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INTRODUCTION 

The kinetics of the induced synthesis of enzymes ("enzymic adaptation") in micro- 
organisms is usually studied by measurements upon cultures containing large numbers 
of cells; an inducing substance is added and the consequent appearance of enzyme in 
the culture is followed. Such measurements of the overall activity of the culture do not 
reveal whettier or not all cells participate equally and simultaneously in the synthesis 
of enzyme. A knowledge of this factor is critical, however, for the proper interpretation 
of the kinetics of enzyme formation. 

Consider, for example, that  a given cell might synthesize its maximum amount of 
enzyme in an abrupt fashion, this transition occurring at random times for particular 
cells. In such a case, the average measurement on the culture, indicating a gradual rise 
in enzyme level, would bear little relation to the events in the enzyme-forming system 
of each cell. One is not authorized to extrapolate the average kinetics to the cellular 
level unless a uniform behavior of the population can be demonstrated a, 13,11, lO. 

In this paper, a method is described for determining the cellular distribution of 
an enzyme in a population of bacteria. This method is based upon the special relationship 
between a bacteriophage and its (individual) host cell, which permits the use of phage 
as a discriminating device. Application of this technique to the induced synthesis of 
fl-D-galactosidase in E. coli reveals that, under certain conditions, synthesis of this 
enzyme proceeds uniformly in all the cells of a culture and therefore the average kinetics 
applies at the cellular level. Under other commonly employed conditions, however, a 
high degree of heterogeneity occurs, so that the average kinetics does not represent 
the course of enzyme synthesis within individual cells. 

Mode o/attack on the problem 

Infection of a bacterium by phage blocks enzyme synthesis, at least in certain 
cases. Also, the reproduction of phage in a bacterium, culminating in lysis of the cell, 
requires the active metabolism of the host. Thus, if a phage-infected cell is placed under 
conditions where a given intracelhfiar enzyme is indispensable for metabolism, the 
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development of the phage will be dependent upon whether the enzyme was present 
be/ore infection 8,16 

For example, E. coli B cannot utilize lactose unless it contains galactosidase. To 
test for the presence of this enzyme in a population of E. coli B, the cells may be infected 
with phage and placed in the presence of lactose as sole source of carbon and energy. 
In a cell that contains no enzyme, a curious deadlock occurs : the phage blocks synthesis 
of the enzyme, thus causing the development of the phage itself to be prevented s. In  
a cell containing enzyme, the rate at which phage development proceeds, and hence 
the time at which the cell lyses, should depend upon its content of enzyme. If so, the 
phage can serve as an instrument for discrimination between cells containing different 
amounts of enzyme. 

Heterogeneity of the culture in regard to enzyme content can be tested for in a 
qualitative way by observing the shape of the curve of optical density as a function 
of time, or by microscopic observation of the lysis of individual cells. 

The analysis may be made quantitative, however, by measurements of the enzyme 
released into solution by the lysed cells at various stages during the lysis of the culture. 
This is possible i/: a. the amount of enzyme in a cell does not change during phage 
development; b. lysis occurs sooner for ceils of higher enzyme content;  c, the enzyme 
is released undestroyed into the medium when the cell lyses, and is active in solution. 
The preliminary experiments below justify these assumptions in the case of the system 
here studied. 

MATERIALS AND METHODS 

Bacterium. Escherichia coli, s t ra in  B. 
Phage. ~0II, descr ibed by  MONOD AND WOLLMAN 8. 
Enzyme. The  t e r m  e n z y m e  in th i s  pape r  refers to the  f l -o-galactos idase  (" lac tase")  of E. colil, e,~. 
Synthetic medium. K H 2 P O  4 1. 4 g; (NH4)=SO 4 0.2 g; MgSO4.7H~O 0.2 g; CaCI~ o. i  g; FeSO4.7H~O 

o.ooo5 g; K O H  to p H  7.0; dist i l led H~O to iooo ml. T he  ca rbon  source  added  in each  e x p e r i m e n t  
is specified in the  tex t .  I n  all cases,  an  excess  of n i t rogen  source  is p resen t .  Th i s  is a modif ica t ion  
of m e d i u m  "56 ' '  of MONOD, COHEN-BAZIRE AND COHN 9, t h e  p h o s p h a t e  and  a m m o n i u m  sul fa te  concen-  
t r a t i ons  being reduced  by  a fac tor  of t en  to faci l i ta te  adsorp t ion  of the  phage .  (In t he  p repa ra t i on  
of phage  lysates ,  however ,  t he  full concen t r a t ions  are used,  in order  to ob ta in  h igh  phage  yields.) 

Temperature is 37 ° C in all exper imen t s ,  unless  specified otherwise.  
Cultures of IOO ml  vo l ume  are  grown in iooo ml  conical  flasks, ae ra ted  by  shaking ,  in syn the t i c  

m e d i u m  plus  a (specified) ca rbon  source.  T he  i nocu l um is t aken  f rom an  ove rn igh t  cu l tu re  in which  
g r o w t h  ha s  been l imi ted  by  deple t ion  of t he  s ame  ca rbon  source.  The  g r o w t h  ra te  is i .o doubl ing  
per  hou r  on glucose or lactose and  0. 7 per  hou r  on lac ta te .  

Optical density is m e a s u r e d  wi th  the  Meunier  dens i tomete r ,  u s ing  blue l ight.  One  (arbi t rary)  
un i t  of opt ical  d e n s i t y  cor responds  to a p p r o x i m a t e l y  4" IOe cells per  ml.  

Enzyme activity is m e a s u r e d  b y  t he  ra te  of  hydro lys i s  of o -n i t ropheny l  fl-D-galactoside (NPG)I,  s. 
The  e n z y m e  ac t i v i t y  per  m l  is de t e rmined  by  t he  ra te  of increase  of opt ical  dens i t y  a t  420 m #  (owing 
to t he  l ibera t ion  of o-ni t rophenol)  as m e a s u r e d  in t he  B e c k m a n  s p e c t r o p h o t o m e t e r  a t  28 ° C p H  7.0. 
One un i t  of  a c t i v i t y  cor responds  to one mil l imicromole  of N P G  hydro lyzed  per  minu te .  E n z y m e  
concen t r a t i ons  are  expressed  in un i t s  per  ml.  The  m e a s u r e m e n t s  are m a d e  in the  syn the t i c  m e d i u m  
p lus  i / i o  M NaC1 and  i /4oo M NPG.  In  th is  solut ion,  t he  e n z y m e  is s a t u r a t e d  wi th  NPG,  ac t iva t ion  
by  s o d i u m  is complete ,  a n d  compe t i t ive  inhib i t ion  of t he  hydro lys i s  of 1NPG by  t he  inducers  used 
is negligible g. 

The  ac t i v i t y  of i n t ac t  cells observed  b y  th is  m e t h o d  cor responds  to on ly  a smal l  f rac t ion  (1/2o) 
of the i r  ac tua l  e n z y m e  c o n t e n t  6. However ,  a f te r  shak i ng  t he  cells w i th  a few drops  of to luene  a t  
37 ° C for t w e n t y  minu te s ,  the  full a c t iv i ty  is observed.  The  ac t iv i ty  observed  for ex t race l lu la r  enzyme  
is unaf fec ted  by  toluene.  Therefore,  total activities for a suspens ion  of i n t ac t  or pa r t i a l ly  lysed cells 
are m e a s u r e d  af te r  to lueniza t ion ,  b u t  cen t r i fuged  samples  are  m e a s u r e d  for supernatant activity (i.e. 
e n z y m e  released b y  lysis w i t h o u t  to luenizat ion) .  T he  specific activity Of a cu l ture  is defined as the 
rat io  of to ta l  ac t iv i ty  to opt ical  dens i t y  1. 
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Phage stocks are prepared by lysis of E. coli ]3 with phage q~Ii, according to MONOD AND WOLL- 
MAN 8. Cells at a concentration of lO 9 per ml, growing rapidly in glucose, are infected by adding 
a similar number of phage particles. After completion of lysis, bacterial debris is removed by cen- 
trifugation, the lysate is inoculated heavily with cells of a strain (ML) resistant to the phage, incubated 
(with shaking) overnight to eliminate available carbon sources, and the bacteria reduced to a negli- 
gible number by centrifugation. The phage titer obtained is approximately io n infective particles 
per ml. 

In/ection o/cultures is done with an input of approximately fifteen phage particles per bacterium. 
About two thirds of the particles become adsorbed (as determined by centrifuging the infected 
culture and plating the supernatant for plaque count) in fifteen minutes, giving an average multi- 
plicity of infection of around ten. 

PRELIMINARY EXPERIMENTS 

Blocking o/induced enzyme synthesis by phage in/ection 

MONOD AND WOLLMAN s had shown that  infection of "unadapted" E. coli by phage 
9II inhibited "adaptat ion" to lactose, as 
judged by the crude criteria of lysis and 
rate  of respiration. The effect of phage 
infection upon formation of galactosidase 
is shown in Fig. I. Within a few minutes 
after the addition of phage (some time 
is necessary for adsorption to the bacteria) 
further enzyme production is blocked. 
This holds true regardless of the level of 
activity before infection. The enzyme level 
is "frozen", neither increasing nor de- 
creasing during the subsequent growth 
of phage. The increase in optical density 
of a growing culture is likewise halted 
upon infection. 

This effect is not characteristic of all 
phages. JACOB4, 5 showed that  infection 
of Pseudomonas pyocyanea by a temperate 
phage fails to block completely bacterial 
growth or synthesis of glucozymase, while 
SIMINOVITCH AND JACOB 12 observed that  
E. coli KI2 could still synthesize fi-galac- 
tosidase during the induced development 
of phage A. 

Dependence o/lysis time upon specific 
activity 

The use of phage as a discriminating 
device is based upon the idea that if the 
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Fig. I. Inhibition of enzyme synthesis by phage 
infection. Uninduced cells are prepared by 
growth on glucose. Twenty minutes after growth 
has ceased due to exhaustion of the glucose, 
lactose (o.x%) is added as inducer-substrate 
(t = o). The effect is shown of infecting the 
culture with phage at various times. Enzyme 

formed given in units per ml. 

infected cell is placed in a medium containing the enzyme substrate as sole carbon and 
energy source, the rate of metabolism, and hence the time required to reach lysis, will 
depend upon the amount of enzyme in the cell. JACOB 5 has observed such an effect 
when infected bacteria (Pseudomonas pyocyanea) are "fed" at rates controlled by fixed 
concentrations of extracdlular enzyme. The existence of such a dependence for cultures 
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Fig. 2. Lys i s  of phage- in fec ted  cu l tures  of  vari-  
ous  specific e n z y m e  act ivi t ies .  Cul tures  induced  
to va r ious  degrees  of  specific a c t i v i t y  are  incu-  
ba t ed  in t he  absence  of ca rbon  source  for 20 
minu t e s ,  t h e n  phage  is added.  Af te r  15 m i n u t e s  
for adso rp t ion  of the  phage ,  lactose (o.I %) is 
added  a t  t = o (eurves I - IV) .  In  curve  V, glucose 
ins tead  of lactose  is added ;  since ga lac tos idase  is 
u n n e c e s s a r y  for the  u t i l iza t ion  of th is  subs t ra te ,  
th i s  cu rve  is equ iva l en t  to one for a cu l tu re  
h a v i n g  un l imi t ed  e n z y m e  c o n t e n t  and  ut i l iz ing 

lactose.  

Liberation o~ enzyme by lysing cells 

In a growing culture of enzymieally 
active E. coli B no detectable extracellular 
(supernatant) enzyme is present. Fig. 3 il- 
lustrates the rise of extracellular activity as 
the culture lyses after infection with phage. 
The initial small quanti ty of enzyme liberated 
before the addition of substrate is due to 
lysis from without of a few cells, and is sub- 
tracted from the data hereafter presented. I t  
will be observed that the total activity is 
undiminished by lysis and that most of the 
enzyme is recovered in the supernate; the 
remainder is presumably due to the failure of 
a fraction of the cells to lyse. Lysis by phage 
appears to be an efficient method for ex- 
tracting cellular enzymes. 

Re/erences p. 393. 

of E. coli induced to various levels of in- 
tracellular galactosidase is shown in Fig. 2. 

The  exac t  t ime  a t  which  a cell of par t i cu la r  
e n z y m e  c o n t e n t  lyses is affected by  o the r  phys i -  
ological variables.  Therefore,  it  c anno t  be ex- 
pected t h a t  t he  cells will ]yse s t r ic t ly  in t he  
order  of  tbei r  e n z y m e  conten t .  This  r a n d o m i z i n g  
effect is undes i rable ,  since it m a k e s  the  observed  
e n z y m e  d i s t r ibu t ion  appea r  more  un i fo rm t h a n  
the  t rue  one. I t  can  be min imized  by  us ing  ve ry  
act ive  cells. 

The  dependence  of t ime  of lysis on e n z y m e  
c o n t e n t  b reaks  down,  of course,  a t  ve ry  h igh  
e n z y m e  levels, t he  ra te  of phage  d e v e l o p m e n t  
becoming  l imited by  o the r  factors .  

I t  will be observed  f rom Fig. 2 t h a t  even  
cells devoid of e n z y m e  do lyse to some  ex ten t .  
This  " lys is  f rom w i t h o u t "  (DELBR/~CK~), t he  
m e c h a n i s m  of which  is no t  known,  becomes  
increas ing ly  m a r k e d  as the  ra t io  of phage  par t i -  
cles to bac te r ia  is increased.  Since lysis  f rom 
w i t h o u t  is i n d e p e n d e n t  of specific ac t iv i ty ,  it  
does no t  con t r i bu t e  to the  desired d i sc r imina-  
t ion and  i ts  effect is also to m a k e  the  observed  
d i s t r ibu t ion  appea r  more  un i fo rm t h a n  the  t rue  
one. This  effect is min imized  by  us ing  the  
smal les t  mul t ip l i c i ty  of infect ion requi red  to 
reduce  t he  f ract ion of un in fec ted  cells to a negli-  
gible value.  
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Fig. 3. L ibe ra t ion  of in t race l lu la r  e n z y m e  of 
phage- in fec ted  cells by  lysis. Free enzyme is 
m e a s u r e d  in t he  supe rna t e  of a cen t r i fuged  
sample .  Total enzyme is m e a s u r e d  on an  nn-  
cen t r i fuged  ( toluene-treated)  sample .  E n z y m e  

concen t ra t ion  expressed  as un i t s  per  ml.  
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The constancy of total enzyme provides a convenient test for the completeness of 
infection in a given experiment, without the necessity of making plate counts. If any 
significant number of uninfected or phage resistant bacteria are present, the total 
activity rises with time. 

The results of these preliminary experiments appear to justify the proposed method. 

PROCEDURE FOR ANALYSIS OF ENZYME DISTRIBUTIONS 

The following steps are taken in order to analyze the cellular distribution of enzyme 
in a culture (previously induced under specified conditions): 

I. The culture to be analyzed is agitated at 37°C for 3o minutes in synthetic 
medium containing a source of nitrogen, but devoid of carbon and energy source, in 
order to starve the cells. 

2. Phage is added, and becomes adsorbed to, but does not reproduce in the starved 
bacteria. The multiplicity of infection (i.e. ratio of adsorbed phage particles to cells) is 
sufficient to insure that  very few bacteria are uninfected. 

3. After 15 minutes allowed for phage adsorption, lactose (to final concentration 
of o.i %) is added. 

4. At various times while the culture lyses, samples are removed and chilled in an 
ice bath. Chilling does not completely stop lysis but  slows its rate by a factor of twenty 
thus making negligible the time required for carrying out the further operations. 

5. Each sample is divided in two. One part is measured for optical density. The 
other is centrifuged (in the cold) to sediment the unlysed bacteria, and the supernate 
is collected. The supernate is (later) assayed for enzymatic activity. 

6. For each sample, the increase of activity in the supernate is plotted against 
the decrease in optical density (compared ,, 
with their values at the time at which lactose "' 
was added). 

The graph of enzyme liberated against 
decrease in optical density (proportional to 
the number of cells lysed) reflects the dis- 
tribution of enzyme within the population. 
The slope of the curve, being the ratio of 
enzyme concentration to optical density, 
represents the specific activity of that  com- 
ponent of the population which is lysing. 

o 
Thus, the initial and final slopes represent the 
maximum and minimum specific activities o. 

.-1 
present in the culture, and the entire distri- 
bution can be found from the curve. ~ z 

Fig. 4 illustrates the form of the curve o, ~ 
for several hypothetical distributions. If all _i o~ '~ R 
cells contain equal amounts of enzyme, the ~ ~'z 
graph is linear. For an all-or-none distri- 
bution, the curve consists of two intersecting 
straight lines. Cells which are devoid of en- 
zyme eventually lyse also, since t h e  enzyme 

I , /  
: |  / Y /  

~ o  0:5 ,:o 
FRACTION OF CELLS LYSED 

[ - - ~  I , , 
I 0  I 9' "~ 4 0 I 3 ' 4  

RELATIVE ENZYME CONTENT PER CELL 

Fig. 4. Below: th ree  hypo the t i c a l  d i s t r ibu t ions  
of e n z y m e  in popu la t ions  of bacter ia .  Above  : 
T he  cu rves  expec ted  f rom ana lys i s  of t hese  

popu la t i ons  by  t he  :phage procedure .  
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released from early-lysing cells hydrolyzes lactose, liberating glucose which can be 
utilized by all cells. However, no further rise in supernatant enzyme concentration 
results from the lysis of these cells. 

Test o/the method on artificial mixtures o~ cells 

140" 
lactose- grown cells 

o 
, 120" oOO 
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Fig. 5. Reso lu t ion  of artificial  m i x t u r e s  of in- 
duced  (lactose-grown) and  u n i n d u c e d  (glucose- 

grown) cells b y  t he  phage  procedure .  

The validity of the method can be 
tested on artificial mixtures of enzymically 
active and inactive cells. Fully active 
(lactose-grown) and inactive (glucose- 
grown) cells are mixed, in known propor- 
tions, and the above-outlined method 
applied for analysis (Fig. 5). 

The heterogeneity of the mixtures is 
very clearly brought out by the composite 
curves obtained for them. The limitations 
on the resolution of the method are visible 
in the rounding of these curves, which 
would break sharply if the method were 
perfect. Note that  the lactose-grown cul- 
ture by itself gives a straight line, in- 
dicating a uniform distribution of enzyme 
in such cells or, at least, that  there is 
enough enzyme in all cells so that  the 
quanti ty of enzyme is not a limiting factor 
in the time required for lysis. (That the 
distribution is indeed uniform will be seen 
below, under "de-induction".) 

DISTRIBUTION OF ENZYME AT SUCCESSIVE STAGES FOLLOWING INDUCTION 

The manner in which individual cells of a culture participate in the over-all synthesis 
of an induced enzyme might be expected to depend upon the conditions under which 
induction is brought about. For example, in many experiments on "adaptat ion" the 
substance that is used to induce enzyme synthesis is the only external metabolic source 
of carbon and energy, and cannot be utilized except by virtue of the enzyme. Under 
these conditions, the synthesis of enzyme must depend upon traces of enzyme already 
present, or upon internal bacterial reserves. Any cell that has a start over the others 
will gain increasingly, and the population of cells may be expected to develop an ex- 
aggerated heterogeneity in respect to enzyme content at a given time. 

In induction under "conditions of gratuity ''1° the metabolic requirements of the 
cells are supplied by substrates which are available without the enzyme, so that  all 
cells can metabolize rapidly, regardless of enzyme content. Addition of an inducer 
(ideally, a non-utilizable substance) initiates synthesis of the desired enzyme, which can 
proceed, at any time, independently of the amount of enzyme previously formed. 

In the following experiments, the cellular distributions of enzyme are determined 
in cultures induced under the two different sets of conditions described above. 

Re/erences p. 393. 
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[nduction by inducer carbon source 
The cells are grown in glucose until growth stops owing to exhaustion of the glucose, 

then lactose is added as inducer and source of carbon. 
In Fig. 6A the optical density and (average) enzyme content are given as functions 

of time after addition of the inducer-substrate. There is a lag of around 15 minutes 
before considerable amounts of enzyme appear. In Fig. 6B the increase in enzyme is 
plotted against the increase in optical density, in the manner of MONOD, PAPPENHEIMER 
AND COHEN-BAzIRE 11. The shape of this curve indicates that the ratio of enzyme syn- 
thesis to total new growth is initially greater than its final value. 
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Fig. 6. Induction by inducer-substrate (lactose). Uninduced cells are prepared by growth on glucose. 
Twenty minutes after growth is arrested due to exhaustion of the glucose, lactose (o.i %) is added 

(t = o). 
A. Enzyme formed and optical density as functions of time. 
B. Relation between enzyme formed and new growth following addition of the inducer-substrate. 
C. Analysis, by the phage procedure, of cultures induced for various times under these conditions. 

Enzyme concentration ~ units per ml. 

By  taking samples at various times and analyzing each by the phage procedure 
(outlined above), one arrives at the results shown in Fig. 6C. At  early times, a few cells 
contain most  of the enzyme.  As time goes on the fraction of enzyme-containing cells 
increases, the culture eventually becoming homogeneous.  Clearly, in this case, the 
average kinetics for the culture does not apply at the cellular level. 

Induction under "conditions o/gratuity" 

The cells are grown in an excess of lactate, a carbon source which does not  interfere 
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with induction. Enzyme synthesis is induced by the addition of fi-methyl galactoside 
to the exponentially growing culture. 

Induction here is not perfectly "gratuitous" since the enzyme, once formed, can hydrolyze the 
inducer ,  l ibera t ing  galactose,  which  is uti l izable.  Ideally,  a m u t a n t  unab le  to  util ize galactose should 
be used, b u t  th is  is no t  cri t ical  for these  exper iments .  

In Fig. 7 A, it is seen that, under these conditions, there is practically no time lag 
in the appearance of enzyme. The plot of enzyme formed against new growth (Fig. 7 B) 
gives the typical straight line found by MONOD, PAPPENHEIMER AND COHEN-BAzIRE 11 
under conditions of gratuity. The slope of the line corresponds to the specific activity 
of fully induced cells, signifying that, from the time of addition of the inducer, enzyme 
is synthesized in a fixed ratio to the synthesis of new bacterial protoplasm. 
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Fig. 7. Induct ion under "condi t ions of g ra tu i t y " .  Cells growing on lactate (o.2 %) as non- inducing 
substrate are induced by  the addi t ion of f l -methyl-D-galactoside at  t = o. A, B, and C as in Fig. 6. 

E n z y m e  concen t ra t ion  = uni t s  per  ml. 
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As shown by the results of phage analysis (Fig. 7C), the population is essentially 
homogeneous in respect to enzyme content, at all levels o~ specific activity. Thus, all cells 
participate at comparable rates in the formation of enzyme, and the average kinetics 
gives a legitimate representation of the events in each cell. 

DISTRIBUTION OF THE ENZYME AFTER DE-INDUCTION 

In the system here studied, enzyme synthesis ceases when the inducer is removed. 
If enzymically active cells are allowed to multiply in the absence of inducer, their total 
enzyme content remains unchanged aS. Thus "de-adaptation",  in this case, simply 
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amounts to a progressive dilution of the enzyme among the cells. By average obser- 
vations oll the culture, one cannot distinguish whether the enzyme initially present 
remains in a few cells or becomes uniformly distributed over all of them, but this question 
can be answered by the phage technique. 

Cultures in various stages of enzyme "dilution" may be prepared by starting with 
fully active (lactose-grown) cells and allowing them to multiply on glucose as the non 
inducing substrate. Fig. 8A shows the optical density and enzyme as functions of time 
of growth on glucose; the degree of dilution at any time is simply the factor by which 
the culture has multiplied in the absence of inducer. 

Fig. 8B shows the result of phage analysis of cultures diluted by factors of 8, 16 
and 5o times. The straight lines indicate that the enzyme is uniformly partitioned 
among all the cells. 
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Fig. 8. Enzyme distribution after de-induction. Induced cells are prepared by growth on lactose. 
Twenty minutes after growth has ceased due to exhaustion of the lactose, glucose (0.2 %) is added 

(t = o). 
A. Enzyme content per ml of culture and optical density as functions of time. 
B, Analysis, by the phage procedure, of the cellular enzyme distribution in cultures of specific activity 

reduced to various degrees by growth on glucose. 

DISCUSSION AND CONCLUSIONS 

The induced synthesis of enzymes in bacteria, at least in the case studied, and 
under suitable conditions (gratuity), appears to be a process in which essentially all 
the cells participate to a similar degree. There is no inherent discreteness, the amount 
of enzyme in each cell rising gradually• Therefore the kinetics of the rise in overall 
specific activity of a population may be considered to represent substantially the events 
in the individual cells. This is definitely not true under all conditions, as shown by the 
experiments on induction by a substance that  is also the only available carbon source. 
In this case, the individual cells produce enzyme at widely different rates. 

The cellular uniformity of enzyme "dilution" after removal of the inducer implies: 
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a. t ha t  the  " n e w "  and  " o l d "  p ro top l a sm of a cell are  equa l ly  d i s t r i bu t ed  when division 
t akes  p lace;  b. t h a t  the  enzyme is d ispersed wi th in  the  cell. I f  the  enzyme were associa ted  
wi th  a n u m b e r  n of p e r m a n e n t  and  non-dissocia t ing  par t ic les ,  the  enzyme conten t  of 
the  cells should  become m a r k e d l y  heterogeneous  when the  cells have  mul t ip l i ed  b y  
a fac tor  n in the  absence of inducer .  The resul ts  in this  case would  suggest  t ha t  n is 
g rea te r  t han  fifty. 

This is still very far from the number of molecules of enzyme per fully active cell, which has 
been estimated at the order of IO 4 (MONOD AND COHN, personal communication) but it is difficult 
to extend this technique sufficiently to determine whether the intracellular enzyme is in the form of 
free molecules. I t  would be of interest to be able to test the homogeneity of IOaX diluted populations 
of cells, since one might be able to determine whether, indeed, every cell contains at least one molecule 
of the enzyme, as has sometimes been postulated. 

Clearly,  all  the  d i s t r ibu t ions  measured  b y  the  phage  lysis me thod  appea r  more  
uni form than  they  rea l ly  are, due to the  l imi ta t ions  on resolut ion on account  of lysis  
f rom wi thou t  and  physiologica l  va r i ab i l i t y  of the  cells, so t ha t  a s t r a igh t  l ine resul t  
does not  mean  an abso lu te ly  un i form dis t r ibut ion .  However ,  if as much  as one th i rd  
of the  popu la t ion  conta ins  twice the  average  amoun t  of enzyme,  an observable  dev ia t ion  
f rom a s t r a igh t  l ine should  be found. Conversely  a small percentage  of a typ ica l  cells 
would  not  be not iced.  Since optical density is t aken  as a measure  of number o] cells, i t  
is ev ident  t h a t  wha t  is measured  is not  s t r i c t ly  a cellular dis t r ibut ion ,  b u t  one in which 
each "ce l l"  is weighted  according  to i ts  size. 

The  quest ion of the  n u m b e r  of i ndependen t  enzyme-[orming centers  per  cell is, as 
yet ,  un touched  by  these exper iments .  " S a t u r a t i n g "  inducer  concen t ra t ions  have  been 
employed ,  so t h a t  all  such centers  would be act ive.  I f  the  n u m b e r  of centers  is small ,  
then  the  use of low concen t ra t ions  of inducer,  or pa r t i a l  inh ib i t ion  of enzyme synthes is  
(e.g. b y  the  ac t ion  of u l t r av io le t  l ight) might  l ead  to heterogeneous  popu la t ions  which 
could  be de tec ted  b y  the phage  technique.  

The use of phage  as an index  to the  s t a t e  of an ind iv idua l  cell would  appea r  to 
have  genera l  usefulness in a va r i e t y  of p rob lems  in bac te r ia l  phys io logy  where the  p roper  
i n t e rp re t a t i on  of an overa l l  observa t ion  depends  upon the p roverb ia l  quest ion of whether  
i t  represents  a change in all  or only  some of the  cells. 
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SUMMARY 

Bacteriophage is utilized as a discriminating device for determining the distribution of an 
inducible enzyme (fl-D-galactosidase) in the cells of a culture of bacteria (E. coli B). It  is shown 
that the cellular distribution of enzyme is given by the shape of the curve of enzyme released vs 
number of cells lysed. 

This distribution is investigated in cultures induced to various levels of specific enzyme activity. 
Under suitable conditions of induction, it is found that the induced synthesis of fl-galactosidase 
proceeds at a uniform rate in all the cells. Under other conditions, however, a high degree of hetero- 
geneity may occur. 

When enzyme-containing cells multiply in the absence of inducer, the initially-present enzyme 
is uniformly partitioned among the daughter cells. 

Re/erences p. 393. 



VOL. 11 (i953) INDUCED SYNTHESIS OF ENZYMES IN BACTERIA 393 

R1~2SUME 

La lyse par un bactdriophage est utilisde conlme m6thode d'analyse de la distribution d'un 
enzyme inductible (la ~-D-galactosidase) entre les cellules de cultures d'Escheriehia cell B. Les 
exp6riences de contr61e d6montrent que cette distribution peut 6tre d6duite de la forme de la relation 
entre enzyme lib6r6 et nombre de cellules lys6es. 

La distribution de la fl-galactosidase a 6t6 d6termin6e pour des cultures ayant atteint  pal  
induction diff6rents niveaux d'activit6 enzynlatique sp6cifique. Les r6sultats indiquent que lorsque 
les conditions sent ad6quates, la synth6se induite de la fl-galactosidase se produit  avec la m@me 
vitesse chez toutes les cellules. D'autres conditions peuvent cependant cr6er un haut degr6 d'h6t6ro- 
g6n4it6. 

Lorsque des eellules contenant l 'enzyme se muItiplient en l'absence d'inducteur, l 'enzyme 
initialement pr6sent est r6parti uniform6ment parmi les cellules filles. 

ZUSAMMENFASSUNG 

Die Verteilung eines induzierbaren Enzyms (fl-D-Galaktosidase) in den Zellen einer Bakterien- 
kultur (E. coli B) wurde unter Verwendung yon einem ]3akteriophage als differenzierender Kunstgrifl 
bestimmt. Es wurde gezeigt, dass die Verteilung des Enzyms in der Zelle gegeben ist dutch die 
Gestalt der Kurve yon freigesetztem Enzym gegeniiber der Anzahl der lysierten Zellen. 

Diese Verteilung wurde in Kulturen untersucht, die auf einen verschieden hohen Stand der 
spezifischen Enzymaktivit~it gebracht wurden. Unter passenden Induktionsbedingungen wurde ge- 
funden, dass die induzierte Synthese der fl-Galaktosidase mit einheitlicher Gesehwindigkeit in allen 
Zellen verl~uft. Unter anderen Bedingungen jedoch, kann ein hoher Grad an Ungleichheit vor- 
kolnmen. 

Vermehren sich die enzymenthaltenden Zellen bei Abwesenheit eines "Induktors",  so wird das 
ursprfinglich vorhandene Enzym gleichmiissig auf die Tochterzellen verteilt. 
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APPENDIX 

Ultraviolet resistance method 
Another method of utilizing phage as a cellular testing device depends upon the fact that  

certain phages, during their intracellular reproduction, undergo progressive changes in resistance 
to inactivation by ultraviolet light (LURIA AND LATARJET, 1947; BENZER, 1952). By measuring the 
survival of plaque-forming ability vs dose for the population of infected bacteria, one can determine 
whether phage development proceeds uniformly or not in all the cells. If the culture conditions 
are properly chosen so that  the factor in question (e.g. content of a particular enzyme) is rate limiting, 
the survival curves can give the distribution of this factor. 
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Fig. 9. Survival curves for T2r complexes ir- 
radiated after different t imes of development  
in broth.  E. coli B taken from a culture growing 
exponential ly in b ro th  are washed, then incu- 
bated for one hour  in buffer. Phage T2r (in 
buffer) is added and becomes absorbed to form 
complexes at  an average multiplicity of 2. IO 3. 
Development  is s tar ted by  adding bro th  at  

t = o. Tempera ture  = 37 ° C. 
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Fig. IO. Theoretical survival  curves for a hetero- 
geneous populat ion of T2r complexes. I t  is 
assumed tha t  IO% of the complexes develop 
at the full rate of Fig. i, while 90 % are unable 
to progress under  the given conditions. 

In  Fig. 9 are shown exper imental  survival  curves at  different t imes for T2r-infected E. coli B, 
under  conditions where all the cells can metabolize rapidly. In  Fig. io, by way  of illustration, curves 
are d rawn for a hypothet ica l  heterogeneous mix ture  
of cells, some of which can metabolize at  the full 
rate, while others  cannot  at  all. Bent  curves such as 
these will not  be obtained for a uni/orm popula-  
tion metabolizing at a diminished rate.  

The following is an example of the application 
of the ultraviolet  resistance method.  We have seen, 
in the exper iments  on induction by a sole inducer- 
substrate ,  tha t  some cells synthesize the enzyme 
sooner than  others. This could be due to a variat ion 
in the amounts  or availabili ty of intracelluiar :re- 
serves (e.g. carbohydrate)  in each cell. This conjec- 
ture can be tested by infecting the cells wi th  phage 
T2r, in a medium complete except for a carbon 
source, and observing the survival  curve as a func- 
tion of time. In Fig. i i ,  the results are given for 

Fig. i i .  Survival curves for T2r complexes formed 
from glucose-grown bacteria. E. coli B taken from a 
culture growing exponential ly in synthet ic  medium 
plus glucose are washed and incubated for one hour  
in the absence of external  carbon source. Phage T2r 
(in buffer) is added to form complexes at an average 
multiplicity of infection of 2 - i o  -3 . These complexes 

are incubated without adding any nutrients. 
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glucose-grown cells which have been washed and starved wi th  respect to extracellular carbon. I t  is 
evident tha t  phage develops to some extent  even in these s tarved bacteria. The amoun t  of develop- 
ment  varies among the individual cells, p resumably  reflecting an uneven dis t r ibut ion of utilizable 
reserves. A similar exper iment  wi th  b ro th  grown bacteria shows no change in resistance beyond the 
value at t = o. 

The ultraviolet  resistance measures  a cellular (rather t han  an optical density) unit.  I t  is not 
limited by  lysis from wi thout  (only one phage particle per  cell is necessary) and does not  require 
t ha t  the factor studied be extractable  from the cell. Therefore it may,  in certain cases, have advantages 
over the lysis method used in this paper .  The lysis method was  preferred in this case because it 
was possible to demonst ra te  directly the activity of the enzyme released from the cells. 
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