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C d ~ n  E1 ~duces the effiux of ~ r ~ f l ~ n  and c~c~n from f i ~ m ~  whose phosphdi~d 
~ m ~ f i ~  ~ ~mflar to that of ~ ~  ~ .  ~ i s  ~ l ~ n  ~f ion t ~ s  ~ace ~ ~ ~ i ~  ratios 
and ~ pH ran~s that a ~  phy~doocafly mea~n~d .  C~i~n-induced ~ ~ i ~  of carboxy- 
f l u o ~ n  ~ not f i~ted ~ t ~  ~ f i ~  pha~ of c d ~ n  membrane ~ r a ~ n  but ~ sustained ~ e ~ M ~  
C ~ d n  E1 r e ~ s  negativdy cha~ed p h o s h ~ s  in the f i ~ m ~  membrane in order to ~nd and ~duce 
CfUux. 

Colicins are plasmid-coded proteins lhat kill 
senfifive ~r~ns of Escherichia coil [1]. The cellu- 
lar target of the E1 class of colidns (El, K, A, Ia 
and Ib) is the cytoplasmic membrane [2,3]. A 
v~uable infight into the mechanism of zction of 
these colidns came from the ~udies of Schon et 
~. [~ who reported that colicin A formed 
voltag~dependent, ion-permeab~ channds in 
planar membranes. The voltage dependence of 
colicin channds was l a i r  confirmed in hposomes 
[3,8,9]. Cen~n experimen~ with bactefi~ calls 
suggest that this may ~so be the case in ¼vo [3]. 
Although a channdqike action of these colidns in 
membranes is now firmly estabfished, the maxi- 
mum fize of molecu~s that can permea~ through 
0.e., the channd fize cu~ofO has so far been a 
conVove~i~ issue. Ofigin~ ~udies with hpo- 
somes [5,6] and bactefi~ cells [5] have demon- 
strated that, in addition to small ions, molecules 
as large as sucrose and glucose 6-phosphate read- 
ily permeated membranes in the presence of col- 

* To whom co~espondence should be addre~ed. 

icins. In con~asL Uratani and Cramer [7] subse- 
quently reported a ~gnificanfly smMMr channd 
~ze cutoff  for colicin E1 reconstitu~d into hpo- 
somes composed of a sin#e s y n t h ~  phospholi- 
pid. 

In this study we show that colidn El, under 
phy~olo~cM~ meaningful condition~ induces the 
efflux of carboxyfluoresc~n (M~ 378) and cMcon 
(M~ 622) from large unihmdMr phospholipid 
veMdes. MoreoveL this channd effect is not 
~mked to the initiM phase of cMicin-membrane 
interacation but is sustMne& The efflux of these 
fluorophores pro~des a simple and highly sen~- 
five assay for the membrane action of colidns. 

Materi~s and Methods 

Pho~h~ ip i~  w~e pu~h~ed from Avanti 
P ~  ~ p ~ s  (~rmingham, A~ .  L~ge u ~ h m d h r  
verities (10 ~m~ pho~hol i~d/ml)  we~ prepared 
by ~ v e ~ p h a ~  evaporation [10] with an aqueous 
s ~ n  (2 mM 2{[2~ydrox~l , l~ i~hyd~x~ 
m e ~ y l ) ~ h y l ] ~ m i n o } e ~ a n ~ n i c  ~cid (Te~, 2 
mM ~ s t i ~ n e  ~ H  7.~, 0.1 mM EDTA), con- 
t~n~g  tither 50 mM carboxyfluoresc~n (Ea~- 
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man, Roche~e~ NY; purified on Sephadex LH-20; 
P h a r m a d ~  U p p s ~  Sweden), or 35 mM c a ~ n .  
The verities were extruded through polycarbona~ 
membranes of 0.1 ~m pore d iam~er  (Uni-Pore, 
Bio-Rad, Richmond, CA) to achieve a homog~ 
neous fize di~ributiom The verities were sep- 
arated from the non-encapsuh~d  fluorophores by 
gel fil~ation on Sephadex G-75 (dufion buffer: 
100 mM NaC1/2 mM ~-hi~idine/2 mM Tes (pH 
7.4)/0.1 mM EDTA). 

Carboxyf luoresc~n and calcein are sel~ 
quenched at the concentrations encapsula~d in 
the ~posomes. T h o r  efflux from the liposomes 
and d~ufion into the medium result in a large 
increase in thor  fluorescence [11,17]. 

Multilamellar vesicles (MLV) were prepared by 
drying the hpids under vacuum, hydrating the thin 
film with dufion buffer and vortexing under argon 
for 10 min. 

Fluorescence measurements for carboxyfluore~ 
cein and c ~ c ~ n  were made in an SLM-4000 spec- 
~of luorom~er  (SLM In~rument~  Urban~  IL) .  
The exaltation wavdength was 493 nm (1 nm 
slibwidth) and the emission above 530 nm was 
detected by the use of a Corning (Cornin~ NY) 
3-68 cuboff  fihe~ The refidu~ fluorescence of the 
f luorophor~cont~ning verities after gd  filtration 
was set to 0%. 100% fluorescence was obt~ned by 
~f ing  the verities with 0.1% Triton X-100 (Sigma). 

Fufion of fiposomes was followed by an assay 
for the dilution of fluorescent fipid probes from 
'labelled' verities [12,13]. Labeled verities con- 
t~ned 0.6 mol% each of N-(7-nitroben~2-oxa- 
1,3-diazol-4-yl)phosphatidylethanolamine (NBD- 
PE) and N-(lissamine Rhodamine B sulfo- 
nyl)phosphatidylethanolamine, and were mixed 
with un labd~d  verities at a 1 : 1 ratio (2.5 nmol 
l ip id /ml  each). In this assay, resonance energy 
~ansfer from NBD to Rhodamine is decreased 
when the probes are diluted in the un l abd~d  
membrane as a resuh of fufion [12,13]. Fluores- 
cence was detected at 530 nm with an ex~tation 
wavdength of 450 nm. Aggregation of the verities 
was monitored fimultaneouMy by 90 ° fight 
scat~ring in a second emission channd, ufing a 
M d ~ G f i o t  450 nm band-pass filte~ The fluores- 
cence of 5 n m o l / m l  verities cont~ning 0.3 mol% 
of each probe was set as the maximum fluores- 
cence. 

CNidn  E1 was prepared as described by 
Schwa~z and HelinsN [1~ except that the last 
CM-Sephadex s~p  was omitted. 

R e s ~  

Addition of colidn E1 to large unHamellar lipo- 
somes resuRed in a rapid efflux of carboxy- 
fluoresc~n. Liposomes were composed of phos- 
phatidylethanolamine, phosphatidyl~ycerol and 
cardiolipin (PE/PG/card io l ip in ) ,  with a molar 
ratio of 7 0 : 2 5 : 5  in order to mimic the phos- 
pholipid compo~tion of Escherichm coil mem- 
branes [15]. Addition of hea~denatured colicin 
El,  colicins E2 and E3, or bo~ne  serum ~bumin  
at comparab~  concen~ations did not cause any 
carboxyfluoresc~n efflux. 

Natum ~ the ~ # ~ n ~ & ~ d  c a ~ o r e s c ~ n  ~ 
flux 

~g .  1 d e p ~  the time course of the carboxy- 
fluoresc~n efflux ~ d u ~ d  by the ad~t ion  of five 
different concentrations of cofi~n E1 to lipo- 
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Fig. 1. The time course of carboxyfluorescdn efflux ~om large 
unilamellar PE/PG/card io l ip in  (70 : 25 : 5) hposomes upon ad- 
dition of colicin E1 (t = 0) into the medium. Liposome con- 
centration: 1 nmol phosphol ipid/ml .  Cofidn concentrations: 
0.1, 1, 3, 6, 10 ~ g / m l .  Temperature is 25°C and the pH is 7.4. 
The efflux of carboxyfluorescon is ~ven  as the % of m a ~ m u m  
fluorescence obtMned after detergent lysis of the fiposomes. 
Inset: logarithm of the initiM vdocity of carboxyfluoresc~n 
efflux vs. the logarithm of the fiposome concentration (L). 
Colicin E1 concen~afion: 3 ~ g / m l .  Liposome concen~ations: 
0.018, 0.06, 0.18, ~9, 1.8 nmol phospholipid/ml.  The inifiM 
v~o~t ies  are cMcula~d by mulf ipl~ng the fiposome con- 
centration (normafized for the lowest fiposome concen~ation) 
with the fraction of the maximum fluorescence per rain ob- 
tained at each liposome concentration. 



somes. The most likdy explanation for the efflux 
of carboxyfluotescon is the formation of channds 
by colion E1 in the fiposome membrane How- 
eve~ the possibility that the rdease of contents 
may be the result of cofidn4nduced aggregation 
and fu~on of fiposomes was not ruled out in 
pre~ous s tud,s  [5-7]. We therefore addressed 
this question by examining the fiposome con- 
centration dependence of the inifi~ velodty (V0) 
of carboxyfluorescon efflux. V 0 was determined 
as the s~epe~ slope of each efflux curve such as 
those shown in Fig. 1. The logarithm of V 0 versus 
the logarithm of fposome concentration (ln L) 
gave a s ~ g h t  fine with a ~ope of 0.98, indicating 
that the rate of colidn-induced carboxyfluorescdn 
efflux has a firs~order dependence on fiposome 
concen~afion. A second-order dependence would 
have indicated a liposome-liposome contac~de- 
pendent rdease of contents [13]. We ~so tested 
the possibility of colion-induced aggregation and 
fu~on by 90°-light scat~fing and the resonance 
energy ~ansfer assa~ respectivdy Liposomes 
nother aggrega~d nor fused in the presence of 
5-50 ~g/ml colidn E1 in the pH range 5-7.4 
(data not shown). The highest colidn-to-liposome 
ratio used in these experiments was 10-times higher 
than that employed in Fig 2. These experiments 
rule out fiposome aggregation and fu~on as the 
cause of cofion El-induced carboxyfluorescdn eL 
flux. 

As previou~y reposed [5,6~ colidn E1 did not 
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~ 2. Dependen~ of c ~ ~  carboxyfluoresc~n e~ 
flux rates on the m~e ff~fion of PS (©) or PG ~ ~ PC 
fiposom~. ~ p ~ o m e  concen~afion: 2 nm~ phosphofi#d/ml. 
Coffin con~nt~fion: 2 ~ g / ~  I~fiM rates of efflux ~ t h  
pu~ PS and PG fiposom~ w~e 175 and 120 (% max. fluores- 
~ ~  respecfivd~ O ~  con~fions w~e as ~ ~g. 1. 
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TABLE 1 

PHOSPHOLIPID DEPENDENCE OF COLICIN E1 BIND- 
ING TO MLV 

Coli~n E1 ~.1 mg/ml) was pr~ncuba~d with MLV (2 ~m~ 
phospholi~d/ml) of PE/PG/cardiolipin or PC compo~fion 
~ r  2 rain at pH 7.4 and cemfi~ged. Co~r~  pr~ncubafion 
was wi~ ~ufion buffer ~s~ad  of MLV. 30 ~1 of ~e  supe~ 
natant were added to 1 ml of c ~ b o x y f l u o r ~ c e ~ o n t ~ n ~  
~rge un~am~l~ fiposom~ ( P E / P G / c ~ i ~ n ,  1 nm~ pho~ 
p h ~ / m D  ~ a~ay ~r c~icin acfi¼ff, ~ in Fig 1. 

Phosphofip~ Acti~ff in % A c f i ~  
comp~ifion ~pem~an t  ~moved 
of MLV ~ (% max. by MLV 

f l u ~ n c e / m i ~  

Conw~ 17 (100%) - 
PE/PG/cardiolipin 0 0%) 100 
PC 16 (94%) 6 

~duce a d~e~ab~  efflux of [~C]~ulin (Mr 5000), 
~dicafing that vefide ~fis ~d  not occur within 
the range of the c~icin concen~afion used (da~ 
not shown). 

L~id specifi~ 
We observed that colicin E1 required the pres- 

ence of negadv~y charged phospholipids in the 
liposomM membrane in order to induce carboxy- 
fluorescein efflux [16]. Addition of colidn to fi- 
posomes made of only phosphatid~chofine (PC) 
did not lead to any carboxyfluorescdn effluL even 
at high concentrations where saturating initiM 
v~odties were observed for PE/PG/cardiol ipin 
fposomes. Fig 2 shows that carboxyfluoresc~n 
efflux rates induced by co, t in E1 increased with 
the mole fraction of phosphafid~serine (PS) or 
phosphafid~#ycerol (PG) in PC fposomes at pH 
7.4 

Next we waned to es~bfsh wh~her the lack 
of coli~n effe~ on PC ~posomes could be due to 
the inability of coli~n E1 to bind to this type of 
membrane Two batches cf multilamellar v e ~ e s  
(MLV) were prepared without any carboxy- 
fluoresc~n encapsulated in them. One batch was 
composed of PE/PG/cardiolipin and the other 
was made of only PC. Both types of MLV were 
prdncuba~d with co fdn  E1 at pH 7.4 for 2 min 
and then centrifuged in an Eppendorf centrifuge 
for 10 min at 4°C. In this experiment MLV were 
chosen because they are easily separa~d from the 
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Fig 3. pH dependence of colidn E1 acti~ty. C~cdn-contain- 
ing fiposomes were prepared as described. I~fi~ rates of 
c~c~n effluxes were measured as ~ Fig 1. Da~ shown are 
wi~ 1 nm~ phospholi~d/ml and 3 #g c~icin/ml. 

supernatant by a relativdy short centrifugation. 
The supernatants were tested for colidn activity 
by adding a portion of them to carboxy- 
f luorescdn-cont~ning large unilamellar fiposomes 
composed of PE/PG/ca rd io l ip in .  Resul~ in Ta- 
ble I show that MLV composed of P E / P G /  
cardiolipin removed 100% of colicin activity from 
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Fig. 4. Elution profi~ of liposomes after gd filtration. A: 
control fiposomes. B: hposomes pr~ncuba~d with coli~n El. 
Determination of phospholipid by [3H]DPPC counts (~) and 
hposom~encapsula~d carboxyfiuorescein by 8(fluorescence) 
after detergent lysis (O). C: time course of carboxyfluorescein 
rdease after gd fiRrafion. Control liposomes (~); liposomes 
preincuba~d with colicin E1 (~). Liposome concen~ation: 100 
nmol phospholipid/ml. Coli~n concen~ation; 10 ~g/ml. Other 
conditions were as described in the text. 

the sup~namnt  while MLV made of PC ~ m o v e d  
oNy 6%. T o g e ~ e c  these ~ s M ~  ~ N c ~ e  that c~-  
icin E1 ndther  induces carboxyf luor~c~n efflux 
~ ,  nor b ~ d s  to a figNficant degree to v e f i d ~  
composed of oNy PC at pH 7.4. 

pH Dependence of ca&~n efflux 
The pH dependence of colicin-induced fluoro- 

phore efflux was determined by u~ng vesicles 
containing calcein, ~nce the efflux of carboxy- 
fluoresc~n from liposomes and its fluorescence 
are highly pH dependent [17,18]. At pH 5, the rate 
of colicinhnduced calc~n efflux was over an order 
of magnitude higher than at pH 7.4 (Fig. 3). 
Increase in the channd activity of cofidn E1 in 
asolectin ve~cles at addic pH conddions has been 
r eposed  previou~y [9]. This increase has been 
attributed to an enhanced binding of this colidn 
to fiposomes at low pH [19]. Increased binding of 
colicin A to asolectin vesicles at low pH has also 
been demon~rated [20]. 

Temporary oersus sustained action 
It is concdvab~  that the carboxyfluorescdn 

efflux is induced only during the initi~ interaction 
(binding a n d / o r  inse~ion) of colicin E1 with hpo- 
somes. Once colicin mo~cu~s  insert into the 
membrane  there may not be a s u ~ n e d  permea- 
bility to carboxyfluorescein. In the present assay, 
such a ~mpora ry  colicin action could lead to a 
comple~  carboxyfluoresc~n efflux due to the 
hmited intern~ volume of each ve rde .  To di~ 
ferentiate between ~mpora ry  and s u ~ n e d  col- 
icin a~ion, the following series of experiments 
were performed. 

Large unilamellar fiposomes cont~ning 50 mM 
carboxyfluoresc~n i n , d e  as wall as in the medium 
were pr~ncubated with coli~n E1 for 15 min at 
25°C. Con~ol  fiposomes were p r ~ n c u b a ~ d  
without coli~n El. Liposomes were composed of 
P E / P G / c a r d i o l i p i n  with a trace amount of 
tri t ium4abelled dip~mitoylphosphafidylchofine 
~3H]DPPC). After prdncubation,  these hposomes 
were passed through a gd  fil~ation column (Sep- 
hadex G-75) to remove the e x ~ r n ~  carboxy- 
fluoresc~n. Fractions were collec~d (0.6 ml), and 
the carboxyfluoresc~n fluorescence and radioac- 
tivity in each fraction were determined. The fluo- 
rescence of carboxyfluoresc~n that can be re- 



leased by Triton was also measured in order to 
determine the amount of fiposome-en~apped fluo- 
rophor~ Radioactivity and fluorescence of fipo- 
some-en~apped carboxyfluorescdn of each frac- 
tion are shown in Fig. 4 (A and B). In fiposomes 
preincubated with colicin El, the entrapped 
carboxyfluorescon was reduced drastically. A 
temporary permeabifity during the initial cofidn- 
membrane interaction would not have resuRed in 
carboxyfluorescein loss from these fiposomes be- 
cause during the preincubation period carboxy- 
fluorescdn was present out ,de  as wall as in~d~ 

In a ~milar experiment, fiposomes containing 
carboxyfluorescdn both in ,de  and out ,de  were 
prdncubated with colicin E1 and subsequently 
passed through a column as described. All lipo- 
somes were collected in one fraction (4 ml) and 
kept at 25°C thereafle~ At various times small 
aliquots were taken to determine thor carboxy- 
fluorescon fluorescence with and without Triton 
addition. Fluorescence levels without Triton were 
expressed as the percent of maximum fluorescence 
obtained by Triton addition. This fluorescence 
~vel did not change with time ~gnificanfly in 
con~ol fiposomes. In contrasL there was a rapid 
increase of carboxyfluorescein fluorescence in 
fiposomes preincubated with colicin E1 (Fig. 4C). 
The fluorescence reached approximately 25% of 
the maximum level in 3 min after the removal of 
external carboxyfluorescein by gel fil~ation. 
Afterwards, it continued to increase at a ~ower 
rate for the next 2 h, indicating that the colicin-in- 
duced carboxyfluorescdn permeabifity was sus- 
tained. 

D ~ c u ~ n  

In this paper we present a ~mp~ and highly 
sen~tive fluorescence assay based on carboxy- 
fluo~escon and c~cdn efflux to study the mem- 
brane action of E1 class of colidns. Our experi- 
ments show that co ' t in  E1 induces the efflux of 
carboxyfluorescon (M r 378) and c~cdn (M~ 622) 
~om ~rge un i~md~r  fiposomes whose phos- 
pholipid compo~tion dosdy resembles that of 
bactefi~ membranes. Colidn effe~s are readi~ 
observed within a phy~olo~c~ pH range. The 
ratio of colicin molecules to fiposomes suffident 
to induce a minimum efflux is ~milar to that used 
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in other fiposome assays [3,5-9]. For example, this 
ratio is approximatdy 10 for c~cdn efflux at pH 
5 where colion E1 had the highest actioty in the 
pH range tested. (Protein-to-phospholipid ratio is 
approx. 1 : 104.) Ag~n~ bac~ri~ one killing-unit 
of colidn typ~ally c o n ~ s  of ten to a ~w hundred 
molecule~ depending on the particular prepara- 
tion. Therefor~ the amount of colidn per fipo- 
some used in the present study was quite reasona- 
b~. 

Pre~ouMy it was demons~a~d that the E1 
class of cofions increased the permeability of fipo- 
som~ membranes to a variety of ions and small 
molecules (Rb, SO 4, PO 4, choline, ~udn~  sucrose 
and ~ucose 6-phosphate, but not to inu~n or 
dex~an [5,6]. In additio~ we had ~so d0cu- 
men~d c~icin-mediated envy of sucrose and exit 
of a-methyl~ucosephospha~ in sen~tive bacteria 
[5]. We had in~rpre~d these resul~ as the best 
e~den~e to indicate that colidns directly medi~ed 
a high and sust~ned permeability in the cyto- 
plasmic membrane for molecules of the size of 
sucrose and ~ucose 6-phosphat~ as wall as for 
small ions. 

Subsequentl~ Uratani and Cramer [7] have re- 
ported that colidn E1 channds reconstitu~d into 
dimyri~o~phosphatid~choline (DMPC) veeries 
had a size discrimination ag~n~ non-decgolytes 
of the ~ze of ~ycerol or ~rger. This observation is 
in apparent agreement with some of the planar 
membrane resul~ which had been in~rpre~d to 
mean that colidn channds would permea~ only 
small ions [21,22]. Howeve~ the present demon- 
stration that colidn E1 induces a s u ~ n e d  
carboxyfluorescon permeability in fiposomes ~ 
reasonable protein-to-vesicle ratios and at physio- 
lo~c~ conditions therefore argues ag~n~ the 
condu~ons in Re~ 7 and suppo~s the or i~n~ 
resul~ on colidn channd ~ze cutoff  in fiposomes 
[5,6]. In addition, recent experiments with planar 
membranes [23] now show that m~ecules as large 
as NAD (M~ 663) do permeate through colicins 
El, A and Ib, which is ~so in agreement with the 
or i~n~ fiposome studies [5,6]. We believe that the 
sm~l ~ze cutoff  repor~d for colidn E1 in Re~ 7 
might have been estimated as a result of rather 
n o n - p h y ~ o ~ c ~  experiment~ conditions. 

Although the term 'chann~' is g e n e r ~  used 
for the membrane action of the E1 class of col- 
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i~n~ h ~ not ~ear  whether observed ion and 
solute fluxes take place through an aqueous pore 
within the protdn.  As p ~ n ~ d  out earlier [5] it ~ 
conc~vab~ that fluxes a~ually take place through 
packing defec~ at the protein-fipid interface of 
the membran~inseaed colidn m~ec~es ,  thus 
manifesting a channd-hke effect Regardless of 
the exact nature of coli~n c h a n n ~  recent resuRs 
with coli~n E1 ~re c o n ~ e n t  with a ~n~e  mole- 
cu~ forming a fun~ion~  channd in hposom~ 
membranes [24,25]. 

Paaus et ~. [2~ have reposed that coli~n A 
induces aggregation and part i~ fufion of sm~l 
u n i h m d h r  verities (500 ~ diam~eO composed of 
asolectin at pH bdow 5. Our experiments demon- 
strate that c ~ i d n  E1 does not cause any aggrega- 
tion or fusion of liposomes under the conditions 
used in our efflux measurement .  
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