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T H E  R E L A T I O N S H I P S  IN B I O S Y N T H E S I S  OF T H E  fl-GALACTOSIDASE- 

AND Pz -PROTEINS IN E S C H E R I C H I A  COLI* 

by 

M E L V I N  COHN** AND A N N E - M A R I E  T O R R I A N I  

Service de Physiologie microbienne, Institut Pasteur, Paris (France) 

INTRODUCTION 

It  has been shown that  normal strains of E. coli synthesize the enzyme fl-galactosi- 
dase in response to the presence of a specific inducer (certain galactosides with intact 
ring structure) 1. Extensive investigations have established that  the appearance of 
fl-galactosidase activity corresponds to the formation of a new protein quantitatively 
identifiable with the enzyme*, 3, *, n. Following the purification and immunochemical 
characterization of fl-galactosidase, it was demonstrated that  the formation of this 
enzyme involves the synthesis of a distinct antigenic component (Gz) absent from cells 
that  have not been grown in the presence of an inducing galactoside. 

However, extracts from non-induced cells, which contain no Gz, possess a com- 
ponent (Pz) which cross-reacts specifically with antibody to the enzyme. This cross- 
reacting protein is also present in extracts from induced cells containing Gz. The large 
degree of the cross reaction and the fact that  the solubility properties of the Pz and 
Gz proteins are extremely similar, indicates that  they are structurally very closely 
related, so much so that  these two proteins have been difficult to differentiate. However, 
the Pz protein is devoid of fl-galactosidase activity and the two proteins have been 
found to be physically separable either by specific precipitation with antibody under 
certain conditions, or on the basis of differential solubility at certain temperatures e. 
Moreover, the Pz protein is net antigenic, while Gz is a very active antigen, at least 
in the rabbit; Pz is destroyed by trypsin under conditions where Gz is resistant. 

The very close similarity of the physical and immunochemical properties of these 
two proteins suggests that  they are related in their biosynthesis. If so, interaction 
and/or interdependence in their synthesis by the cells should be expected. The obser- 
vations reported here bear on this point. They have been carried out with the aid of 
special immunological methods, (described in preceding publications) which permit the 
simultaneous titration of Gz and Pz in bacterial extracts 2-4. 

MATERIALS AND METHODS 

Strains 
The ML strain of E. coli (MONOD •T AUDUR~AU 7) and a series of spontaneous  or induced m u t a n t s  
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der ived  f rom it, a n d  differing f rom it  b y  loss or  ga in  of t h e  capac i t y  to  uti l ize specific sugars ,  were used .  
The  K - I 2  s t r a in  of  E.  coli was  used  in cer ta in  expe r imen t s .  He rea f t e r  t h e  m u t a n t  s t r a in s  of 

M L  will be de s igna t ed  b y  a n u m b e r  refer r ing  to  a g iven  clone a n d  b y  s y m b o l s  referr ing to  the i r  
c a p a c i t y  for u t i l iz ing specific suga r s  as ca rbon  and  ene rgy  source.  T h e  s y m b o l s  are:  M for mal tose ,  
L for lactose  and  G for galactose .  T h e  ( + )  s ign indica tes  ut i l izat ion,  and  a ( - - )  s ign non-utiLizat ion 
of t h e  sugar .  

Media 
All cu l tu res  were g r o w n  in t h e  s y n t h e t i c  m e d i u m  56 a l r eady  descr ibed s. The  ca rbon  source  

was  added  separa te ly ,  a n d  is specified for each  expe r imen t .  

Method o] culture 
The  t echn ie  of c o n t i n u o u s  cu l tu re  descr ibed b y  MONOD s was  employed .  The  theore t ica l  and  

prac t ica l  r ea sons  for t he  select ion of th i s  m e t h o d  are  d iscussed in t h e  reference cited.  
I n  genera l  t he  following condi t ions  were employed .  50o ml  of cu l tu re  a t  cell concen t r a t i ons  

of a p p r o x i m a t e l y  io  ° bac te r i a  pe r  m l  (o. 7 m g  d ry  weight /m])  were placed in a revolv ing  2 l i ter flask 
a n d  s tabi l ized in c o n t i n u o u s  cu l tu re  for per iods  be t ween  3-5  hours .  A t  va r ious  t imes  a f te r  s tabi l i -  
zat ion,  s amp le s  of t he  cu l tu re  were t a k e n  for analys is .  W h e n  L -  or  G -  m u t a n t s  were used ,  t he  cu l tu res  
were ana lyzed  for the i r  c o n t e n t  in revers ion  m u t a n t s  L + and  G + to  be cer ta in  t h a t  t he re  had  been 
no  s ignif icant  popu la t iona l  change  du r i ng  t he  course  of t h e  expe r imen t .  The  specific condi t ions  for 
each  e x p e r i m e n t  are  ind ica ted  s e p a r a t e l y  w i t h  t h e  tables  and  d iag rams .  

Preparation o] extracts ]or analysis 
T h e  bac te r ia l  su spens ion  was  d r a w n  o u t  of t h e  con t i nuous  cu l tu re  a p p a r a t u s  on to finely 

c racked  ice. The  t e m p e r a t u r e  fell to  o ° C a l m o s t  immed ia t e ly .  The  cu l ture  was  cent r i fuged,  w a s h e d  
once wi th  M[io t r i e t h a n o l a m i n e  p h o s p h a t e  buffer  (pH 7.o), and  t he  cells, r e su spended  in t he  s ame  
buffer,  were b roken  up  b y  g r ind ing  w i t h  s a n d  in a rap id  shake r  (9). The  ex t r ac t s  were cen t r i fuged  
for I hou r  a t  I2,OOO r .p .m,  in t h e  Sorval l  SS-I  centr i fuge,  to give clear  ex t r ac t s .  All opera t ions  were 
carr ied ou t  in t he  cold. E x t r a c t s  f rom induced  organ isms ,  i.e., which  con ta ined  more  ~-ga lac tos idase  
t h a n  t he  t race  a m o u n t  ( abou t  o. 5 I~M]h]mg N niphega lase  (see below) are  referred to  as, active 
extracts. Converse ly ,  ex t r ac t s  con t a i n i ng  less t h a n  a t race  of n iphega lase  (from non- induced  o rgan i sms ,  
i.e. g rown on glucose,  mal tose ,  f ructose,  etc . . . .  f rom m u t a n t s  incapable  of  syn thes i z ing  fl-galactosi-  
dase) will be  referred to  as inactive extracts. 

The  p ro t e in  n i t rogen  in t he se  e x t r a c t s  was  de t e rmi ned  af te r  p rec ip i ta t ion  w i th  5 % t r ichloracet ic  
acid overn igh t .  A mic ro -Kje ldha l  ana lys i s  was  carr ied o u t  on t h e  wel l -washed prec ip i ta tes .  

Determination o] enzymic activities 
The  lac tase  and  a m y l o m a l t a s e  ac t iv i t ies  were carr ied o u t  b y  de t e rmin ing  t he  glucose l iberated 

w i th  n o t a t i n  as descr ibed p rev ious ly  s,8. T he  n iphega lase  ac t i v i t y  was  de t e rmined  b y  m e a s u r i n g  
spec t romet r i ca l ly  a t  ~-42o m ~  o~tho-nitrophenol l iberated f rom ortho-ni t rophenol-~-D-galactoside.  
All ac t iv i t ies  are expressed  as I~M/h a t  28 ° C, m e a s u r e d  a t  p H  7.o in t he  presence  of p o t a s s i u m  ions  
for lac tase  and  of s o d i u m  ions for n iphega lase  (i). All specific r e a c t a n t s  were m a i n t a i n e d  a t  s a t u r a t i n g  
concen t ra t ions  for t he  enzyme .  I t  shou ld  be recalled t h a t  t he  "lactase" and "'niphegalase" act iv i t ies  
are  associa ted  wi th  t he  single e n z y m e  ~-galactos idase .  U n d e r  t h e  above  cond i t ions  of de t e rmina t ions ,  

t he  a c t i v i t y  ra t io  n iphega l a se  was  equa l  to  3.6 ± o . i8 ,  w i th  all t h e  s t r a in s  and  m u t a n t s ,  and  which°  
l ac tase  

ever  t ype  of p r e p a r a t i o n  was  used.  

Immunological assays Joy Pz  and Gz 
These  t echn ics  have  been  descr ibed in detai l  p rev ious ly  4, and  will be briefly reviewed here. 

W h e n  increas ing  a m o u n t s  of a m i x t u r e  of Pz  and  Gz are p rec ip i t a t ed  b y  a g iven  f ixed v o l u m e  of 
a n t i - e n z y m e  sera,  a po i n t  is reached  where  all of t he  Pz, Gz, and  a n t i b o d y  to  Gz are  no  longer  
de tec tab le  in t h e  s u p e r n a t a n t .  Th i s  condi t ion  defines t he  equiva lence  po in t  T, and  de t e rmines  t h e  
to ta l  an t igen  Tz wh ich  is t he  s u m  of Pz  and  Gz. 

The  immuno log ica l  t i t r a t i on  of Gz depends  upon  t he  h ighe r  r eac t iv i ty  of Gz t h a n  Pz  w i th  
a n t i b o d y  to  Gz. I n  mix tu re s ,  Pz  p rec ip i ta tes  on ly  a f te r  t he  preferen t ia l  p rec ip i ta t ion  of Gz is com-  
plete.  A t  t he  po in t  where  on ly  a t race  of excess  ~-ga lac tos idase  is de tec tab le  in a s u p e r n a t a n t ,  t h e  
s epa ra t i on  of Gz a n d  Pz is effected, and  t he  a n t i b o d y  to  Gz is p rec ip i t a t ed  b y  Gz alone.  Th i s  condi t ion  
is referred to  as equiva lence  po in t  G a n d  de t e rmi nes  t he  q u a n t i t y  of Gz presen t .  The  difference 
be tween  t he  concen t r a t i ons  of Tz a n d  Gz is Pz. T he  d a t a  are expressed  in combining units pe r /~g  1~ 
as  defined a rb i t ra r i ly  b y  ass ign ing  to  a f ixed v o l u m e  of a n t i s e r u m  the  va lue  of Ioo uni ts .  

For  inac t ive  ex t r ac t s  t h e  t i t r a t i on  for Pz  is carr ied ou t  b y  d e t e r m i n i n g  equiva lence  po in t  P 
where  all of t he  Pz a nd  all of  t h e  a n t i - e n z y m e  prec ip i tab le  b y  Pz,  is prec ip i ta ted .  For  IOO uni ts  
a n t i s e r u m  th i s  po in t s  d e t e r m i n e s  ioo  un i t s  Pz. 
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All of  t h e  p r epa ra t i ons  of Gz f rom Enterobacteriaceae (see Table  I I I )  tit-rated to  t h e  s a m e  end-  
po in t  G, a fac t  wh ich  shows  these  va r ious  f l -galactos idases  to  be  immuno log ica l ly  ident ical .  

EXPERIMENTAL 

THE BEHAVIOR OF P z  DURING THE SYNTHESIS OF G z  

a. Effects o~ nitrogen starvation on the synthesis o/ Pz  and Gz. The simplest hypothesis 
concerning the relationship between the proteins Pz and Gz in biosynthesis is that  Pz 
is the precursor of Gz. If the synthesis of Gz could be induced under conditions pre- 
venting the concomitant synthesis of Pz, one should, according to this hypothesis, find 
that  Pz decreases in proportion to the amount of Gz formed. Such conditions appear 
to be difficult or impossible to achieve. We have not been able to discover any agent 
or condition that  would dectively prevent the synthesis of Pz in otherwise normally 
metabolizing cells. The only available method, therefore, appeared to be to prevent 
indiscriminately the synthesis of new protein by depriving the cells of a source of 
nitrogen. 

Suspensions of L + cells (ML 32400) when thoroughly washed by centrifugation, 
and resuspended in synthetic medium containing an energy source and an inducer, but  
lacking the nitrogen (NH4+) source, did synthesize some fl-gaiactosidase, but  only to a 
very low level (about I/5oth of a control suspension in the presence of N). Furthermore, 
if the nitrogen source was eliminated, not by the usual method of washing by cen- 
trifugation, but  rather by letting the cells themselves consume all the available nitrogen, 
in the presence of an excess of other essential nutrients, then the cells were found unable 
to synthesize any detectable amount of enzyme. 

These nitrogen-starved cells, however, contained normal levels of the Pz protein. 
For example in one experiment ML 32400 (M+L+G-) in the presence of excess maltose, 
before nitrogen starvation, showed 41 units Pz/mg N, after I h starvation at 37°C 
38 units Pz/mg N and after 24 h starvation 52 units Pz/mg N. The figures would 
even suggest that  cells, starved for a long time, contained a slightly increased Pz 
fraction. Therefore, the inability of nitrogen-deprived cells to synthesize fl-galactosidase 
cannot be at t r ibuted to the absence, in these cells, of the presumed precursor. These 
negative results appear to contradict the simplest hypothesis according to which the 
synthesis of Gz consists of a reorganization of material pre-existing as Pz. They seem 
to indicate that  Gz is formed partially or entirely de novo. However, it is well known 
that  induced enzyme synthesis is linked to cellular metabolism, in particular to energy- 
transferring reactions. I t  is quite conceivable that  certain critical steps in this metabo- 
lism may be affected by such a drastic condition as complete nitrogen starvation, which 
can hardly be considered as preventing only de novo protein synthesis. Therefore no 
final conclusions could be drawn from such observations alone. Clearly the synthesis 
of Gz, and its effects on Pz levels, had to be studied with normally metabolizing, i.e. 
growing cells. 

~-GALACTOSIDASE AND PZ LEVELS IN GROWING CELLS 

In a cellular population growing at a constant rate, in a constant environment, 
the composition of the cells may be expected to reach a stable state, in which the level 
of any one constituent depends on its relative net rates of synthesis and disappearance. 

Ref~remes p. ~89. 
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In  a population of E. coli growing at  a constant rate  in the absence of inducer, the Pz 
protein should be maintained at  a given level. If  an inducer is added, fl-galactosidase 
will begin to be synthesized, and should eventually also reach a constant level. I f  Pz 
and Gz are interrelated in their synthesis, (i.e. if the synthesis of Gz results in either 
increasing the rate of disappearance, or decreasing the rate  of synthesis of Pz) the 
stable-state level of Pz should be lower when Gz is also synthesized. 

These expectations have been tested in a variety of experiments in which we used 
the continuous-culture principle developed by MONOD 8, and NovlcK AND SZILARD 11, 
which insures reproducible stable-state conditions for a growing culture, and permits 
control of the growth-rate.  

For a general discussion of this method, we refer to the above-mentioned publications. I t  may 
be recalled very briefly that the method consists in constantly diluting a growing cuJture with new 
medium, while maintaining a constant volume by drawing out an equivalent amount of liquid from 
the culture. It  is easily shown that, provided the dilution rate does not exceed a critical value (corre- 
sponding to the maximal growth rate of the organism in the presence of excess nutrient), a stable 
state is reached in which the composition of the medium is constant, and the growth rate is equivalent 
to the dilution rate, controlled by the experimenter. 

The experiment described in Fig. I illustrates the general result obtained concerning 
the relationship of Pz and Gz levels, as well as some of the significant features of the 
method. In this experiment,  a culture of ML 30 was maintained at  a constant growth 
rate  and constant density in a medium containing maltose, the sole carbon source, as 
limiting factor of the growth. Melibiose, which is not metabolized by  the bacteria, nor 
split by the enzyme, was used as an inducer. The levels of Pz and Gz (immunological 
titration), fl-galactosidase and amylomaltase (activity measurements) were determined 
on extracts  of the bacteria. (The fl-galactosidase act ivi ty was also determined directly 
on toluene-treated suspensions2). 

I t  is seen tha t  the/~-galactosidase act ivi ty appears a few minutes after the addition 
of melibiose, and increases for about  two and a half hours. The results of the act ivi ty 
measurements are exactly parallel with results of the immunological t i tration of Gz. 
The level of Pz, which was stable before the addition of melibiose, drops very signifi- 
cantly as Gz increases and reaches a new equilibrium value about 44% lower at  about  
the same time tha t  Gz reaches its stable maximum.  

In terms of antigenic equivalents, the decrease in Pz is much less than the increase 
in Gz. This is expressed by  the " T "  curve, which shows the change in total anti-galactosi- 
dase antigen (Pz + Gz ----- Tz). When the rate of dilution of the continuous culture is 
taken into account it can be calculated that  at no time does the decrease in Pz level 
exceed the dilution rate. In  other words, there is never an absolute decrease in the total  
amount  of Pz in the system. 

These results show that  the net rate of synthesis of Pz is affected by  the synthesis 
of fl-galactosidase while, by contrast, tha t  of amylomaltase is not. A rather  large number  
of experiments under a var iety of conditions was performed to verify this conclusion. 
These experiments carried out as described in Fig. I ,  consisted in determining Pz, Gz, 
fl-galactosidase, and sometimes amylomaltase,  in extracts from continuous-culture cells, 
after a t ta inment  of the equilibrium. 

Table I shows the results obtained when E. coli is grown in the presence of various 
galactosidic or non-galactosidic sugars as carbon and energy source. I t  will be seen tha t  
the synthesis of Gz is invariably accompanied by  a decrease of the level of Pz, and 

Re]erences p. 289. 



284 M. C O H N ,  A . - M .  T O R R I : \ N I  VOL. 10 (1953) 

100 - 

75 

$0 

p IV 

F T 
T 

/,/o 
i 

'? 
--~?ELfBI~- - ' P ~  

ADDED f 
I 

1 3 4 5 $ P/OURS 7 

Fig. I. ML 3 ° (M+L+G+) was stabilized a t  t ime o in continuous culture with maltose as sole carbon 
and energy source. At  the t imes indicated 5o ml samples were removed and the extracts  analyzed 
for Tz, Pz, Gz, niphegalase, amylomaltase, and total  nitrogen. 

Scale factor 
T = combining units Tz/mg N x 2 
P = combining units  Pz/mg N x 2 
G = combining units Gz/mg N x 2 
O = niphegalase uni ts /mg N x 20 

/k = amylomaltase uni ts /mg N × IO 
• = optical density (D.O.)* × ioo 
X = niphegalase act ivi ty. in 

toluenized bacteria X o. I 

* I).O. iooo = o. 7 mg dry weight/ml = lO 9 bacteria/ml.  
** Culture toluenized following procedure described in Ref. i.  Values expressed in niphegalase 

units/D.O, iooo. 

I t  should be noted t ha t  the curves representing synthesis of fl-galactosidase in toluenized 
organisms in sand extracts whether  measured by  enzymic act ivi ty  or immunological t i t ra t ion are 
the same. 

t h i s  is t r u e  for  t h e  t w o  r a t h e r  w i d e l y  d i f f e r e n t  s t r a i n s  M L  a n d  K i2 .  T h e  l eve l  of  P z  

is l o w e s t  w h e n  f l - ga l ac t o s i da s e  is s y n t h e s i z e d ,  e.g. i n  t h i s  case,  in  t h e  l a c t o s e - g r o w n  

c u l t u r e s ;  c o n v e r s e l y ,  t h e  f o r m a t i o n  of a m y l o m a l t a s e  ( m a l t o s e - g r o w n  c u l t u r e )  does  n o t  

c o r r e l a t e  w i t h  a d e c r e a s e  of  Pz .  A c t u a l l y ,  t h e  l eve l s  of  P z  o n  g l u c o s e - g r o w n  a n d  m a l t o s e -  

g r o w n  c u l t u r e s  a re  a l w a y s  c lose ly  c o m p a r a b l e ,  a l t h o u g h  t h e r e  is i n v a r i a b l y  a s l i g h t  

d i f f e r e n c e  i n  f a v o u r  of  t h e  m a l t o s e - g r o w n ,  as  c o m p a r e d  w i t h  t h e  g l u c o s e - g r o w n  c u l t u r e .  

(This  is a lso  s h o w n  in  t h e  r e s u l t s  of t h e  e x p e r i m e n t  s u m m a r i z e d  in  T a b l e  I I ) .  
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TABLE I 

LEVELS OF fl-GALACTOSIDASE (Gz) AND PROTEIN P z  IN E .  coil GROWN ON VARIOUS SUGARS 

285 

Strelns Carbon source Amylomallase fl-galactos~tase Px Gz Tz Combining uniSs Pz rda$iv~ units 

M L  3 ° g lucose  o o 9 7  o 97 88 ( - - I 2  %)  
M + L + G +  m a l t o s e  92 o i IO o I IO IOO - -  

lactose o 2OlO 75 195 27o 68 (--32 %) 

K 12 g lucose  o o 5 ° o 5 ° 92 ( - -  8 % )  
M + L ~ G  + m a l t o s e  88 o 54 o 54 i o o  - -  

l a c t o s e  o 218o 35 208 243 65 ( - - 3 5  % )  

M L 3 2 4 o o  g l ucos e  o o 5o o 5 ° 91 ( - -  9 % )  
M + L + G  - m a l t o s e  203 o 55 o 55 i o o  - -  

m a n n o s e  o o .50 o 50 91 ( - -  9 % )  
f r u c t o s e  o o 53 O 53 IOO - -  
l a c t o s e  o 562 41 59 IOO 74 ( - - 2 6 % )  

Al l  d e t e r m i n a t i o n s  w e r e  c a r r i e d  o u t  on  s a n d  e x t r a c t s  of  cells g r o w n  in  c o n t i n u o u s  c u l t u r e  a t  
37 ° C w i t h  spec i f ied  s u g a r  ( i  g r a m / l i t r e )  as  sole  c a r b o n  a n d  e n e r g y  source .  T h e  c u l t u r e s  w e r e  s t ab i l i zed  
t h r e e  h o u r s  a t  a g r o w t h  r a t e  of  o .85 d iv i s ions /h .  E n z y m i c  a c t i v i t y  e x p r e s s e d  in l aM]hr]mg N .  

TABLE II 
EFFECTS OF GALACTOSE ON Vz LEVELS IN L- AND L+ STRAINS 

Strain Carbon source Amylomaltase I~-galactosidase Px Gz Tx Combinan~ units Pz rdativs unit* 

M L  3 ° g l ucos e  o o 39 o 39 87 ( - - 1 3 % )  
M + L + G  + m a l t o s e  i 3 o  o 45 o 45 i o o  - -  

g a l a c t o s e  o 345 28 38 66 62 ( - -38~/o)  

M L  3 g l ucos e  o o 45 o 45 90  ( - - l O % )  
M + L - G +  m a l t o s e  62 o 50 o 50 IOO - -  

g a l a c t o s e  o o 53 o 53 IO6 - -  

Conditions identical with those of Table I .  

Strictly speaking, these observations demonstrate that  a significant, although not 
extremely large drop in level of Pz, and a considerable accumulation of the (otherwise 
virtually absent), Gz protein, are associated with the presence of galactosidic sugar 
during the growth of a culture. The conclusion that  the drop of Pz is associated with 
the rise of Gz is only an inference, since these two events might conceivably represent 
:independent consequences of the presence of galactosidic sugars. This inference is a very 
good one, however, since these effects are highly specific, and independent of whether 
.or not the inducing sugar is metabolized as carbon and energy source (c]. melibiose). 
From the experiment described in Table II,  it will be seen that  with the normal (L +) 
:strain, fl-galactosidase is synthesized in the presence of galactose, and Pz drops 38% 
by comparison with the maltose-grown strain. With the L-s t r a in ,  no fl-galactosidase 
is formed, and the level of Pz is, if anything, slightly increased. This shows that  a strain 
that  has lost the capacity to synthesize fl-galactosidase in response to galactose, does 
not present the characteristic drop of Pz, when cultivated on galactose. 

References p. ~89. 
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THE GENETIC ASSOCIATION OF PROTEINS Pz AND Gz 

If  the  pro te ins  Pz and  Gz are  closely re la ted  in b iosynthes is ,  one should  also expect  
a close genet ic  corre la t ion  in the  c a p a c i t y  to synthes ize  bo th  prote ins .  S t ra ins  or species 
t h a t  do synthes ize  one, should  also in genera l  be capable  of synthes iz ing  the  other ,  
and  conversely .  

A su rvey  was conduc ted  in which the  presence of Pz and  the  capac i ty  to synthes ize  
Gz were t e s ted  in a n u m b e r  of m u t a n t s  of the  ML s t ra in ,  and  in a number  of different  
species and  genera  of Enterobacteriaceae (Table III). 

TABLE I I I  
D I S T R I B U T I O N  O F  P Z  I N  V A R I O U S  ME M U T A N T S  A N D  O T H E R  Enterobacteriaceae 

Strains Ability ~o syntkesi~e Gz 
M L  mutans Energy source Units Paling N in presence [J.methyl- 

galavtosid¢. 

Group I 

M+L-G+f (ML 3s) maltose 63 + 
M+L-G÷I (ML 3f) maltose 5 ° + 
M+L-G - (ML 324 I) maltose 4 ° + 
M-L-G- (ML 324) glucose 72 + 
M-L-G- glucose- peptone present + 

(ML 307) 
M-L+G + (ML 32o) glucose 48 + 
M+L-G + (2) (ML 3o8oa) maltose 34 + 

Group II 

M+L-G + (ML 3o8ob) maltose present - -  

Group I I I  (Other Enterobacteriaceae) 

Aerobacter aerogenes maltose present W 
Paracoli coliform maltose present + 
Shigella sonnei maltose present + 
Shigella flexneri casein hydrolysate absent - -  
Salmonella enteritidis maltose absent - -  
Proteus vulgaris OX I9 maltose absent - -  

Group IV (Species possessing unrelated//-galactosidase) 

Lactobacfllus bulgaxicus lactose absent 
Saccharomyces fragilis lactose absent 

The  7 different  ML m u t a n t s  which were t e s t ed  had  been selected as unable  to  
metabol ize  lac tose  and /o r  mal tose ,  ga lac tose  and  glucose (group x, Table  I I I ) .  However ,  
al l  were capab le  of synthes iz ing/~-ga lac tos idase  (in r educed  amounts)  in the  presence of 
methyl-f l -D-galactoside  as inducer .  Only  one m u t a n t  (ML 308o, b, g roup  II )  d id  no t  
synthes ize  ga lac tos idase  unde r  a n y  known condi t ion.  Al l  the  ML m u t a n t s ,  inc luding  
th is  las t  one, were found to con ta in  s ignif icant  amoun t s  of Pz. Moreover,  as shown b y  
a se r i e s  of c o m p a r a t i v e  t i t r a t i ons  (Fig. 2), the  Pz  pro te ins  in each of these  m u t a n t  
s t ra ins  were immunolog ica l ly  indis t inguishable .  Therefore,  the  comple te  or  pa r t i a l  loss 
of the  capac i ty  t o  synthes ize  Gz does no t  necessar i ly  en ta i l  a concurren t  loss or  modi -  
f i c a t i o n  of the  p ro te in  Pz. A much  more  s ignif icant  s i tua t ion  is revea led  when the  
d i s t r ibu t ion  of P z  in a n u m b e r  of species of Enterobacteriaceae is considered.  As can be  
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seen from Table I I I ,  a complete correlation between presence of Pz and capacity to 
synthesize Gz is observed (group I I I ) .  The three species which were found to possess 
the Pz protein were also capable of synthesizing Gz. The other three species examined 
did not contain Pz, and could not be induced to synthesize Gz nor any other fl-galactosi- 
dase, under any conditions. At tempts  at  isolating galactosidase-producing mutan ts  
from these species failed. The comparison of Shigella sonnei and Shigelta ]exneri is 
particularly instructive. S. sonnei possesses Pz, can be induced to synthesize fl-galactosi- 
dase, and although on fresh isolation from a dysentery case, it does not utilize lactose, 

100 

7 
• O 

0 tO00 2O0O 5000 4000 $000 
ANTlaEN NITRO6EN ,qOOEO (#9) 

Fig. 2. Quantitative preeipitin curve representing reaction between Pz in inactive extracts from 
various strains of ML and anti-fl-galactosidase sera. For technique see (4) 

• ~ ML 324oo M+L+G - 
O = ML 30 M+L+G + 
× = ML 3 M+L-G+ 
/~ = ML 3241 M+L-G - 

it is characteristic tha t  this organism mutates  to a lactose utilizing form. Shigella 
/exneri, on the contrary, does not possess Pz, can not be induced to produce Gz, and 
is never found to muta te  to a lactose utilizing form. 

As shown elsewhere, the fl-galactosidase produced by  the various members of the 
Enterobacteriaceae is, in every case, immunochemicaUy and enzymatically identical with 
the E. coli ML fl-galactosidase (see n). I t  is important  to note this point here, since 
two organisms Lactobacillus bulgaricus and Saccharomyces [ragilis, which produce a 
galactosidase, do not possess the Pz protein. However  the fl-galactosidases synthesized 
by  these organisms are both enzymatically and immunochemically unrelated to the 
E. coli fl-galactosidase. One would therefore not expect to find that  these organisms 
contain Pz. 
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The complete correlation between the ability to synthesize Gz and the presence 
of Pz in a variety of related species is further evidence in favor of the hypothesis that  
the two proteins are related in biosynthesis. 

THE BEHAVIOUR OF P z  IN MUTANT M L  3241 

As an appendix to the experiments on the relationship of proteins Pz and Gz, some 
observations on the effects of galactose on the synthesis of Pz in one particular mutant  
(ML 3241) may be mentioned. This mutant  does not metabolize lactose or galactose as 
carbon sources, nor does it synthesize fl-galactosidase in the presence of lactose, except 
at extremely high concentrations of the sugar. I t  does, however, synthesize low levels 
of fl-galactosidase in the presence of galactose, provided of course another energy source 
is present. I t  should be added that  galactose, even at low concentrations, inhibits to 
a significant extent  the growth rate of this mutant.  Table IV compares the effects of 
galactose on this mutant.  L - G -  (ML 3241) and on L~G - mutant  (ML 32400) in which 
the Pz-Gz relationship is "normal"  i.e. such that  Pz decreases on appearance of Gz. 
I t  may be seen that  the latter synthesizes large amounts of fl-galactosidase in the 
presence of galactose, and that,  accordingly, Pz drops by about 28 % as compared with 
a control culture on maltose alone. Mutant ML 3241 synthesizes only 12% as much 
fl-galactosidase in the presence of galactose, but  the Pz protein, far from decreasing 
slightly or staying constant, as it might have been expected, increases a great deal, 
over the level found in the galactoseless control. 

T A B L E  IV 

E F F E C T  O F  G A L A C T O S E  O N  L + G  - A N D  L - G -  S T R A I N S  

Presence of g~laxtose Amylemaltase 3-galaaosidase P~ Gz Tz Pz rda2ive units 
Strain 3 x Io-* M Combining units 

ML 3 2 4 0 0  - -  8 2  o 5 7  o 57 IOO - -  

M + L + G  - + lO.5 13Io 41 133 174 72 ( - - 2 8 % )  

ML 3 2 4 1  - -  4 2  o 4 8  o 48 ioo - -  

M+L-G - + 4 ° 121 88 16 lO 4 183 ( + 8 3 % )  

Conditions of exper iment  same as Table I. Maltose sole carbon and energy source. The g rowth  
rate  was  o. 3 divisionslh jus t  below the  m a x i m u m  growth  rate  which obtains  in the presence of 
maltose + galactose. Cultures stabilized 5 hours  before analysis. 

The experiments described in the preceding paragraphs left the question of the 
functional significance of the Pz protein entirely open, except in so far as they bore 
on the problem of its possible role as a precursor. The observation just mentioned 
suggests that  Pz may be somehow involved in the metabolism of galactose, and it is 
of course very tempting to entertain the possibility that  Pz represents, in whole or 
in part, an active enzyme or enzymes. So far however we have not found an enzymic 
activity associated with Pz nor other enzymes which cross-react with anti-galactosidase 
s e r u m .  

DISCUSSION 

The immunological evidence 3, 4 and the physiological evidence (presented above) 
concur in showing that  the induced enzyme fl-galactosidase, and the Pz protein of E. coli 

Re /e rences  p .  z 8 9 .  



VOL. 1 0  (1953) BIOSYNTHESIS OF PROTEINS IN E.  coli 289 

a r e  r e l a t e d  in  b i o s y n t h e s i s  as  wel l  as  in  s t r u c t u r e .  T h e  f a c t  t h a t  o n l y  t h o s e  spec ies  of 

Enterobacteriaceae w h i c h  pos s e s s  P z  a r e  c a p a b l e  of  s y n t h e s i z i n g  f l - g a l a c t o s i d a s e  a d d s  v e r y  

s t r o n g  s u p p o r t  to  t h i s  c o n c l u s i o n .  H o w e v e r ,  t h e  P z - G z  r e l a t i o n s h i p  m a y  b e l o n g  to  o n e  

of s e v e r a l  d i f f e r e n t  t y p e s ,  w h i c h  c o u l d  b e  s u m m a r i z e d  as  fo l lows :  

a. P z  is t h e  p r e c u r s o r  of  G z ;  

b.  P z  a n d  Gz h a v e  a c o m m o n  p r e c u r s o r  or  s h a r e  a c o m m o n  speci f ic  b u i l d i n g  b l o c k ;  

c. P z  a n d  Gz a r e  i n d e p e n d e n t l y  s y n t h e s i z e d  b y  t h e  s a m e  or  s i m i l a r  m e c h a n i s m s  

w i t h i n  t h e  cell, p e r h a p s  a t  t h e  s a m e  s i t e  a n d  u n d e r  t h e  c o n t r o l  of t h e  s a m e  

g e n e t i c  d e t e r m i n a n t s .  

SUMMARY 

E. coli cells possess a protein, Pz, which appears to be synthesized under  all conditions of 
growth. In the presence of a galactoside, the  cells also synthesize another  protein, Gz, endowed 
with/~-galactosidase properties, and very closely similar to Pz in antigenic s tructure as well as in 
solubility properties. The synthesis of Gz interferes very significantly with the  net  rate of Pz synthesis. 
Only those species of Enterobacteriaceae which possess the Pz protein are competent  to synthesize 
/~-galactosidase. 

Rt~SUMI~ 

E. coli poss~de une prot6ine, Pz, qui semble ~tre synth6tisde dans routes les conditions per- 
m e t t a n t  la croissance. En pr6sence d 'un  galact0side, les cellules synth6tisent  en outre une autre  
prot6ine, Gz, qui a l e s  propri6t6s d 'une fl-galactosidase, et qui par  ses caract~res de solubilit6 ainsi 
que par  sa s tructure antig~nique, est extr~mement  proche de la prot6ine Pz. La  synth~se de la 
prot6ine Gz re tent i t  d 'une mani~re tr~s marquee sur la vitesse de s3rnth~se de la prot6ine Pz. Seules 
les esp~ces d'Enterobacteriaceae qui poss~dent la prot6ine Pz paraissent  capables d'effectuer la 
synth~se de la/~-galactosidase. 

ZUSAMMENFASSUNG 

E. coli besitzt  ein Protein, Pz, welches un te r  allen Wachstumsbedingungen gebfldet zu werden 
scheint. In  Gegenwart  eines Galactosides synthetisieren die Zellen ausserdem noch ein anderes 
Eiweiss, Gz, welches die Eigenschaften einer fl-Galactosidase ha t  und welches, was l_~slichkeit und 
Ant igens t ruktur  betrifft, dem Protein Pz ausserordentlich nahe steht.  Die Gz-Synthese wirkt  sich 
deutlich aif die Gescliwindigkeit der  Pz-Synthese aus. Nur  die Arten yon Enterobacteriaceae, welche 
das Protein Pz besitzen, scheinen zur Synthese der fl-Galactosidase befAhigt zu sein. 
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