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Summary 

Escherichia coli cells pre-loaded with 86Rb+ begin to lose S6Rb + immediately 
after phage T5 addition. The loss proceeds with negative-exponential (first- 
order) kinetics for up to approximately 15 min after phage addition. The 
constant which characterizes the rate of loss increases with increasing numbers 
of infecting phage per cell. 

It is known that anaerobic, fermenting cells of E. coli show a two-step 
increase in 8-anilino-l-naphthalene sulfonate (ANS) fluorescence upon infec- 
tion with bacte~ophage T5; the first rise begins immediately upon phage addi- 
tion, the second 6 min later. 

The onset of S6Rb* release, therefore, is correlated with the first fluorescence 
rise with respect to timing and response to the multiplicity of infection. 

Introduction 

The fluorescence of 8-anilino-l-naphthalene sulfonate (ANS), N-phenyl- 
naphthyl-l-amine, or 5-dimethylamino-l-naphthylene sulfonyl ethylamine 
(dansyl ethylamine) rises in two steps after infection with T5 bacteriophage of 
Escherichia coli cells which possess a functional (Ca 2÷ + Mg2÷)<lependent, 
membrane-bound adenosine triphosphatase (ATPase) complex and which are 
held anaerobically in the presence of a fermentable substrate [1--3]. The first 
rise occurs immediately after phage addition and can be seen under both 

Abbreviation: MOI, average number of infecting phages  per  cell. 
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aerobic and anaerobic conditions [2].  The second rise is seen only under con- 
ditions where the electron transport chain is not  operating and seems to 
indicate the cessation of  proton-pumping by the membrane-bound ATPase 
complex [2,3].  This paper describes experiments which show that the 
permeability barrier to potassium breaks down upon phage addition, that this 
effect,  as with the first-step fluorescence rise, occurs both  aerobically and 
anaerobically and that its magnitude is proportional to the multiplicity of 
infection, that  is, the average number  of  infecting phages per susceptible cell. 

Materials and Methods 

Cell strains. Wild-type E. coli B and E. coli K-12 Ymel (rha fadA but-12 lacI 
supE-57 supF-58 k ÷) were used. 

Bacteriophage. Wild-type T5 from the departmental  collection was used. The 
growth and purification methods have been described [2].  

Media. Cells were grown in a modified M9 [4] medium in which KH2PO4 had 
b e e n  replaced mol for mol with NaH2PO4. Where indicated, sufficient KC1 was 
added to bring the final K ÷ concentration to 4 mM. Glucose, maltose, or 
succinate was used as energy source at 0.4% final concentration. 

Chemicals. All chemicals were analytical grade from Merck, Darmstadt, 
unless otherwise noted.  

Radioisotopes. S6RbC1 was obtained from Amersham Buchler as a sterile 
aqueous solution with a typical initial specific activity of  about  500 Ci/mol of  
rubidium. 8~Rb has a radioactivity half-life of  18.66 days. Using the informa- 
tion given on the packaging label (exact time and date when activity had been 
determined),  we calculated what the activity at the time of  phage infection 
would be and adjusted the amounts  of  isotope accordingly. 

Experimental conditions. Cells from single colonies of  E. coli B or E. coli 
K-12 Ymel were picked from nutrient  agar plates and grown overnight in low- 
potassium M9 medium with 4 mM K ÷ and maltose as carbon source. Cells were 
grown in flasks with an indented mixing vane and were shaken at 37°C at 
200 cycles/min in a New Brunswick Scientific Co. rotary shaking water bath. 
Flasks were not  filled more than one-quarter full. The next  morning, portions 
of  t h e  overnight culture were diluted into fresh, low-potassium M9 medium 
with glucose or succinate as carbon source to an As~snm = 0.006 (1.00 cm light 
path) and grown with shaking at 37°C to an absorbance of  approx. 0.15. The 
amounts  of  culture, fresh medium with carbon source, and 86RbC1 were 
calculated which would give 100 ml of  culture at AsTanm = 0.0063 with 3 uCi 
86Rb÷ per ml, and the radioactive culture and a pilot culture, identical except  
for being non-radioactive (used for As78n~ determinations and fluorescence 
experiments),  were grown to an As78n~ between 0.10 and 0.13. The cultures 
were harvested by  centrifugation in 30-ml Corex tubes (trademark Coming 
Glass Co., Coming, New York) in a Sorvall RC-5 centrifuge, SS-34 angle rotor,  
4°C, 7500 rev./min, for 20 min. The radioactive supernatant was carefully 
decanted to radioactive waste. The cell pellets were resuspended in a total of  
10 ml chilled M9 medium with neither potassium nor carbon source, and 
centrifuged again. This wash was repeated once more. After the second wash, 
the cells were resuspended in enough chilled M9 medium (no K ÷, no carbon 
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source) to give a final As7snm = 1 .00 ,  and the growth carbon source was re- 
added. Under these conditions, As~snm = 1.0 is equivalent to approx. 1.65 • 109 
cells per ml. For  anaerobic experiments,  5-ml Hamilton gas-tight syringes with 
square-tipped needles and 50-step dispensing devices allowed rapid mixing of  
phage and cells, holding at 37°C, and fast, precise sampling, all anaerobically. 
The desired amount  of  T5 phage was diluted up to 0.1 ml with phage buffer 
(0.5 M NaC1, 0.1 M Tris, pH 8.0, 0.01% gelatin, 1 mM CaC12) and held under 
argon longer than an hour. The resuspended, S6Rb÷-labeled cells were bubbled 
with water-saturated argon at 37°C for 10 min. The syringe was completely 
flushed three times with argon, and then the phage were taken up under argon. 
To start the experiment,  the cells (4.9 ml) were taken into the syringe. This 
mixes the contents  thoroughly and does not  introduce bubbles. Samples 
(500 pl) were dispensed onto  moist, soaked-and-rinsed cellulose filters 
(0.46 pm pore size, Schleicher and Schuell, Co.) on a vacuum filtering 
apparatus and washed once with 5 ml of  0.1 M LiC1 (aqueous). The first sample 
was taken 30 s after starting to draw the cells into the syringe; the following 
samples were taken at 1 min, 2 min, etc., or at intervals of  3 min, depending 
on experimental design. The syringe was held at 37°C between samples by sub- 
merging the barrel in water in a cylinder standing in a 37°C bath, warming the 
barrel and keeping the mechanism dry. Gas exchange or loss of  sample is 
negligible, owing to the cannula's small bore. 

For aerobic experiments,  8.2 ml of  8~Rb÷-labeled cells were held in 30-ml 
Corex tubes in a 37°C water bath and bubbled with water-saturated air. Phage 
were added to start the experiment and mixed by bubbling. Samples were 
removed by a mechanical microliter pipet (500 or 1000 ~l) and filtered as 
described above. 

The amount  of  8~Rb÷ remaining in the cells was determined by transferring 
the filters to scintillation vials, adding 5 ml of  distilled water, and counting the 
flashes of  Cerenkov radiation in a scintillation counter  with a fully-open 
counting window. 

The results were plot ted as (Rbt /Rb0)  versus time of  sampling and as 
-- ln(Rbt/Rb0) versus time of  sampling where: R b t  = scintillations per min in 
sample taken at t ime t; Rb0 = scintillations per min at zero-time, as estimated 
by a least-squares fit of  an exponential curve of  the form R b t  = Rb0(e -kt) to 
the data, where k is a constant  characterizing the fitted curve and also the slope 
of  the (linearized) fi t ted curve in the second kind of  plot (this t reatment  must 
assume that all t h e  86Rb÷ in the cell at zero-time is potentially available for 
efflux); t = time of  sampling after phage infection, in min. 

ANS fluorescence curves were also taken with the unlabeled cells to ensure 
that the T5-E. coli interaction was typical for this system, using cells at AsTsnm 
= 1.0 and multiplicity of  infection (MOI) = 3. The experimental conditions 
have been described previously [2].  

Results 

Fig. 1 shows the changes in ANS fluorescence that  occur after T5 infection 
of  E. coli Ymel  at an average of  three phages per cell (MOI = 3) under four 
different conditions: fermentable substrate and anaerobicity, fermentable 
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Fig.  I .  Changes  in E. coli  A N S  f l u o r e s c e n c e  af ter  T 5  add i t i on  under  four  d i f f erent  co nd i t i o ns .  Lef t -hand 
p o r t i o n .  Cells r e sus pende d  in l o w - p o t a s s i u m  M9 m e d i u m  w i t h  4 m M  KCI and 0 .4% g lucose  at a dens i ty  o f  
1 . 6 5  ~ 1 0 9  cei l s  per  m l .  T 5  phage added  at M O I  = 3 at zero  t i m e .  Curve 1, sol id l ine ( ) :  anaerobic ,  
e x c e p t  for  approx .  1 m i n  f o l l o w i n g  T 5  addi t ion .  Curve 2, dashed l ine ( . . . . . .  ) :  c o n t e n t s  o f  cuv e t t e  
aerated  c o n t i n u o u s l y .  Right -hand por t ion .  Cell sample  as in l e f t -hand p o r t i o n  o f  f igure,  e x c e p t  w i t h  0 . 4 %  

succ inate  ins tead o f  g lucose .  Curve 3,  - - ,  anaerobic ,  e x c e p t  for  short  t i m e  af ter  T5  addi t ion  at  zero  
t i m e .  Curve 4 ,  - . . . . .  , aerated  t h r o u g h o u t .  The  pre-phage f l u o r e s c e n c e  levels  for  curves  I ,  2 ,  a n d  4 l ie at 
2 . 7 - - 2 . 9  units  and for  curve 3 at 4 , 7 - - 4 . 9  units .  

substrate and aerobicity, non-fermentable substrate and anaerobicity, and non- 
fermentable substrate and aerobicity. (The analogous curves with E, coli  B are 
essentially identical.) The fluorescence does not  rise when T5 phage are added 
to an ANS solution (not shown).  

Some properties of  similar curves have been discussed previously [2] .  What is 
important to notice is that in curves 1, 2, and 4 an increase in the fluorescence 
occurs immediately after phage addition. Curve 3 shows the reduction of  ANS 
fluorescence due to the introduction of  air into the cuvette during mixing and 
the quickly following rise in fluorescence to a level somewhat higher than the 
anaerobic level seen without  phage as the introduced oxygen is consumed. 

The sizes of  the small immediate fluorescence rise and the second, larger, 
delayed fluorescence rise seen in curve 1 are related to the multiplicity of  infec- 
tion [2] .  

The left part of  Fig. 2 shows the fraction of  86Rb* remaining in the cells at 
various times after phage infection under the conditions of  curves 1 and 2 in 
Fig. 1, that is, in the presence of  a fermentable substrate, glucose, under 
anaerobic and aerobic conditions.  The slopes of  these curves are reminiscent of  
negative-exponential curves associated with first-order or pseudo first-order 
processes. Therefore, the data were re-plotted as described in Materials and 
Methods. A negative-exponential curve (left-hand part) becomes a straight line 
with positive slope, passing through the origin (right-hand side). 

In Fig. 3 are plotted the 861~b÷ eff lux data obtained after T5 infection (3 
phages per cell) in the presence of  a non-fermentable substrate, succinate, 
anaerobically and aerobically (compare Fig. 1, curves 3 and 4). 

All the data indicate that, while the rate of  eff lux may vary under the several 
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Fig. 2. Release of 86Rb+ f rom cells orE.  coli K-12 Yme| in the presence of glucose (fermentable substrate), 
w i t h  and w i t h o u t  added  T 5  phage  and w i t h  and w i t h o u t  c o n t i n u o u s  aerat ion.  The  ce l l s  were  re suspended  
in M9 m e d i u m  to  a ce l l  dens i ty  o f  1 . 6 5  • 1 0 9  ce l l s  per  ml .  The  e x p e r i m e n t a l  des ign  is descr ibed  in 
Materials  and M e t h o d s .  E m p t y  s y m b o l s  indicate  c o n t r o l  samples ,  n o t  i n f e c t e d  w i t h  phage .  Fil led s y m b o l s  
indicate  sampl e s  i n f e c t e d  w i t h  T 5  phage  at  0 rain. An ae r ob ic  sa mple s  are ind icated  by circles  ( o ,  no  phage;  
e ,  T 5  at MOI = 3) .  A e r o b i c  sam p le s  are s h o w n  as squares  (o ,  no  phage;  m, T5  at MOI ffi 3) .  Le f t  por t ion .  
Rad io ac t i v i t y  remain ing  in ce l l s  n o r m a l i z e d  to  the  a m o u n t  in cel ls  at z ero - t ime  ( a m o u n t  ca lcu la ted  by  
b a c k - e x t r a p o l a t i o n  o f  the  f i t t ed  l ine s h o w n  in the  r ight-hand po r t io n  o f  the  f igure) .  Right  por t ion .  Data  
curves  f r o m  the  l e f t -hand p o r t i o n  o f  the  figure t r a n s f o r m e d  as descr ibed  in Materials  and M e t h o d s  so that  
a loss  o f  intracel lular label  p r o c e e d i n g  w i t h  f irst-order k ine t i c s  w o u l d  b e c o m e  a straight  l ine w i t h  pos i t ive  
s lope .  
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Fig. 3. Release  o f  86Rb+ f r o m  cel ls  o f  E. co l i  K-12  Y m e l  in the  presence  o f  succ ina te  ( n o n - f e r m e n t a b l e  
substrate ) ,  w i t h  and w i t h o u t  added  T 5  phage  at MOI ffi 3 and w i t h  and w i t h o u t  c o n t i n u o u s  aerat ion.  
E x c e p t  for  the  carbon  sou r c e ,  the  c o n d i t i o n s  and the  s y m b o l s  used  are as in Fig. 2. In  the  r ight-hand por-  
t ion  o f  the  f igure ,  the  c o n t r o l  curves  ( u n i n f e c t e d  cells: e m p t y  s y m b o l s )  have  b e e n  o m i t t e d  for  the  sake o f  
c larity;  t h e y  w o u l d  lie s ca t t ered  narrowly  a b o u t  the  abscissa,  as in Fig. 2. 
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Fig. 4 .  D e p e n d e n c e  o f  the  c o n s t a n t  describing the  i n s t a n t a n e o u s  rate-of - loss  o f  8 6 R b  + f r o m  the  intra- 
cel lulaz space  o f  E. co i l  K-12  Y m e l  after  T 5  phage i n f e c t i o n  versus  the  average n u m b e r  o f  phage in fec t ing  
per  ce l l  (MOI) .  T he  cel ls  w e r e  re suspended  to  a dens i ty  o f  1 . 6 b  • 1 0  9 ce l l s  per  m l  in M9 m e d i u m  w i t h  
0 .4% g lucose .  The  e x p e r i m e n t s  w e r e  p e r f o r m e d  under  anaerobic  c o n d i t i o n s  as descr ibed  in Materials  and 
M e t h o d s .  T he  Materials  and M e t h o d s  s e c t i o n  descr ibes  h o w  the  e x p e r i m e n t a l  data  w e r e  handled  to  give 
this  curve ,  and the  Di scuss ion  the  poss ib le  s igni f icance  o f  this  curve .  

conditions,  the same kind of  mechanism operates in all four cases. 
The effect of  varying the multiplicity of  infection was investigated with cells 

held anaerobically in the presence of  a fermentable substrate, and Fig. 4 shows 
the results, expressed as the apparent eff lux constant, k, versus the multiplicity. 
The constant k is also the slope of, for instance, the lines in the right-hand sides 
of  Figs. 2 and 3. The larger k is, the steeper the line, and the greater the frac- 
tion of  intracellular 86Rb+ released into the medium in a given time interval. 

Discussinn 

Fig~ 1 shows  that there are (at least) three forms the fluorescence curve 
obserVed after T5 infection of  E. coli can take, one form being produced 
aerobically (curves 2 and 4) and two forms anaerobically, depending on 
whether the substrate can be fermented (curve 1) or not  (curve 3). 

Anaerobically, a large fluorescence rise occurs either immediately (as with a 
non-fermentable substrate and an aerobic-to-anaerobic transition, with or 
without  added phage) or delayed by approx. 6 min (as with a fermentable 
substrate, after addition of  T5 phage). Aerobically, no large fluorescence rise 
is observed. Anaerobically, a small, phage-caused rise can be seen clearly from 
the time of phage addition to fermenting cells and by comparing the 
fluorescence intensities under anaerobic conditions before and after phage addi- 
t ion to cells without  a fermentable substrate. Aerobically, the small, phage- 
caused rise in fluorescence can always be observed. Thus, T5 infection of  
susceptible E. coli cells under these four conditions brings about a small rise in 
fluorescence. 
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From Figs. 2 and 3, it is evident that  under the four conditions outlined 
above, 86Rb÷ efflux from pre-loaded cells starts very shortly after phage addi- 
tion. The onset of  this efflux, therefore,  correlates with the occurrence of  the 
small, early fluorescence rise. As noted above, the ANS fluorescence curve of  
anaerobic, fermenting cells may show a later change starting approx. 6 min and 
finishing approx. 12 min after T5 addition, but  the S~Rb ÷ efflux starts as a 
negative-exponential curve and remains so, under all four conditions, for at 
least 10 min. Therefore, whatever triggers the large fluorescence rise does not  
have a major, simultaneous influence on the S~Rb ÷ efflux. Not  only is the efflux 
correlated with the small fluorescence step and independent  of  the large step, 
but  because the data fall on the same negative-exponential curve for as long as 
20 min after phage infection, there does not  seem to be anything similar to a 
"sealing react ion" [5--7] operating on Rb ÷ (or K ÷) ion permeabili ty in this 
system. 

Both the apparent efflux constant,  k, and the size of  the early fluorescence 
rise are positively related to the multiplicity of  infection when the cells are 
anaerobic with a fermentable substrate (ref. 2 and Fig. 4). 

Similar events occur in other  systems. Changes in potassium permeability of  
whole E. coli cells are caused by colicin E1 action [8],  colicin K action [9,12],  
colicin Ia action [13],  bacteriophage T3 action [14],  and bacteriophage T7 
action [14,15] .  Cellular permeabili ty to Mg 2÷ and Co :÷ increases after either 
colicin K or colicin E1 action [16,17] .  These permeabili ty changes are also 
correlated with changes in the fluorescence of  added probes. Colicin E1 attach- 
ment  to E. coli brings about  increases in N-phenylnaphthyl-l-amine and ANS 
fluorescence, which have been intensively studied [18--21] .  Increases in 
fluorescence after colicin K at tachment  have been using chlorotetracycline [22] 
and 3,3 ' -dihexyloxacarbocyanine [12].  Increases in ANS and N-phenyl- 
naphthyl- l-amine fluorescence in the colicin I system have been described also 
[23].  Perturbations in the E. coli membrane after phage T3 or T7 at tachment  
have been mentioned in the literature [14].  

Colicins E2 and E3, whose modes of  action are different from those of  E l ,  I, 
or K (for review, see ref. 24) and which have not  been reported to alter the 
permeabili ty of  cells membranes to small ions, have been found not  to cause an 
increase in ANS fluorescence [20],  reinforcing the idea that  a process which 
perturbs the ion permeabili ty of  E. coli also causes an increase in ANS cell 
fluorescence. The nature of  this common cause has not  yet  been demonstrated.  
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