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SUMMARY 

Cells were grown so that carbohydrate permeases of different specificity are 
incorporated into the growing membrane. The present results, together with a re- 
traction of a previous result, imply that as the membrane of Escherichia coli grows 
new permeases are intercalated at all regions of the membrane previously possessing 
transport capability. 

INTRODUCTION 

If lactose-constitutive cells are grown in the presence of a second sugar such as 
a glucose, the cells possess an increased capability of transporting the second sugar and 
still retain the capacity to transport galactosides. In addition, several interactions of 
the two specific transport processes can be demonstrated. It  appears that a portion of 
the interaction is local, dependent on the proximity on the membrane of the gene 
product of the Y locus of the lactose operon and the product resulting from growth in 
the presence of the second sugar. 

The original evidence a that the interaction results from the propinquity on 
the membrane of the two "permeases ''2'a is that a flux inward of the second sugar 
induces a counter flux of previously accunmlated radioactive galactoside. This, in 
conjunction with the results of physiological experiments of KEPES 4, suggested that 
the interaction resulted from the envolvement of a common, less specific carrier or 
transporter element in the transport assembly. It  was assumed that this common 
element can interact with more than one permease element on the outside of the cell. 

Recently 5, we exploited this interaction to attempt to study the mechanism of 
growth of the membrane. First, the organisms were grown so that they produced one 
permease; then conditions were changed so that they produced only the other 
permease. We interpreted the results to mean that ~owth  took place in localized 
regions ot the membrane so that there is no interaction of permease elements laid 
down at different times. 

The major purpose of the present paper is to retract that claim and to reinter- 
pret the previous and the new results of the shift experiments to show that indeed the 

Abbrev ia t ions :  IPTG,  isopropyl  th io-f l -D-galactopyranoside;  ~MG, ce-methyl-D-glucopyra-  
noside;  ()NPG, o-n i t rophenyl  galactos ide;  TMG, th io-methyl - f l -D-galac topyranos ide .  

* P resen t  address :  I ) e p a r t m e n t  of Medicine, Duke  Hospi ta l ,  D u r h a m ,  N.C. 277o 5 , I; .S.A. 
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membrane grows by intercalation of groups of new elements of the transport mech- 
anislns in the neighborhood of all old elements. 

MATERIALS AND METHODS 

Conditions, organisms, techniques, and assays were those employed previous- 
lye, 5, except that  2.5' io 3 M azide was used in the first wash solution when the or- 
ganisms were shifted from one growth media to another. An azide wash was introduced 
in the shift experiments to eliminate residual inducer, since it is known that the exit 
rate of previously accumulated galactosides is increased by energy poisons'. This 
wash did eliminate significant increase in the levels of fi-galactosidase from cells 
~ o w n  previously in the presence of isopropyl thio-fl-D-galactopyranoside (IPTG) 
as inducer. It caused no lag in the increase in cell mass. 

RESULTS 

It was hoped to confirm our former working hypothesis by conducting experi- 
lnents in which a period of induction for one permease was separated from a period 
of induction of the second permease by an interval in which neither was induced. 

When these results (see below) did not accord with the hypothesis of a growth 
region on the bacterial membrane, we re-examined all our previous results a and found 
that one experiment reported previously was faulty. This was the experiment in 
which E. coli ML 3o cells, induced for many generations with IPTG for galactoside 
permease, were resuspended in glucose media containing no galactoside. In our pre- 
vious studies, samples from such culture had not been adequately washed to remove 
the glucose so that the perlnease appeared to be more rapidly inactivated than is 
actually the case. Moreover, in these experiments, never did there appear to be 
transport sites inhibitable by glucose or ~-lnethyl-D-glucopyranoside (eMG), although 
there really were. 

Thus, Eig. 5 of the previous publication 5 is erroneous. Other results given there 
are not subject to the same criticism, and we believe thev are valid. 

In Fig. I of the present paper is shown a typical valid experiment of this type 
in which the cells sampled for assay are adequately washed (twice) to remove the 
glucose. There is a negligible change in the total amount of galactoside transport 
capability per unit w~lume of culture even though the bacteria were followed through 
2o-fold growth after the shift to glucose media. Thus tlle transport capability per 
cell was diluted bv the same factor as that by which the concentration of cells was 
increased. On the other hand, tlle inhibited rate in the presence of aMG fell from nearly 
no inhibition at the time of the shift to almost total inhibition at the end of the 
growth period. 

If an 8o-min growth period in glycerol in the absence of either IPTG or glucose 
is interposed, similar rapid conversion of non-inhibitable sites to inhibitable sites is 
t~bserved (Fig. 2). The specific activity of the galactoside permease at tlle end of the 
glycerol growth period is less, and a somewhat larger proportion of the transport 
initially is inhibitable by aMG, presumably because of the formation of a small amount 
of glucose permease due to the slight glucogenic nature of glycerol. The drop in the 
nmnber of n(m-inhibitable sites is as precipitous in this case as when there is no 
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intervening period, but it does not fall to so low a level. In this case, as in Fig. I, 
a factor of 2-fold in growth decreases the number of uninhibitable sites to about one- 
half. On the assumption that the interaction of ~MG with galactoside transport is 
dependent on a common non-inducible element in the transport I which can bind 
different sugars only if both permeases are affixed locally, these results imply that the 
new products resulting from growth in glucose are incorporated in all regions of the 
cell membrane. 

When the experinaental situation is reversed and glucose grown cells are 
washed and placed in medium containing IPTG in the absence of glucose, the first 
formed elements for transporting galactoside interact with the previous capability 
for glucose transport while later elements do not interact 5. On repeating this experi- 
ment with an intervening period of grox~'th (Fig. 3) where neither transport capability 
was being induced, virtually identical results were obtained as without this intervening 
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l:ig. i.  Different ia l  p lo t  of pe rmease  i n t e r ac t i on  on shif t  from induc t ion  of ga lac tos idc  pe rmease  
to  glucose pe rmease  synthesis .  E. coli ML3o cells growing wi th  ae ra t ion  a t  37 wi th  a doub l ing  
t ime  of 82 rain in succ ina te  med ium and 5" 1o 4 M [PTG were washed  twice, the  first t ime  in azide- 
con ta in ing  M-9. The cells were resuspendcd  in g lucose-conta in ing  (o.50{~) mediu in  wi th  no I PTG. 
Growth  was i m m e d i a t e  wi th  a doub l ing  t ime  of 53 min. The t r a n s p o r t  a c t i v i t y  of samples  t a k e n  
a t  ind ica ted  t imes  was followed by  the hydro lys i s  a t  2 8  of the  chromogenic  subs t r a t e  t )NPG.  
Under  these condi t ions  hydro lys i s  is l imi ted  by the t r a n s p o r t  process and  not  by  in te rna l  /%gal- 
ae tos idase :  ,j~, i*~ vivo ONPG hydro lys i s  w i thou t  aMG; O w i t h  aMG. All samples  are corrected for 
the  fo rma ldehyde  control,  which e l imina tes  permease  t ranspor t ,  bu t  not  c ryp t ic  t r a n s p o r t  of hy-  
droh 's is  due to  l ibera ted/~-galac tos idase .  The correct ions  never  a m o u n t  to more than  [o ' i , .  

Fig. 2. Different ia l  plot  of pe rmease  in te rac t ion  on shif t  of previously- induced cells into glucose 
af ter  an 8e-rain buffer period in the presence of glycerol.  E. cell ML3o ceils growing in M- 9 wi th  
o.4°0 glycerol  and  5" Io 4 M I P T G  were washed  twice and resuspended in w a r m  M-9 con ta in ing  
o.2".  glycerol  and  were al lowed to grow for 8o rain. The bac te r i a  were again washed once and  
rcsuspended in to  warm o.2° b glucose M-9; a l iquo t s  were t aken  as before. DouMing t imes  were 0,, 
rain in glycerol  and  40 rain in glucose wi th  no observab le  lag in t u r b i d i t y  increase dur ing  shifts.  
A c t i v i t v  of samples  as Fig. I : A,  w i thou t  ~M(;;  O,  wi th  ~Yf(;. All samples  arc corrected for form- 
a h l e h w l e  t rea ted  controls.  

Biochim, t~iophys. Acla, 225 (x97[) 239 247 
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period. The first transport  systems for galactosides incorporated into the growing 
membrane interact strongly, but non-inhibitable capability develops with only 
an extrapolated delay of a factor of 1.72 in dry weight. 

These experiments imply, under the same assumption stated above, that  the 
gene products produced as a result of inducing transcription of the lactose operon are 
also introduced into the growing cell at random. We had previously interpreted this 
result to mean there was a pool of the products of the inductive response to glucose 
that  were incorporated into the membrane subsequent to the removal of the inducer. 

I t  also implies that  after 2-fold growth in the IPTG inducing medium, regions 
in the membrane exist that  are not inhibited by aMG, even at a concentration of 
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l:ig. 3. 1)ifferential p lo t  of glucose-grown organ isms  of ga lac tos ide  permeasc  produc t ion  af ter  
shif t  to induc t ion  for an 8o-min buffer period in the  presence of glycerol.  E. coli ML3o, hav ing  
~rown in the presence of o.2~I, o glucose for m a n y  generat ions,  were washed  twice and resuspended 
in to  w a r m  M-O con ta in ing  o.2(~i) glycerol,  The bac te r i a  were al lowed to grow for 8o rain following 
a 2o-min lag. i .  Io a M IPT( ;  was then  added  to the growing suspensions.  Doubl ing t imes  were 
54 rain in glucose med ium and 6o rain in the presence of glycerol.  The differentia!  ra te  of ( )NP( ;  
hydro lys i s  pos t - sh i f t  was 4 io  /~moles/g per rain:  ,Ik, in viv(J ONPG hydro lys i s  w i thou t  xM(;;  
O, wi th  ~.MG; 2I, wi th  formaldehyde .  

l:ig. 4. l ) i f ferent ial  p lo t  of permease  in te rac t ion  on shif t  of bac t e r i a  from a 2o-min pulse of induc- 
t ion of ga lac tos ide  permease  to g lucose-conta in ing  media.  Doubl ing  t imes  were:  pre-shift ,  70 
rain;  and  post-shif t ,  58 rain. E. Coli ML3o cells grown on succ ina te  were induced for the  ga lac tos ide  
pe rmease  wi th  ~. ro 3 M 1PTG for 2o rain. The cells were washed  2 t imes,  first wi th  azide wash 
medium,  and were then  placed in o.5Oo glucose-conta in ing  M-O and al lowed to grow. Samples  
were t aken  as specified : i ,  w i thou t  ~M(; ; O, wi th  xMG. All values  are corrected for fo rmaldehyde-  
t r ea ted  controls.  

~.8 raM. As this concentration is 2oo times the concentration that  gives half-maximal 
inhibition of the transport  process, this appears to be a change in the proportion of 
qualitatively different sites. Moreover, the sensitivity of transport to ~MG con- 
centration of that  portion of the activity which is inhibitable by  ~MG remains the 
same independent of the degree of induction of the glucose permease (Table II). The 
half-inhibiting concentration remains about I .  IO 5 M, even for cells harvested after 
a shift of glucose cells to IPTG just as fully resistant sites are appearing. 

Experiments were also performed in which the permease was induced for a 
short period of t ime in order to further test the interaction of permeases. Fig. 4 
shows the result of inducing succinate-growing E. coli ML 30 for the galact~side 
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t r anspor t  sys tems for 20 rain, then washing the  bacter ia ,  and  resuspending them 
in med ium which will induce for the  glucose permease.  The o-ni t rophenyl  galactos ide  
(ONPG) t r anspor t  capab i l i ty  very  r ap id ly  becomes sensi t ive to the  glucose t r anspor t  
analogue,  o~MG. Note  the  significant,  but  sligl{t, ini t ia l  increase of ONPG sites af ter  
t ime zero and then the slow decline in the ra te  of in vivo hydrolys is .  The rise is the 
largest  we have  ever observed and  might  indicate  tha t  the  produc t  of ttle permease  
gene m a y  have cy top lasmic  pools which, even af ter  removal  of inducer,  are incorpo- 
r a t ed  into the  growing membrane .  However ,  these pools cons t i tu te  no more than  one- 
fourth of the  amoun t  of permease  incorpora ted  under  inducing condi t ions into the 
meinbrane  in less than  a th i rd  of a generat ion.  
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Fig. 5. Differential plot of permease interaction after the simultaneous pulse induction of both the 
galactoside and glucose permease to non-inducing glycerol containing growth medium. E. coil 
ML3 o cells growing in o.e°o glycerol were washed once and resuspended into warm M-9 containing 
5" IO-4 M glucose and I " IO 4 M IPTG. Induction of both permeases was allowed to take place 
for 3 ° rain. The bacteria were then washed twice and resuspended in warm o.2°~ glycerol-containing 
M-9. Doubling times were 58 min in the glucose medium and 56 rain post-shift in glycerol. Samples 
were measured as before: Ak, without ~MG; O, with ~M(;. All values are corrected for formalde- 
hyde-treated controls. 

When  both the  glucose and galac tos ide  permeases  were induced at  the  same 
t ime  for only  3o rain and  the cell suspension was washed and  resuspended in M- 9 
and glycerol,  the  results  shown in Fig. 5 were obta ined.  At  t ime zero, 63% of ti le 
ga lac tos ide  si tes were inh ib i ted  by  ctMG. 

There  is a sl ight ini t ial  increase in the t r anspor t  capab i l i t y  and a sl ight  ini t ia l  
increase in the  propor t ion  of aMG sensi t ive sites. These p robab ly  represent  de layed  
incorpora t ion  of the  gene produc ts  of t i le two permease genes. There is a g radua l  loss 
of the  propor t ion  of t r anspor t  sites for ONPG inhib i tab le  b y  aMG. At  the  end of the  
sampl ing  period,  a -methylg lucose  inh ib i ted  only  Ix °o of the  ga lac tos ide  permease 
ac t iv i ty .  One poss ib i l i ty  is t ha t  the  glucose permease is being inac t iva ted  by  growth 
of the  bac te r ia  wi th  a half-life of approx.  I 11. This  inac t iva t ion  of the  glucose per- 
incase would therefore release the  galac tos ide  sites from inhibi t ion b y  eMG. However ,  
we have shown tha t  the inac t iva t ion ,  at  least  under  res t ing condi t ions,  could not  
account  for this~,7,11 since the  inh ib i t ab i l i t y  of glucose on galactos ide  t r anspor t  does 
not  change ve ry  much as the galactos ide  t r anspor t  is i nac t iva t ed  in s ta rv ing  culture.  

Previous ly  6, the  ra te  of inac t iva t ion  of the  galac tos ide  permease was followed 

Hiockim. Biophys. Acla, ._,,5 (T97~) z39-z47 
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in growing and non-growing cultures, It is now found, in confirmation of these studies, 
as shown in Table I, that the galactoside permease is inactivated with a half-life 
of approx. 6 h in growing bacteria and from 3 to 8 h in non-growing cultures, depending 
on carbon source present. The rate of inactivation of preeexisting galactoside per- 
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H A L F - L I F I ' ;  FOR TIII£ I N A C T I V A T I O N  OF PFRMI£ASI¢ UNI}I£R VAI{IOUS C O N D I T I O N S  

A growing cu l tu r t  of ML3o in o.5~o succ ina te  and 5"1o a M IPTG was cent r i fuged and washed 
twice in M-(~, the  first t ime  wi th  azide in the media.  The cul ture  was d iv ided  and placed in the 
different  media.  Carbon sources were present  at  a concen t ra t ion  of o.30o, except  for growth  in 
glucose in which the concen t ra t ion  was o. I0 o. To p reven t  growth,  ch loramphenico l  was added  a t  a 
concen t ra t ion  of 5 ° /~g/ml; no fur ther  t u r b i d i t y  increase was observed,  l~oubling t imes  durin~ 
growth  in s u e t | h a t e  and glucose were 78 and ~,) rain, respect ively ,  and are typical .  Samples  were 
a s s a y e d  l l l ldel-  s ta l l ( lard  condi t ions  ~i11(1 were c(}rrected for h-sed cells and  crypt ic  tral lSport  1)\ 
fo rma ldehyde  controls.  Logar i thmic  plots  give s t r a igh t  lines [or all bu t  the growth in glucosc 
exper iments .  All expe r imen t s  were  carr ied out  for a 4So-nlin period at  37 • 

(,,azdillo~ls Hat) - /@'  

No carl)on Sotlrce ! ch loramphenico l  
Succinate  - ch loramphenico l  
Glucose ~ ch loramphenico l  
~ l l C C i l / i l t e  

(;luc(~>e 

(mi~z) 

38o 
48o 
2{*O 

31~o 
3t~o -Ooo 

mease by growth in glucose is certainly not greater than on growth on succinate; 
and therefore, the glucose permeases are not supplanting the galactoside permeases. 
Together these facts would seem to rule out inactivation of the glucose permease as 
a cause of the loss of interaction shown in Fig. 5- 

A more probable explanation states that there is physical separation of the 
permeases. Since a io-fold growth is required to halve the number of inhibitable 
sites, probably intercalation by new membrane growth, without the necessity of 
the assumption of mobility or diffusion of the permease molecules in the membrane, 
will be sufficient to account for this phenomenon. 

CONCLUSIONS 

The specificity of transport mechanisms has been obscured by the finding 
that transport processes via quite stereospecific permeases can interact with trans- 
port processes via other highly stereospeciflc permeases. This interaction nmst occur 
through other less specific parts of the transport mechanism. For example, galactose 
interacts with galactoside transport under all circumstances known to us, while 
glucose or aM(; interact only in cells grown in glucose or a substrate that is rapidly 
converted intracellularly to glucose, which are also the conditions favoring the syntEe- 
sis of glucose permease. Thus, \VINKLER AND \~'rlLSONS found that the ~'m~* for the 
initial rate of ~.MG uptake is 5-0 times higher and the degree of inhibitions of ONP(; 
ilt rive hydrolysis is considerably elevated in ML3o8 grown on glucose compared with 
cells grown on casein hydrolysate, glucose 6-plmsphate, gluconate, and fructose. 
Similarly, we have found that maltose in the growth medium .~ yield cells with high 
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capability for glucose uptake if amylomaltase is present and lower amounts in cells 
incapable of converting maltose to glucose, and that the effect of aMG on ONPG 
transport is larger in the former case than the latter one. The only circumstance known 
to us where growth conditions resulting in high glucose transport capability and not 
high degree of inhibitability of the ONPG transport is to grow ML3o8 in glucose- 
limited chemostat culture 7. 

We can assume broad specificity of the common factor, no matter if the inter- 
action is at the level of a common carrier, or at the level of Enzyme I or the HPr of 
the phosphotransferase system ~°, or some as yet unspecified entity necessary for the 
transport process without the unique specificity of the permeases to explain these 
findings. The present communication is concerned with the interaction of galactoside 
transport with that of ~MG. What is the evidence that the interaction is a very local 
one depending on juxtaposition of permeases on the cell membrane? 

In cells possessing both transport capabilities, immediate inhibition of ONPG 
transport results from addition of glucose 7 and high levels of ~MG 5. The former in- 
duces counterflow of thio-methyl-fi-D-galactopyranoside (TMG) (ref. I and A. KEPES, 
personal conmmnication) although the latter does inhibit the exit of pre-accunmlated 
TMG. It is ahuost impossible to believe that these effects are indirect and result from 
interactions mediated through some diffusible chemical species in the cytoplasm. 

On the other hand, it is also quite clear tbat both glucose and aMG also cause 
inhibitions of in vivo ONPG hydrolysis in an indirect wav 7. This is evidenced by a 
delayed time to achieve full inhibitions bv low levels of aMG or by high levels of 
glucose, i.e. both these agents at the appropriate concentrations have an immediate 
inhibitory action on permease action, hut later develop a higher degree of inhibition. 
Under the conditions of aMG concentration and time scale of the measurements, the 
results presented here are the sum of the immediate and delayed action of ~M(;. The 
first is no doubt local; the second must surely result from some more general deple- 
tions of energy reserves or control signal. Most of the experiments reported in this 
paper were performed before we could distinguish between the two processes. However, 
Table II  shows that the ratio of the immediate to total degree of inhibition is the 
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( ;LLYCOSE P E R M E A S E  
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5" zo ~" 31, y, rown o*te gener- glucose-~,,roz~,n 
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* M e a s u r e m e n t  m a d e  in 5 - c m  cel ls  so t h a t  e f fec t s  of  g l u c o s e  c o n s u m p t i o n  c o u l d  be  m i n i n l i z e d .  
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same as a culture undergoing a shift as it is in a glucose-grown culture of ML3o8 
which has been grown indefinitely in glucose medium and has high levels of both 
galactoside and glucose permeases. 

Another reason for assuming that the interactions reported here are proportional 
to the local effect is the peculiar dependence on inhibitor concentrations 5. Inhibition 
by ~kIG is half-nlaxin~al at I.O. IO ~ M, but at nmch higher concentrations, the degree 
of inhibition is never complete and, in fact, depends on the growth history of the 
organism, not on the conditions of assay. For example, if we computed the specific 
activities of the in vivo ONPG hydrolysis in the presence of ~MG for the different 
kinds of experiments shown in Figs. r, 2, and 4 at the interpolated time when the 
cells have grown one doubling in glucose by simply dividing the ordinate by the 
abscissa, there is a 6-fold variation. The rates are approximately: Fig. I, 18o; Fig. 2, 
5 ° ; Fig. 4, 3o #moles/g per rain. Since there is presumably the same amount of glucose 
permease in each case, if the inhibition were due to non-local interactions involving 
ATP depletion on some non-membrane bound component of the phosphotransferase 
system, then ~MG transport would deplete reserves of those materials to the same 
degree, and would limit ONPG flux to the same level in all cases. 

Yet another reason for assuming that the interactions reflect local membrane 
geometry is the observation presented here that when both permeases are laid down 
during one-half a generation, the interaction is initially maximal and then falls until 
the flux of galactoside is almost completely independent of the presence of ~MG 
(Fig. 5). This fall is not the result of inactivation of either permease. Both activities 
apparently decay, but much more slowly than does the loss of interaction (present 
results and refs. 5 and 6i. 

Together with the conclusion that the interaction is local, the results of the 
shift experiments imply, that the membrane grows by intercalation at all regions so 
the bacterial membrane containing pernlease so that newly introduced permeases can 
interact with permeases previously laid down through common elements of the trans- 
port system, i.e. the carriers, both old and new. But these observations also suggest 
several other conclusions: 

(1) That the permease is the rate-limiting step of the transport under the usual 
conditions of assay. This has tacitly been assumed 2, a, trot, as pointed out previously 1,~ 
the experimental observation that the apparent K~, for hydrolysis of ONPG by cells 
is constant and independent of the degree of induction could be interpreted to mean 
that new complete and independent assemblies were being introduced into the 
membrane. In a fully induced cell, more than one galactoside permease interacts with 
the common element, and consequently, if this element were rate limiting, an increase 
in transport rate on further growth under non-inducing conditions would tie expected. 
But any increase in the control curves in Figs. I and 2 is very small, even when a 
correction for permease decay is included. Consequently, it can be concluded that, 
even for fully induced cells, the permease level is rate determining. 

(2) Groups of more than one permease molecule are introduced specially and 
temporally together into the growing membrane. In the case where both I PTG and 
glucose were added for one-half a generation, the interaction was initially, higher than 
expected from random and independent introduction of a permease molecule into 
the growing membrane. For either type of permease, approximately a doubling of cell 
mass is required for 5o% interaction when there is a large amount of the others loose 
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and one-half a generation would give very approximately 25% interaction so that 
bv chance association, we should expect about 1/16 of the cell permease system to 
show when both are present in small amounts. In fact, this is the level of interaction 
if cells are induced for one-half generation for one and then for the second one-half 
generation induced for the other carbohydrate permease. Yet 63-67% of the in vh'o 
activity was inhibitable when both permeases were laid down simultaneously. This 
means that as the membrane grows there are local regions laid down with several 
permease assemblies. 

(3) The permease molecules are rather rigidly bound to the membrane. If the 
structure of the membrane were fluid, then the initial interaction would be lost. Yet 
it takes a mass increase of Io-fold to decrease the interaction by one-half. 

It appears quite likely that the conclusion that pennease molecules can be 
added at all points of the cell membrane is a reflection that membrane and cell wall 
growth in E. coli also takes place in this manner. Recently E. GREEN AND M. 
SCHAECHTER (personal communication) have reported with radioautography that 
membrane-bound tritium does not segregate for many generations, and certainly not 
in the manner predicted by the original version of the replicon model. 
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