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SUMMARY 

The Escherichia coli ML35 mutant  strain, containing constitutive fi-galac- 
tosidase but not the "M protein" required for transport  of fi-galaetosides into the 
cell, showed O-nitrophenyl-D-fl-pyranoside-galactoside (ONPG) hydrolysis in vivo 
after t reatment  with toluene. In the presence of divalent and polyvalent cations, 
toluene-treated ML35 cells rapidly lost their ability to hydrolyse ONPG. The rate 
of repair of the toluene-treated ML35 cells by Mg 2+ was found to depend on tile 
cation concentration and the temperature of the repair system. In tke presence 
of o.o5 M MgC12, the toluene-treated ML35 cells completely lost their ability to 
hydrolyse ONPG within IO rain at 35 °. At the stage at which ONPG hydrolysis 
was no longer observed in repaired toluene-treated ML35 cells, addition of ATP 
to the ONPG assay system led to increased ONPG hydrolysis iu vivo. Under these 
conditions, TMG and formaldehyde markedly inhibited ONPG hydrolysis in repaired 
toluene-treated cells but not in unrepaired toluene-treated or sonicated ML35 cells. 
The temperature dependence of ONPG hydrolysis in repaired toluene-treated ML35 
cells and the Km of ONPG hydrolysis of these cells indicated tile possibility of the 
presence of a masked active transport  system in the ML35 cell membrane. 

I NTROD UCTI ON 

fi-Galactosides are rapidly transferred across the cell membrane of strains 
of Escherichia coli whMl contain a functioning 3' gene in tile lac operon. This trans- 
port in and out of the cell is mediated by a specific protein, tke product of tile y 
gene (called "M protein" or fi-galactoside permease). In tile absence of a functioning 
carrier, the cell is relatively impermeable to galactosides. E. coli ML35 cells contain a 
large excess of fl-galactosidase but do not have the suitable pennease for transfer 
of fi-galactosides 1. I t  has been assumed that  transfer of fi-galactosides into ML35 
cells can only occur by simple passive diffusion 2 and that  this strain does not have 
a functioning 3, gene in tile lactose operon. 

Abbreviat ions:  CTAB, ce ty l t r imethylammonium bromide:  ()NPG, O-nitrophenyl-D-fl- 
pyranoside-galactoside;  TMG, th iomethyl  fl-galactoside. 
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A convenient standard method for detecting cryptic enzymes in bacteria 
such as E. coli ML35 is t reatment  with toluenO. Toluene t reatment  alters the per- 
meability barrier of such cells towards/5-galactosides without disrupting the fl-galac- 
tosidase activity within the cells. 

This paper describes the effect of cations (Mg 2+, Ca 2+, spermine) on the repair 
of the damaged membrane of toluene-treated E. coli ML35 cells. In addition, 
different agents, such as thiomethyl-fl-galactoside (TMG) and formaldehyde, which 
affect active transport  of/3-galactosides into E. coli cells4, 5, and ATP, which increases 
carrier-mediated transport  of O-nitrophenyl-D-/3-pyranoside-galactoside (ONPG) 6, 
were found to affect ONPG hydrolysis bv MgC12-repaired toluene-treated ML35 
cells. A possible mechanism for ONPG transport  across the repaired cell membrane 
is discussed. 

MATERIALS AND METHODS 

Chemicals 
ONPG (Sigma), TMG (Sigma), formaldehvde (BDH, Analar), ATP, crystalline 

sodium salt, Grade I I  (Sigma), spernfine.3HC1 (Calbiochem) and toluene (BDH, 
Analar). 

Test organism 
E. coli ML35 strain (constitutive fl-galactosidase, negative permease, i , z ~, 3' )' 

was grown on nutrient broth (Difco) at 37 °. The cells were harvested in the early 
exponential phase by centrifugation in the cold (Ioooo x g for IO min at 4°), washed 
twice in glass-distilled water and suspended in o.o 5 M Tris buffer (pH 7.6) at a density 
of 8. io s cells per ml. 

Toluene treatment of E. coli ML35 cells 
Toluene (2 %, v/v) was added to the ML35 cell suspension in Tris buffer in 

a closed tube (1.2 cm × 17 cm) and rotated (60 rev./min) for 6 rain and then cen- 
trifuged (2ooo x g for 2 min). The upper phase (containing the toluene) was discarded. 
The amount of toluene remaining in the cell phase is not known. These cells were 
considered "toluene treated" without further treatment.  

Sonication 
ML35 cells (8.1o s cells per ml) suspended in 0.05 M Tris buffer (pH 7.6} 

were sonicated in a Branson sonifier (4 kcycles for I rain at 4°). 

Hydrolysis of ONPG by E. eoli ML35 cells 
A mixture of final volume 2 ml containing 3.3 mM ONPG and 1.6. lO 8 toluene- 

treated ML35 cells in 0.025 M Tris buffer (pH 7.6), as well as other additives as noted, 
was incubated for IO min at 23 ° (except when indicated otherwise). (ONPG hydro- 
lysis by toluene-treated ML35 cells was found to be proportional to the time of 
incubation up to 30 rain at every temperature tested in the range of 8-35°.) Incu- 
bation was terminated by addition of 3 ml I M Na2CO 3. After centrifugation (IOOOO x 
g for IO min), the absorbance of the supernatant was determined in a Summerson-  
Klett  colorimeter (Filter 42). The results given represent the reading minus the absor- 
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bance of a blank of the incubation mixture not containing cells. Under the conditions 
of this test untreated ML35 cells showed no observable ONPG hydrolysis even 
after 3o min of incubation at 23 °. 

RESULTS 

Effect of cations on the abilih' of tohtene-treated E. coli ML35 cells to lGdrolyse ONPG 
The ability of toluene-treated ML35 cells to hydrolyse ONPG was not reduced 

by repeated washing in glass-distilled water before the toluene treatment.  However, 
when washed twice in o.o5 M MgC12 before being treated with toluene, such cells 
rapidly (within IO rain at 35 '~) lost their ability to hydrolyse ONPG (Fig. I). 
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Fig. ~. Effect  of p r e t r e a t m e n t  wi th  MgC12 on the  a b i l i t y  of to luene- t r ea ted  E. coli ML35 cells 
to hydro lyse  ONPG.  H a r v e s t e d  ML35 cells were washed  twice  in o.o 5 M MgCI~ (O) or in glass- 
d is t i l led  w a t e r  (O) and then  suspended in Tris buffer, t r e a t ed  as descr ibed in MATERIALS ,aND 
METHODS wi th  to luene  and  tes ted  for O N P G  hydro lys i s  af ter  different  t imes  of i ncuba t ion  a t  

35 ' .  

[rig. 2. Effect  of different  ca t ions  on ( )NPG hydro lys i s  by to luene- t r ea ted  E. coil ML35 cells. 
To luene- t rea ted  ML35 cells were i n c u b a t e d  a t  35 '  for io  min  in  o.o 5 M Tris buffer (pH 7.6) in 
the  presence of the  l is ted ca t ion  a t  the  g iveu concent ra t ions .  O N P G  hydro lys i s  was carr ied out  
as descr ibed in MATERIALS AND METHODS. 

Similarly, the ONPG hydrolysis by toluene-treated cells was reduced markedly 
when incubated with different concentrations of Ca 2+, Mg 2+ or spermine at 35 ° 
(Fig. 2). Na + (even at high concentrations) had no effect on ONPG hydrolysis by 
the toluene-treated ML35 cells (Fig. 2). 

These cations, when incubated witk sonicated ML35 cells, had no effect on 
the expression of fl-galactosidase activity. Furthermore, repaired toluene-treated 
ML35 cells (which ceased hydrolysing ONPG after io rain of exposure to o.o5 M 
MgC12 at 35 °) again showed the original level of ONPG hydrolysis after sonification. 

Fig. 3 shows that  in tile presence of 0.05 M MgCI~, toluene-treated ML35 
cells lose IOO % of the capacity to hydrolyse ONPG after about io rain of incubation 
at 35 °, while at 25 ° ONPG hydrolysis ceased completely only after 2 h. At o ° the 
ONPG-hydrolysing capacity was hardly reduced even after a 3-h incubation with 
the MgC12. 

These temperature-dependent kinetics suggest that  the repair by MgCI~ of 
the toluene-damaged cell membrane is not simply a mat ter  of binding of cations 
to the acidic groups of the membrane but probably involves the action of some 
enzymatic repair system. 
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Factors affecting ONPG hydrolysis by repaired toluene-treated ML35 cells 
To test the dependence of the repair process on energy supply, ATP was added 

to the ONPG-hydrolysing system. I t  was found that  ATP addition not only did not 
accelerate the loss of the ONPG-hydrolysing capacity but actually prolonged the 
period required for complete loss of ONPG-hydrolysing capacity at 35 ° (Fig. 3). 
In addition, repaired toluene-treated ML35 cells (after incubation with MgC12 for 
io nfin at 35 °) showed an increasing capacity to hydrolyse ONPG after addition 
of ATP for different times to the ONPG incubation mixture (Fig. 4)- 
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l:ig. 3. ONPG hydrolysis  in the presence or in the absence of ATP by toluene-treated E. coil 
ML35 cells, repaired by  MgCl 2 at  different temperatures .  Toluene-treated ML35 cells were incu- 
bated with 0.05 M MgCl 2 at various temperatures .  At  different times, aliquots were taken for 
determinat ion of ONPG hydrolysis  in the presence and absence of 5 mM ATP as described in 
MATERIALS AND METHODS. (~, 35°; A, 25~; O, O°; white symbols,  wi thout  ATP; black symbols,  
with ATP. 

Fig. 4. Effect of incubat ion with ATP for different t imes on ONPG hydrolysis  of repaired 
toluene-treated E. coli ML35 cells. Toluene-treated ML35 cells were first incubated wi th  o.05 M 
MgC12 for io min at 35 ° and then incubated at  2 3  ° for different t imes with 5 mM ATP. ONPG 
hydrolysis  was determined as described in MATERIALS AND M E T H O D S .  (At o time a sample 
wi thout  ATP was tested.) 

The question arose as to whether the ATP interfered in some way with the 
repair process of the cations or whether it was active in facilitating the transport  
of ONPG into the cells whose membranes were being repaired. At the concentration 
of ATP used (5 mM), only a small portion of Mg 2+ (50 raM) can be bound by the 
added ATP. ATP has been shown to enhance ONPG transport  into E. coli strains 
having a functional y gene in their lac operon~3. 

In order to study the involvement of a possible carrier-mediated transport  
of ONPG into repaired toluene-treated ML35 cells, two of the agents known to 
decrease the carrier-mediated transport  of fl-galactosides without significantly 
affecting the activity of fl-galactosidase were tested. 

TMG, a nonmetabolized galactoside, competes with the ONPG for the same 
carrie#. Fig. 5 shows the effect of TMG on ONPG hydrolysis by repaired toluene- 
treated ML35 cells at the stage of cell repair when ATP is necessary for ONPG 
hydrolysis. At a concentration of IO mM TMG, which is 3 times higher than that  
of the ONPG present in the assay system, the ONPG hydrolysis was decreased 
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by 40 °o ; at  a concentra t ion  of 50 mM TMG the inhibi t ion of O N P G  hydrolysis was 

87 °o. No effect of the TMG (at IOO mM) was found on the hydrolysis  of O N P G  by 

unrepaired to luene- t rea ted  cells or by sonicated cells. Under  the condit ion of this 

test  un t rea ted  ML35 cells showed no observable ONPG hydrolysis.  I t  was therefore 

impossible to test the effect of TMG on the uptake  of ONPG by these cells. 
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Fig. 5. Effect of TMG on ()NPG hydrolysis by repaired toluene-treated E. coli MI, 3.5 cells in the 
presence of :VI'P. Toluene-treated ML35 cells were first incubated with o.o 5 MgC12 for ~o rain at 
35.  ()NPG hydrolysis by these cells incubated with 5 mM ATP and different concentrations 
of TMG was tested as described in MATERIALS AND METHODS. 

TAI~I.E 1 

E F F E C T  O F  FORMALDEH'~DE O N  ( ) N I ) G  H Y D R O L Y S I S  B Y  R E P A I R E I )  A N D  U N R E P A I R E D  T O L U E N E -  

T R E A T E D  12,'. coil ML35 C E L L S  A N D  klV S O N I C A T E D  ML35 C E L L S  

Toluene-treated ML35 cells were incubated with o.o 5 M MgC12 for lo rain at 35% These cells 
(with 5 mM ATt)), unrepaired toluene-treated cells and sonicated cells were incubated with and 
without 3-3 mM formaldehyde in o. t 5 M Tris buffer (pH 7.6) for 5 rain at 23 :. The ()NP(; hydrolysis 
was then determined as described under MATERIALS AND METHODS. 

Percent inhibition uf ONP(; hydro@sis by formaldehyde 

Repairs) toluenr- I :m'epaired h)htem' Sonicated 
h'cated cells h'eah'd cons cells 

~ O  2 0  2 0  

KocI45 showed t lmt for inaldehyde rapidly stops the carrier (permease) act ion 

with only a small effect on the ~-galactosidase act ivi ty .  The effect of formaldehyde  

on repaired cells at the stage where ATP is required for ONPG hydrolysis is shown 
in Table  I. I t  can be seen tha t  ONPG hydrolysis  by these cells was reduced by 

8o % under  these conditions, while the formaldehyde inhibit ion of /%galactosidase 
ac t iv i ty  of sonicated cells or of unrepaired to luene- t rea ted  cells was only about  

2o %. KOCH ~ showed tha t  formaldehyde has a slight secondary effect in breaking 
down the permeabi l i ty  barrier. This could be the reason tha t  formaldehyde did 
not  complete ly  inhibi t  ONPG hydrolysis  in the repaired cells. 

Fig. 6 shows the t empera tu re  dependence of ONPG hydrolysis in the range 
of 8-35 ° by repaired and unrepaired to luene- t rea ted  ML35 cells. I t  can be seen 
tha t  the curve of t empera tu re  dependence of repaired cells is exponential ,  while 
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that  of unrepaired cells is linear. Sonicated ML35 cells also show a linear temperature 
dependence. 

The transport  of ONPG has been shown to be rate limiting for the overall 
process resulting in the hydrolysis of ONPG by intact E. coli ML3o8 cells which 
contain a functional y gene 4. The effect of ONPG concentration on the rate of its 
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Fig. 6. Effect  of t e m p e r a t u r e  on O N P G  hydro lys i s  by  repa i red  and  unrepa i red  to luene- t r ea ted  
E. coli ML35 cells and  by  son ica ted  E. coli ML35 ceils. To luene- t r ea ted  ML35 cells were i ncuba t ed  
wi th  0.05 M MgC12 for i o  min  a t  35 °- O N P G  hydro lys i s  by  repa i red  cells in the  presence of 5 mM 
ATP  and  by  unrepa i red  ML35 cells as well  as sonica ted  ML35 cells was  de te r ln ined  af ter  io  rain 
a t  different  i ncuba t ion  t empera tu re s .  

Fig. 7. Dependence  of ra te  of O N P G  hydro lys i s  by  repa i red  and unrepa i red  to luene- t rea ted  
1.2. coli ML35 cells on O N P G  concen t ra t ion .  To luene- t rea ted  ML35 cells were i ncuba t ed  wi th  
o.o 5 M MgC12 for io  min  a t  35 ° . O N P G  hydro lys i s  by  repa i red  cells in the presence of 5 mM 
ATP as well  as by  unrepa i red  to luene - t r ea t ed  cells and  sonica ted  cells was carr ied  out  in the  
presence of different  O N P G  concen t ra t ions  under  the  condi t ions  descr ibed in MATERIALS ANt) 
METHODS. The Km values  were ca lcu la ted  by  the  m e t h o d  of L ineweave r  and  Burk.  

hydrolysis by toluene-treated ML35 cells before and after repair is shown in Fig. 7. 
I t  can be seen that  the Michaelis constant (Kin) for the repaired toluene-treated 
cells at the stage where ATP is required for ONPG hydrolysis (0.43) was slightly hut 
significantly different from that  of the toluene-treated cells before repair (0.83). 

DISCUSSION 

The results show that  spermine, Ca 2+ or Mg 2+ is able to repair the damage 
caused by toluene to the cell membrane of E. coli ML35 cells as detected by the entry 
of ONPG into the cell. The kinetics of membrane repair by MgC12, studied in detail, 
consists of two stages. In the first stage, 95 % of the ability to hydrolyse ONPG was 
lost within 3-5 rain at 35°; the residual act ivi ty continued to decrease for another 
5-7 rain (second stage). 

Although it has been assumed that  E. coli ML35 cells possess all the attributes 
of simple passive diffusion of fl-galactosides and do not possess a functioning 3' gene 
in the lac operon 2, the results seem to indicate that  the entry of ONPG into the 
toluene-treated ML35 cells after partial repair of the membrane by MgCI,~ is a carrier- 
mediated process. This suggestion is based mainly on the following findings. 

(I) When ATP was added to the ONPG assay system after the toluene-treated 
cells had been incubated for different times with MgCI 2, the hydrolysis of ONPG 
by the toluene-treated ceils increased mainly at the second stage of repair. Addition 
of ATP did not alter the ONPG hydrolysis in unrepaired toluene-treated cells or 
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in sonicated cells. Although the role of ATP in the transport  of ONPG into E. coli 
cells is as yet uncertain, it was shown that  ATP increases ONPG hydrolysis in cells 
under mild osmotic shock 5-6-fold 7,s. 

(2) TMG, a competitive inhibitor for the fl-galactoside transport  mediated by 
M protein 4, decreased the ability of the toluene-treated cells to hydrolyse ONPG 
in vivo at the stage of membrane repair at which ATP enhances ONPG hydrolysis. 
On the ottmr band, TMG did not affect the ONPG hydrolysis by sonicated cells or 
bv unrepaired toluene-treated cells. 

(3) Formaldehyde, an agent used for testing nonspecific transport  into cells 5, 
markedly decreased ONPG hydrolysis in toluene-treated cells in the second stage 
of membrane repair and hardly affected the fi-galactosidase activity of unrepaired 
toluene-treated cells or sonicated cells. 

(4) The temperature dependence (in the range of 8 35 °) of the ONPG hydro- 
lysis by toluene-treated cells with partially repaired membranes is exponential, 
while that  of sonicated or unrepaired toluene-treated cells is linear. The exponential 
temperature dependence of ONPG hydrolysis by the repaired toluene-treated cells 
could be explicable in terms of energy required for activation of a carrier. 

(5) The Km of ONPG hydrolysis by membrane-repaired toluene-treated cells 
is slightly different from the K~  of fi-galactosidase. 

In the accompanying paper 'a, it was shown tlmt E. coli ML35 cells treated 
with sublethal concentrations of the cationic detergent cetyltr imethylammonium 
bromide (CTAB) under certain conditions were able to grow on minimal medium 
containing lactose as the sole source of carbon and energy. The ability of such 
CTAB-treated ML35 cells to hydrolyse ONPG was markedly increased in the presence 
of ATP (when tim cells were starved) and was decreased by TMG and by formal- 
dehvde. I t  was suggested that  ( 'TAB alters only the outer face of the cell membrane 
and that  ONPG and lactose diffused freely up to the inner face wllen they are bound 
by a specific (carrier) protein and transported by' it into the cell. 

In line with the above theory, a possible inecfianism for the transport  of the 
ONPG into repaired toluene-treated ML35 cells might be the following: on addition 
of Mg 2+ the toluene-damaged membrane starts sealing, first at tlte inner face of the 
damaged naembrane and afterwards the outer face. At the first stage of repair, 
when the inner face is alreadv sealed but the outer face is still unrepaired, diffusion 
of ONPG into the cells stops because of the barrier at the inner face. At this stage 
the ONPG transport is demonstrated only in the presence of ATP and inhibited 
markedly by TMG and fl)rmaldehvde. This phenomenon could be explained by 
the presence of a specific protein subunit, as described by STEIN s, present in the 
cell membrane. At the second stage of repair when both faces of the membrane 
are already sealed by Mg 2+, neither ONPG nor ATP come into contact with the 
specific protein in the membrane and ONPG hydrolysis stops completely. 

With respect to the Mg 2+ repair mechanism, MAGER 1° and TABOR n have 
shown that  divalent cations (Mg 2+ and Ca 2+) and polycationic substances (lime 
spermine) stabilized osmotically sensitive spheres (such as spheroplasts and proto- 
plasts) in hypotonic media. The results described here show that  these cations are 
also able to repair the damage already done to the cell membrane by toluene. TABOR n 
suggested that  the stabilization of the osmotically sensitive spheres resulted from 
the ability of the salts to bind acidic groups in the cell membrane. The strong 
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temperature dependence of the repair process in toluene-treated ML35 cells, however, 
indicates that this repair mechanism involves, in addition, certain processes like 
diffusion within the membrane phase, which requires energy activation, or phospholi- 
pid phase changes similar to those described by LUZZATI AND HUSSON ~2. 
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