

STABILITY OF fl-(L-\I~A('TOSII)ASI~ I)URIN(~ t~,.\CTP;RIAI_ (;ROXVTH IN 

Purified extract 

Totals ,qupernatams 

Enzyme activ#y Radioactivity Enzyme activity Radioactivaty 
(units × ro -s)  (counts/rain / r .  -3) (units × lo -3) /counts/rain z so-~) 

P h a s e  l 27. 5 9.S o. [ l o  ~)()S 
Phase l I  ,.s.(~ I l. 7 o. i 2o 2.2.5 
Phase I l I  

A 23 .o  S. 5 o. 10o ~.7S 
II 2N.2 :~.o t)..~o o.i)t) 

(" J7.5 2.2 5 O.OTS i .oo 

See the legend of Table I for a description of the method and an explanat ion of the data  
given in the various columns. Note tha t  the average C value for the specific precipitate of phase I 
and phase I I  (fully labelled enzyme) is ~8°// /o of tha t  found for the fully labelled enzyme in tile 
precursor  exper iments  (Table I l I ) .  This is due to the fact tha t  the sulfur used in this exper iment  
had a specific radioact ivi ty tha t  was 71 ° /  of tha t  used in the precursor  exper iment  (Tables f and V). 

the presence of the inducer is an essentially irreversible process. Therefore we must 
conclude that the proteins of E. coli are extremely stable molecules in vivo, synthesized 
by essentially irreversible reactions. 

DISCUSSION 

The results reported above should be discussed in relation to the specific problems 
of enzyme induction, before considering their bearings on the more general problems 
of protein synthesis and turnover. 

The incorporation data demonstrate conclusively t ha t  the induced synthesis of 
fl-galactosidase involves the complete, de novo, formation of the protein molecule from 
its elements. The hypothesis that the induced enzyme is a conversion product of another 
protein, formed and accumulated in the absence of inducer, is eliminated. Thus the 
relationship of the Pz protein to fl-galactosidase can not be one of a precursor to a final 
product. However, the remarkable structural and physiological relationships of the two 
proteins remain a very significant fact, which can be understood on the assumption that 
the two molecules are synthesized by tile same mechanisms,  or at the same sites. This 
invites certain interesting speculations concerning in particular tile analogy between the 
Pz-Gz system and the normal and antibody globulin 13, 14 systems. However these aspects 
need not be considered now, since tile data presented here have no specific bearings 
upon them. 

It should be noted that our experiments involved a step of sulfur starvation during 
which sulfur from tile TCA soluble fraction was incorporated into protein. The experi- 
ments do not exclude, therefore, the possibility that such materials might function as a 
source of elements for fl-galactosidase. Cowle et al. is have observed that E. colt B nor- 
really contains a certain alcohol-soluble "protein" fraction which disappears during 
sulfur starvation. If such material could serve as reserve of sulfur for/~-galactosidase, 
it would not have been detected by our experiments. However the same workers have 
found that under normal conditions of gro~th, no sulfur from this particular fraction 
went into other proteins. 

Ne/e reme s  p.  H 6 .  
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TI-IE PRESENCE OF AN INDUCER. SPECIFIC PRECIPITATES 

113 

Precipitates 

Radioactivity 
C =  

Enzyme a, aivity Radioactivity Enzyme activity Percent o/ C 
(units × , o - ' )  . . . .  ts/min × 7.0 -8) / . . . .  ts'min "~ /or phase I I  

k J enzyme unit 

26. 4 c}.o 0.34 95 
25.4 9.2 0.36 IOO 

26.8 6.6 0.25 60 
26.2 2.08 0 .079 2 [ .9 
25.0 I . r 8  0 .047 13.o 

T h u s  if  t h e  C v a l u e s  a re  c o n v e r t e d  to  t h e  m o r e  a b s o l u t e  q u a n t i t y ,  t h e  n u m b e r  of s u l f u r  a t o m s  p e r  
e n z y m e  u n i t ,  w i t h  t h e  a id  of t h e  spec i f ic  r a d i o a c t i v i t i e s ,  t h e n  t h e  v a l u e s  4 .6 .  I o  n a n d  4.9" IO11 a t o m s  
S / e n z y m e  u n i t  a r e  f o u n d  for  t h e  p r e c u r s o r  e x p e r i m e n t  a n d  t h e  a b o v e  e x p e r i m e n t  r e s p e c t i v e l y .  T h e s e  
t w o  v a l u e s  a r e  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r  i n v o l v e d  in  t h e  d e t e r m i n a t i o n  of t h e  C v a l u e s  (ca 7 % )  
a n d  t h e  spec i f ic  r a d i o a c t i v i t y  (ca i o  %) .  

I t  should also be remarked that  our experiments were carried out with labelled 
sulfur and therefore the conclusions apply rigorously only to the sulfur-containing 
precursors. However an experiment similar to our "precursor" experiment has been 
carried out by  SPIEGELgAN using carbon-I4 as a label, with essentially similar results 
(personal communication). 

The incorporation data also demonstrate that  fl-galactosidase, once formed, is 
stable within the cells. These observations therefore confirm the tentat ive conclusions 
drawn from previous kinetic and nutritional studies 6. Induction in the case of fi-galacto- 
sidase, results in the initiation or acceleration of an esssentially irreversible process. 
The enzyme is evidently not in "equilibrium" with a precursor, nor with any other protein 
within the cells, nor with a pool of precursors or amino acids. Therefore, all interpreta- 
tions of enzyme adaptation in terms of the alteration of an "equilibrium" between 
proteins within the cell 16,17, is, 33, 24, are shown to be inadequate. 

This leads us to considering the broader aspects of our findings. As we have already 
noted, the results demonstrate not only that  fl-galactosidase is irreversibly synthesized, 
stable, and static within the cells, but that  this must be true of essentially all, or at least 
of the bulk of E. coli proteins. A simple calculation (p. lO7) shows tha t  if there is any 
degradation of proteins, or exchange of amino acids between proteins within the growing 
cells, the rate of such a process must be so low that  it plays no role in fixing the net rates 
of protein synthesis. Nor does this process contribute appreciably to determining the 
relative composition and structure of the growing cells, as far as proteins are concerned. 
In other words, all or most proteins, within E. coli cells, are in a static, not in a dynamic 
state. 

These results might therefore appear, at first, to be at variance with the classical 
findings of SHOENHEI~ER and his school on the turnover of proteins in the body or 
tissues of higher organisms. Rather  than concede that  this inconsistency implies that  the 
cellular state of the proteins in mammalian tissues is essentially different from that  in 
E. coli, we have sought an explanation for this inconsistency in the different properties of 
the two systems. 

R e / e r e n c e s  p .  g 6 .  
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One objection that we should like to dismiss before considering tile different proper- 
ties of the two systems is that our experiments were of too short a duration to detect 
degradation rates of the order of magnitude of those found in mammalian system. It  
is obvious that the rate of degradation must be a significant fraction of the rates of 
synthesis if the concept of a "dynamic state" is to have any general physiological 
significance at the cellular level. Therefore it is the rate of degradation relative to that 
of synthesis which is of importance and not the absolute rate of degradation. 

The critical question appears to be the interpretation of the incorporation data in 
tile case of the mammalian systems. The interpretations of such data in terms of a 
"dynamic state" of the protein molecules within the cells involve some inherent am- 
biguities. The nature of this difficulty is evident when one considers the degree of 
homogeneity of the cellular populations in the two systems. 

The bacterial system used in our experiments consists of a homogeneous population 
of cells in which there is no observable cell lysis or secretion of proteins from the cells 
and where all the cells are placed in an identical environment. The incorporation data 
are therefore interpretable in terms of the synthesis and of the state of the proteins 
within the cells. Any renewal would have to be interpreted as reflecting a dynamic 
state of the protein within the cells. However, as we see, no such renewal is detected 
with these homogeneous systems. 

Mammalian systems on tile other hand consist of heterogeneous populations of cells 
placed under different environmental conditions in which some cells grow and multiply, 
some die and lyse, others secrete large amounts of proteins while still others appear to 
remain very stable. Thus there are three possible pathways by which tissues of such 
systems may lose proteins : I. intracellular degradation ; 2. secretion; and 3. cell lysis. 

Labelling experiments with mammalian systems do not by themselves give the 
information necessary to determine by which of the above three paths the protein is 
lost from the tissue. That secretion and cell lysis play a dominant role in the mechanism 
by which proteins are removed from the tissue is indicated by the fact that tissues with 
high turnover rates are those in which the mitotic rate (i.e. cellular replacement) is 
very high (intestinal mucosa) or which are known to secrete proteins actively (liver) 
whereas very low turnover rates are associated with tissues in which both cellular 
replacement and protein secretion are minimal [muscle and nerve (cf. 19)]. This suggests 
very strongly indeed that  turnover rates measured under these conditions, express the 
dynamic state of the tissue, rather than the state of the protein molecules within the 
cells. In any case, there is, to our knowledge, no experimental evidence that the proteins 
within the cells of mammals are any more "dynamic" than those of Escherichia coli. And 
it should be pointed out that  it is not easy even to imagine an experiment which would 
test intraeellular turnover with mammalian tissue systems. Possibly the best illustration 
of these difficulties can be drawn from the beautiful experiments of VELICt~ and co- 
workers on the synthesis of the three enzymes aldolase, phosphorylase and glyceralde- 
hyde-3-phosphate dehydrogenase in muscle tissue*2°, ~. These workers found that the 
extremely low rate of incorporation of several amino acids into tile dehydrogenase of 
rabbit muscle, was significantly lower than the rate of incorporation into the two other 
enzymes. This might of course be interpreted as expressing a difference in the intracel- 
lular turnover of the different molecules. It might however, just as well, be interpreted 

* It should be no ted  t h a t  these e x p e r i m e n t s  were des igned to  s t u d y  the i n t e r m e d i a t e s  in prote in  
synthes is ,  not  to tes t  the  d y n a m i c  s t a t e  hypothes i s .  

Re/erences p. riO. 
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as resulting from differences in composition, and rates of net synthesis in different parts,  
or at different levels in the tissue. Wherever there may  exist metabolic gradients of any 
sort, a heterogeneity of the cell population as regards the rates of synthesis of various 
proteins is to be expected. The experience gained in the study of enzyme make-up of 
homogeneous bacterial populations renders such an hypothesis very likely, since it is 
commonly observed tha t  even slight changes in conditions (nutritional and other) may  
profoundly alter the relative rates of synthesis of different proteins within the cells, 
as well as the net rate of cell growth. 

To sum up: there seems to be at present no conclusive evidence tha t  the protein 
molecules within the cells of mammalian tissues are in a dynamic state. Moreover our 
experiments have shown tha t  the proteins of growing E. colt are static. Therefore, it 
seems necessary to conclude that  the synthesis and maintenance of proteins within 
growing cells is not necessarily or inherently associated with a "dynamic state".  

The experimental work on this problem was begun by Dr. A. M. PAPPENHEIMER Jr. 
during his stay with us at the Pasteur Institute.  We should like to gratefully acknowledge 
his early and decisive contribution. 

We would like to thank Mr. RAY~ON~) B~kRRAND for his competent and enthusiastic 
technical assistance. 

Sl" MMARY 

A s t u d y  of the  kinet ics  of su l fur  incorpora t ion  into the  molecule  of f l -galactosidase du r ing  the  
induced  s y n t h e s i s  of th i s  e n z y m e  in E.  colt br ings  proof  t h a t  the  e n z y m e - p r o t e i n  is syn thes i zed  
en t i re ly  de ~tovo w i t h o u t  a n y  appreciable  pa r t i c ipa t ion  of ma te r i a l s  coming  f rom o ther  cel lular  
prote ins .  Fu r the rmore ,  the re  is no measu rab l e  renewal  of f l -galactosidase su l fur  in growing cells 
w h e t h e r  or no t  the  e n z y m e  is be ing  syn thes i zed .  The  induced  syn the s i s  of f l -galactosidase appea r s  
as a v i r tua l ly  i rreversible process.  The  bu lk  of the  o ther  cellular p ro te ins  in E .  coli are equa l ly  s table  
and  do no t  unde rgo  a n y  appreciable  deg rada t ion  and  r e syn the s i s  du r ing  growth.  

The  a p p a r e n t  con t rad ic t ion  be tween  these  resu l t s  and  the  genera l ly  accepted  concepts  r egard ing  
the  d y n a m i c  s ta te  of in t race l lu la r  p ro t e ins  is d iscussed.  

RI~SUMI~, 

L ' 6 tude  de l ' incorpora t ion  du ass dans  la mol6cule de f l-galactosidase,  all cours  de sa syn th6se  
indu i te  chez Escher ich ia  colt, appor te  la  p reuve  que  la prot6ine e n z y m a t i q u e  es t  synt~h6tis6e de novo 
/~ pa r t i r  des  616ments du  milieu,  et  s ans  pa r t i c ipa t ion  appr6ciable  d%16ments p r o v e n a n t  d ' a u t r e s  
prot6 ines  cellulaires.  En  outre ,  il n ' y  a pas  de r e n o u v e l l e m e n t  mesu rab l e  du  soufre de la /~-galactosidase 
intracel lulaire .  La  syn th6se  indu i te  de la f l -galactosidase es t  un  processus  p r a t i q u e m e n t  irr6versible.  
Les  au t r e s  pro td ines  cellulaires, chez E.  colt, son t  6ga l emen t  e x t r ~ m e m e n t  s tables  et  ne sub i s sen t  
pas  de d4g rada t ion  e t  de r e n o u v e l l e m e n t  apprdciable  au  cours  de la croissance.  

L ' a p p a r e n t e  con t rad ic t ion  en t re  ces r6su l t a t s  e t  les concept ions  cou ran t e s  sur  l ' 6 ta t  d y n a m i q u e  
des  pro t6 ines  in t racel lu la i res  fai t  l ' ob je t  d ' u n e  discuss ion.  

Z U S A M M E N F A S S U N G  

Das  S t u d i u m  des  E i n b a u e s  von  ass in das  f l-Galaktosidase-Molekii l ,  im Ver lauf  der  Syn these  
dieses Molekiils du rch  Escher ich ia  colt, e rb r ing t  den  Beweis,  dass  das  E n z y m p r o t e i n  v611ig neu 
syn the t i s i e r t  wird, ohne  n e n n e n s w e r t e  Be te i l igung  yon  E l e m e n t e n ,  die au s  ande ren  Zel lproteinen 
s t a m m e n .  Fe rne r  erg ib t  sich, dass  der  Schwefel  der  in t raze l lu lg ren  f l -Galaktos idase  n ich t  messbar  
e rneue r t  wird. Die induz ie r t e  S y n t h e s  von  f l -Galaktos idase  is t  ein p r a k t i s c h  i r revers ibeler  Process.  
Die ande ren  zellulgren Pro te ine  yon  E .  coli s ind  gleich e x t r e m  stabi l .  Sie werden  im  laufe des \Vach- 
s t u m s  weder  wesen t l i ch  a b g e b a u t  noch  res t i tu ie r t .  

Der  s i ch tba r  \V ide r sp ruch  zwischen  diesen R e s u l t a t e n  u n d  den  a l lgemeinen  A n n a h m e n  tibel 
den  d y n a m i s c h e n  Z u s t a n d  der intrazellul~iren Pro te ine  wird d i sku t ie r t .  

Re/erences  p.  IX6 .  
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