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Summary. The E1 subgroup (El, A, Ib, etc.) of antibacterial 
toxins called colicins are known to form voltage-dependent chan- 
nels in planar lipid bilayers. The genes for colicins El, A and Ib 
have been cloned and sequenced, making these channels inter- 
esting models for the widespread phenomenon of voltage depen- 
dence in cellular channels. In this paper we investigate ion selec- 
tivity and channel size--properties relevant to model building. 
Our major finding is that the colicin El channel is large, having a 
diameter of at least 8 A, at its narrowest point. We established 
this from measurements of reversal potentials for gradients 
formed by salts of large cations or large anions. In so doing, we 
exploited the fact that the colicin channel is permeable to both 
cations and anions, and its relative selectivity to them is a func- 
tion of pH. The channel is anion selective (C1 over K +) in neu- 
tral membranes, and the degree of selectivity is highly dependent 
on pH. In negatively charged membranes, it becomes cation se- 
lective at pH's higher than about 5. Experiments with pH gradi- 
ents cross the membrane suggest that titratable groups both 
within the channel lumen and near the channel ends affect the 
selectivity. Individual E1 channels have more than one open 
conductance state, all displaying comparable ion selectivity. Col- 
icins A and Ib also exhibit pH-dependent ion selectivity, and 
appear to have even larger lumens than El. 
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Introduction 

Voltage-gated, ion-selective channels, familiar den- 
izens of excitable cell membranes, are now known 
to inhabit diverse eucaryotic cells. Although the re- 
cently devised patch-clamp technique has permitted 
detailed kinetic studies at the single-channel level of 
several such channels (Sakmann & Neher, 1983), 
the molecular structures of the proteins which pre- 
sumably form them are presently unknown. Several 
channel-forming antibiotics (such as monazomycin 
and alamethecin) have more or less well-understood 
structures, but it is not clear that these small mole- 
cules (with molecular weights of about 1000 
daltons) are gated by the same mechanisms that 
pertain to the proteins of intrinsic membrane chan- 

nels (Muller & Finkelstein, 1972; Heyer et al., 1976; 
Laton-e & Alvarez, 1981). 

The only voltage-dependent protein channels 
for which the primary structures are currently 
known are diphtheria toxin (Greenfield et al., 1983) 
and colicins El,  A and Ib - -a  related group of plas- 
mid-encoded bacteriocins produced by E. coli 
(Yamada et al., 1982; Morlon et al., 1983; J. 
Konisky, personal communication). These latter 
water-soluble molecules bind to the outer mem- 
brane of target bacteria, which they then kill by 
forming leaky ion channels in the inner membrane 
(Schein et al., 1978). Colicin E1 can be produced in 
copious amounts, and its gene has been cloned and 
sequenced, thus making it amenable to genetic and 
chemical manipulations. Recently it has been 
shown (Cleveland et al., 1983) that the channel- 
forming capability of this 60,000 dalton protein re- 
sides in the 152 amino acid C-terminal portion pro- 
duced by cyanogen bromide cleavage of the 
molecule. The remaining 43,000 dalton N-terminal 
piece is involved in binding to the outer membrane 
receptor and in subsequent translocation to the in- 
ner membrane (see Cramer et al., 1983, for review). 
This C-terminal fragment includes a 35 amino acid 
hydrophobic region near its C-terminal end which 
undoubtedly inserts in the membrane; a similar hy- 
dophobic region is found in colicins A and Ib. The 
rest of the sequence appears to be very hydrophilic, 
with many positive and negative charges. 

This paper characterizes some of the properties 
of the channel formed by colicin E1 and its C-termi- 
nal fragments (produced by enzymatic or cyanogen 
bromide cleavage) in planar lipid bilayers, as part of 
a larger effort to implicate specific regions of the 
protein in particular actions of the channel. We 
show that the ion selectivity of the channel is con- 
trolled by titratable groups accessible from both 
sides of the membrane, and that the channel is 
large, with a lumen of at least 8 A in diameter. 
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Fig. 1. Effect of membrane potential and pH on the turn-on and 
turn-off kinetics of colicin El-induced conductance. An asolectin 
membrane separates symmetric solutions of 1 M KCl, 5 mM 
CaCI2, 2 mM DMG, pH 4.3. About 1 min prior to the start of the 
record, colicin E1 was added to the cis compartment to a concen- 
tration of 150 ng/ml. Conductance is seen to turn on with cis 
positive voltage and to turn off with cis negative voltages. The 
kinetics are faster for +60 mV than for +40 mV. After the break 
in the record, the conductance is again turned on with +60 mV 
and the potential then returned to 0 mV. At the arrow, the pH of 
the trans and cis compartments are raised to pH 7.1. The con- 
ductance turned on by the previous +60 mV pulse is still present, 
but there is no further turn-on at +60 mV and no turn-off at -60 
mV over the time intervals indicated. This illustrates that colicin 
E1 channel kinetics are slower at high pH (7.1) than at low pH 
(4.3) 

These findings apply equally to channels formed 
both from the intact colicin E 1 molecule and from 
its C-terminal fragments (produced by either tryp- 
sin, thermolysin or cyanogen bromide cleavage, as 
described by Cleveland et al., 1983). A preliminary 
report of some of these results appeared earlier 
(Slatin et al., 1983). 

Materials and Methods 

Planar phospholipid bilayer membranes were formed at room 
temperature by the union of two monolayers (Montal, 1974) of 
either asolectin [crude soybean phospholipid (lecithin type IIS 
from Sigma Chemical Co., St. Louis, Mo.)l, from which neutral 
lipid was removed (Kagawa & Racker, 1971), or of purified phos- 
pholipids (Avanti Polar Lipids, Inc., Birmingham, Ala.). Mono- 
layers were spread from 1% solutions of lipid in hexane, and 
after evaporation of the hexane, membranes were formed across 
a 50-150 micron hole in a Teflon | partition, previously painted 
with squalene (Sigma), separating buffered salt solutions. The 
membrane potential was clamped at known voltages and the cur- 
rent monitored by standard methods. For most experiments, 
protein from stock aqueous solutions was added, after the mem- 
brane was formed, to one compartment (the cis) to a final con- 
centration of 0.05 to 5,000 ng/ml; the opposite (trans) compart- 
ment was held at virtual ground. For experiments with di- 
phytanoylphosphatidylcholine (DPPC) membranes, protein 
was first dissolved in 0.5% octyl glucoside (Calbiochem-Behring, 
San Diego, Calif.) and then added either directly to the aqueous 
phase after the membrane was formed, or dissolved along with 
the lipid in hexane/ethanol (2 : 1) and spread in the cis monolayer. 

Colicin E1 and several of its C-terminal fragments were prepared 
in the laboratory of Dr. Cyrus Levinthal at Columbia University. 
Colicin A was a gift of Dr. S.E. Luria of M.I.T., and colicin Ib 
was a gift of Dr. J. Konisky of the University of Illinois. 

Most ion selectivity experiments to determine the size of 
the channel lumen were performed on asolectin membranes at a 
pH close to 4.5, in order to insure reasonably fast turn-on and 
trn-off kinetics (illustrated in Fig. I) while not compromising 
membrane stability. Membranes were formed in the presence of 
a 10 : I ( I M us, 0. I M---except where noted) concentration gradient 
of the appropriate salt solution, buffered with 2 to 5 mM dimeth- 
ylglutaric acid (DMG) and also containing 5 mM CaCI, or MgS()a 
(for membrane stability) and I /xM to I mM EDTA. The salts used 
were potassium chloride, tetramethylammonium (TMA) chloride 
(Eastman Organic Chemicals, Rochester, N.Y.), tetraethylam- 
monium (TEA) chloride (Eastman). glucosamine chloride 
(Sigma), potassium glucuronate (Grade 1, Sigma), potassium glu- 
tathione (reduced form, Sigma), and potassium NAD (Grade Ill- 
S, Sigma). The gradients used in experiments with potassium 
glucuronate and potassium NAD were 0.5 : 0.05 M and (}.7 : 0.07 
molal, respectively, due to the limited solubility of these sails. 
Both TMA and TEA were purified once by dissolving in a mini- 
mum of boiling absolute EtOH with some activated charcoal, 
filtering the solutions while hot, and allowing them to cool 
slowly. Crystals were collected and washed wilh ice-cold dry 
acetone several times to remove any remaining yellow color and 
then dried under vacuum for two days. The TMA crystals were 
purified a second time by recrystallization from an EtOH/ace- 
tone solution. 

Reversal (zero-current or cross-over) potentials for current 
through the channels formed by E1 or its fragments were deter- 
mined from records of the current response during steps of volt- 
age to different membrane potentials. The direction of the salt 
gradient (cis high, trans low; or vice-versa) was such that turn-on 
voltages (cis positive) would be of the same sign as that of the 
reversal potential. Thus, in experiments with large cations (in 
which the channel is anion-preferring), the salt gradient was cis 
to trans, whereas with large anions (in which the channel is 
cation-preferring), the salt gradient was trans to cis. The proto- 
col in these experiments was to first apply a cis negative voltage 
to close any open channels, and then to step the voltage to a 
positive value to record the time-dependent change in current. 
The magnitude of this positive voltage relative to the reversal 
potential determines the direction of current flow (cis to t rans - -  
"positive," or trans to c i s - - "nega t i ve" ) ;  the voltage at which 
no time-dependent change in current is seen (and around which 
the current flow switches direction) is by definition the reversal 
potential. All measurements were corrected for electrode asym- 
metry. 

Reversal potentials measured as described above were 
compared to the potential that would be measured if the channel 
were ideally selective for the preferred (smaller) ion, which was 
either K + or CI-. This "ideal" reversal potential is just the po- 
tential difference measured between the two salt solutions (1 and 
0.1 M) separated by a cation- or anion-permselective membrane. 
For the potassium salts, the permselective membrane used was a 
nonactin-doped bilayer (nonactin added both cis and trans to a 
concentration of 1 to 5/xg/ml). For the chloride salts, however, 
no suitable anion-permselective membrane was available; there- 
fore the potential difference between a Ag/AgCI electrode and a 
calomel reference electrode contacting the solution through an 
appropriate salt bridge (see below) was measured for each re- 
spective 1 and 0.1 M salt solution, and the difference between 
these two measurements was taken as the "ideal" reversal po- 
tential for chloride. 
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It was important  that the reversal potential measurements  
for the channel  be accurately compared  (to within one millivolt) 
to the " idea l "  reversal  potential,  because our  primary goal was 
to determine if an ion was totally excluded from the channel ,  not 
jus t  to measure  relative ion permeabilit ies.  A number  of  factors 
may cause  the magni tude of the reversal  potential to be underes-  
timated: 1) contaminat ion  by small, permeant  ions. To eliminate 
such contaminat ion,  agar bridges (2%), each containing the ap- 
propriate test  salt solution, were used to make electrical contact 
between the solutions bathing the membrane  and the 2 M KCI 
baths  into which the saturated KCl-filled calomel electrodes 
were dipped. This a r rangement  prevented the possibility of  K + 
and CI leakage into the test  salt solutions.  2) Shunting from 
permeant  divalent ions. A small amount  (ca. 5 raM) of divalent 
cation (Mg -+ or Ca ++) is needed to facilitate formation of bilay- 
ers and to maintain their stability. Doubling this concentrat ion 
did not  decrease the values  of  reversal  potentials,  thus indicating 
that Mg ++ and Ca ++ were not shunt ing the measured  values. 3) 
An osmotic  pressure  difference across  the bilayer, due to the 
significant difference in salt concentrat ion on the two sides. This 
will cause  water  to flow across  the bilayer, altering the salt con- 
centrat ions at the membrane/so lu t ion  interfaces,  and thereby 
leading to an effective reduction in the gradient seen by the mem- 
brane. Osmot ic  water  flow may  also produce a s treaming poten- 
tial in the channel .  To minimize this problem, glucose was added 
to the low (0.1 M) salt solution to raise its osmolali ty to that of  the 
high (1 M) salt solution; in the absence  of the glucose,  reversal 
potentials were 2 to 3 millivolts smaller.  To insure an accurate 
compar ison  of corresponding " c h a n n e l "  and " idea l "  reversal 
potential measu rem en t s ,  both were made under  conditions as 
identical as possible. In the case of  the potass ium salts, the con- 
ditions were essential ly identical, since the only difference was 
whether  the membrane  was treated with protein or nonactin.  For 
the chloride salts, a l though there was no membrane  separating 
solutions in the " idea l"  reversal potential measuremen t s ,  all 
other conditions, particularly the composition of the agar salt 
bridges, were identical. 

Results 

E F F E C T  OF pH ON ION S E L E C T I V I T Y  

Membranes containing 103 to I05 channels of colicin 
E1 (or one of  its C-terminal fragments) were ex- 
posed to gradients of  KC1 (1 M vs .  0.1 M) and the 
reversal potentials determined for a range of sym- 
metric pH values. Figure 2 shows data obtained 
with membranes formed from asolectin, which con- 
tains about 20% negatively charged lipid, and from 
DPPC, a zwitterionic lipid with no net charge. The 
reversal potential in asolectin membranes (normal- 
ized to a 10-fold activity gradient of  KC1) changes 
steeply from 30 mV anion selective to 41 mV cation 
selective, as pH is raised from 4.5 to 6.0, crossing 
zero selectivity at about pH 5. For  DPPC mem- 
branes there is a similar trend in selectivity as a 
function of  pH, but the channels remain anion se- 
lective throughout the pH range, even up to pH 7.0. 
In the presence of  high levels of  Ca ++, the asolectin 
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Fig. 2. The effect of pH and membrane composition on the ion 
selectivity of the colicin El-induced conductance. The ordinate 
plots the reversal potential normalized to a 10 : 1 activity gradient 
of KCI (assuming that it is proportional to the logarithm of the 
KCI gradient). The curve marked asolectin was obtained on a 
single membrane. The pH initially was at the lowest value shown 
and then was raised symmetrically to the various indicated val- 
ues. The asolectin membrane separated a 1 M KC1 solution from 
a 0.1 M KCI solution that also contained 1.8 M glucose for os- 
motic balance. Both solutions also contained 5 mM CaCI2, 2 mM 
DMG, and 1 #M EDTA. The DPPC membrane separated a 300 
mM KC1 solution from a 100 mM KC1 solution. In addition, both 
solutions contained 5 mM CaCI2, 5 mM DMG, and 1 mM EDTA. 
Note that the colicin El-induced conductance switched from a 
chloride-preferring conductance at low pH to a potassium-pre- 
felting conductance at high pH in the asolectin membrane, but 
remained chloride-preferring in the DPPC membrane 

curve is shifted entirely into the anion-selective re- 
gion, as in the neutral membrane. These data indi- 
cate that the channel itself is a nonideal, anion-pre- 
ferring channel, and that the degree of this 
preference is pH-dependent,  ranging from about 
16 : 1 (C1-/K +) at pH 4.5 (as calculated by the Gold- 
man-Hodgkin-Katz equation) to about 1:1 above 
pH 7.5. The cation selectivity observed at pH ' s  
above 5 in asolectin membranes is apparently a con- 
sequence of their negative surface potential, which 
concentrates cations and depletes anions in the dou- 
ble-layer region, and thus modifies the ion concen- 
trations that the channels see from those in bulk 
solution. When the surface potential is screened by 
Ca ++ , anion selectivity is restored. 

Changes in either the c is  or t r a n s  pH alone alter 
ion selectivity. This could arise from titratable 
groups well inside the lumen of  the channel that see 
an average of  the pH of the two bathing solutions. 
To test this hypothesis,  we repeated the asymmetric 
pH experiments using buffers of various molecular 
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Table 1. Effect of cis and trans pH buffering on reversal potential (Vr? 
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V, V, V~ V~ 

A. 
cis pH 3.5 LB b 

-32 
trans pH 3.5 LB 
B. 
cis pH 4 LB 

-25 
trans pH 4 LB 
C. 
cis pH 3.5 HB 

-34 
trans pH 3.5 LB 
D. 
cis pH 3.5 LB -31 
trans pH 3.5 HB 

pH8 LB -19 pH8 HB 0 pH8HB 
pH 3.5 LB pH 3.5 LB pH 8 LB 

pH 3.5 LB -2  pH 3.5 LB +8 pH 8 HB 
pH8 LB pH8 HB pHSHB 

pH 3.5 HB -8  pH 3.5 HB 
pH 7.5 LB pH 8.8 HB 

pH 8.5 LB +3 pH 3.5 HB 

+2 

+34 

+32 

a The four panels show four experiments in which the pH of the bathing solutions was changed 
asymmetrically. All experiments were done in the presence of a 1 : 0.1 M KCI gradient and symmetric 5 
mM CaCI2. Experiments in panels A and D used the thermolysin C-terminal fragment of colicin El ; 
experiments in panels B and C used the trypsin C-terminal fragment of colicin El. Specific additional 
conditions were: A. Initially: cis and trans 5 mM calcium glycerate, pH 3.5; then add to cis 3 mM Bis 
Tris Propane (BTP), final p H 8; then add to ( is  100 mM Tris. pH 8. The last condition (V, at symmetric 
pH 8) represents the average of several experiments. B. Initially: cis 5 mM DMG. pH 4. trans 2 mM 
DMG, pH 4; then add to trans 3 mM BTP, final pH 8: then add to trans 20 mM Tris. pH 8; then add to 
cis 20 mM Tris, final pH 8. C. Initially: cis 200 mM calcium glycerate, pH 3.5, trans 5 mm calcium 
glycerate, pH 3.5; then add to trans 4 mM BTP, final pH 7.5: then add to trans 6 mM BTP, final pH 8.8. 
D. Initially: cis 5 mM potassium glucuronate, pH 3.5, trans 200 mM calcium glycerate, pH 3.5: then add 
to (is I mM BTP, final pH 8.5. 
b Definitions: LB = low concentration of relatively impermeant buffer; HB = high concentration of 
relatively permeant buffer; negative reversal potentials indicate anion selectivity; positive reversal 
potentials indicate cation selectivity. 

sizes which  ei ther  could (e.g.,  g lycera te  and Tris) or  
could  not  (e.g.,  Bis Tris P ropane  and glucuronate)  
easily penet ra te  the channel .  We conc luded  f rom 
such exper iments  that  the selectivity is control led 
by  separate  t i tratable groups  (probably  carboxyl  
groups,  as j udged  f rom ti tration curves  in D P P C  
membranes )  near  bo th  ends o f  the channel  and 
within the lumen.  Our  basis for  reaching this con-  
clusion can be seen in Table  1, which shows the 
results o f  a few such exper iments .  Consider ,  for  
example ,  panel  B. The  channels  start  off  anion se- 
lective at symmet r i c  low pH,  but  b e c o m e  less so 
when  the t r a n s  p H  is raised to 8 with a small amount  
o f  Bis Tris P ropane  buffer.  The  p H  profile in the 
lumen is u n k n o w n  in this configuration.  Large  
amoun t s  o f  Tris buffer  are then added  to the t r a n s  

c o m p a r t m e n t  (third condit ion) wi thout  changing the 
p H  f rom 8, and this makes  the channel  cat ion selec- 
tive, p re sumab ly  because  the high concent ra t ion  o f  
Tris (which is small enough  to easi ly pass  th rough  
the channel  but  hydrophi l ic  enough,  even  in the 
neutral  form,  to be exc luded  f rom the lipid phase) is 
now dominat ing  the lumenal  p H  and holding it near 
8. H o w e v e r ,  maximal  cat ion selectivity cannot  be 
ach ieved  by  adding even  larger amounts  o f  Tris p H  
8 to the t r a n s  side. This occurs  only  w h e n  the c i s  

p H  is also raised to 8, as shown.  The remaining 
panels  show similar exper iments  in which the lu- 
menal  p H  is c lamped with penetra t ing buffers f rom 
the c i s  and t r a n s  sides at different p H  values.  In no 
case  is it possible to el iminate the contr ibut ion made  
to the select ivi ty by  the p H  of  any  one o f  the three 
regions (i.e., c i s  end, t r a n s  end and lumen) by con-  
trolling the p H  of  the o ther  two.  This s t rongly sug- 
gests that  there  are different groups  being ti trated in 
each of  the access ible  regions.  

Colicins A and Ib, which  have  pr imary  se- 
quences  gross ly  similar to that  o f  colicin E l  but 
with ve ry  little h o m o l o g y  (Morlon et al., 1983; J. 
Kon i sky ,  p e r s o n a l  c o m m u n i c a t i o n )  show a pH-de-  
pendence  o f  K + v s .  C1- select ivi ty similar to that 
seen with E l .  Fo r  colicin A,  however ,  the selectiv- 
ity is unaf fec ted  by  t r a n s  p H  ( d a t a  n o t  s h o w n ) .  

EFFECT OF ION SIZE ON SELECTIVITY 

It is possible to exploit  the channe l ' s  permeabil i ty  to 
both  anions and cat ions  to determine the pore size 
at its na r rowes t  point .  Channel  selectivity was  mea- 
sured in a series o f  three different chloride and three 
different po tass ium salt gradients ,  in which the 
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counterion was a larger cation or anion, respec- 
tively. If the larger ion cannot pass through the lu- 
men, then the channel should exhibit ideal selectiv- 
ity for the smaller ion, regardless of the sign of its 
ionic charge or the pH of the solution. 

Selectivity measurements were generally made 
on three separate membranes for each of the salt 
solutions tested, and results agreed to within -+ 1 
mV in most cases. Figure 3 illustrates a determina- 
tion of the permeability of glucosamine relative to 
chloride (the cis compartment contained the higher 
salt concentration). For positive voltages less than 
45 mV, current increased in the negative direction, 
whereas for voltages greater than 45 mV, the cur- 
rent increase was positive. At 45 mV, the reversal 
potential, no current increase was seen (since the 
driving force was zero). (The nonzero current at the 
reversal potential is due to a nonspecific leak.) The 
"ideal" chloride reversal potential for this salt gra- 
dient was 47 mV. 

In some experiments, the direction of current 
flow was biphasic for pulses near the reversal po- 
tential. For example, in a KCI gradient, upon 
switching from negative to positive voltage, the cur- 
rent initially flowed in a negative direction (trans to 
cis), as though the pulse were still smaller than the 
reversal potential, but then current flow reversed 
after 20 to 30 sec. In these cases the early phase was 
ignored in determining the reversal potential. This 
biphasic current response occurred for pulses in a 
range of approximately • 3 mV around the reversal 
potential. 

Surprisingly, of all the large ions used to deter- 
mine pore size, only glutathione had a significant 
pharmacological effect on the channel formed by 
El.  In the presence of this ion, turn-on of channels 
was irreversible; that is, channels did not turn off at 
negative voltages. The method described above for 
determining reversal potentials could therefore not 
be used in this instance, since increases in current 
around the reversal potential are too small to detect 
in the presence of a large background conductance. 
Instead, the reversal potential was determined from 
the voltage at which total current was zero. 

Results of selectivity experiments for each salt 
are shown in Table 2. For large cations, the reversal 
potential for the E1 channel approaches the "ideal" 
reversal potential for chloride, as the size of the 
cation increases. One must be careful, however, in 
interpreting a reversal potential that is close to ideal 
as indicating that a large cation (or anion) is imper- 
meant. For example, notice that at pH 4.5, where 
the channel is intrinsically anion-preferring, the re- 
versal potential measured for glucosamine chloride 
(-44.5 mV) differs from the ideal Nernst potential 
for chloride (-47 mV) by two to three miUivolts, but 
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Fig. 3. Illustration of the method used to determine reversal 
potentials. An asolectin membrane separated a cis solution of 1 
M glucosamine chloride from a trans solution of 0.1 M gluco- 
samine chloride that also contained 1.8 M glucose for osmotic 
balance. Both solutions also contained 5 mM CaC12, 5 mM DMG, 
I ~M EDTA, pH 4.5. Colicin El was added to the cis compart- 
ment to a concentration of 4.5/xg/ml. The fight half of the figure 
shows a superposition of current records corresponding to the 
various cis positive voltages indicated. Before each record was 
taken, the colicin El-induced conductance was turned off by a 
cis negative voltage of 80 mV, as illustrated in the left half of the 
figure. The reversal potential was clearly around 45 inV. (The 
small current at this voltage is a consequence of a nonspecific 
leakage conductance that sometimes develops in membranes ex- 
posed to large concentrations of colicin El.)  

at pH 6, where the channel is intrinsically cation- 
preferring, the reversal potential is only -37.5 mV, 
indicating significant glucosamine permeability. 
Similarly, the anion glutathione appears imper- 
meant at pH's slightly above 5, but shows signifi- 
cant permeability at pH 4.3. Both size and charge 
determine ion permeability, and this must be care- 
fully considered in using ions to size a channel (see 
Discussion). 

The results of experiments with large anions 
(see Table 2) are less straightforward than those 
with large cations; reversal potentials do not in- 
crease monotonically with ion size. Thus, the rever- 
sal potentials are further from ideal for glutathione 
and NAD than for glucuronate, a smaller anion. 
This is probably a consequence of the former two 
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Table 2. Effect  of  ion size on anion and cation selectivity as measured by reversal potentials for 10: I 
concentration gradients" 

Salts pH Reversal Ideal Reversal Potentials Molecular 
potential weight 
(mY) b C[ K + of  organic 

(Ag/AgCI (Nonactin) ion 
electrode) (daltons) 

K + CI- 4,3 - 2 7  -50 .5  
6.0 +37 +54 

T M A  § Cl-  4.5 - 39 .5  - 4 7  79 
TEA + CI- 4.5 - 4 2  -48 .5  t30 
Glucosamine  ~ C1- 4.5 - 44 .5  

- 4 7  t79 
5.8 -37 .5  ~ 

K + Glucurona te -  4.4 +38 
+52.5 194 

6 +50 
K § Glutathione 4.3 +31.5 

+53 307 
5.1 +51 

K + N A D -  4.2 +27 d 
+49 663 

5 +46 

a The gradient  used was 1 M Us. 0.1 M except  for exper iments  with glucuronate and NAD,  in which the 
gradients were 0.5 : 0.05 M and 0.7 : 0.07 molal,  respectively. 
b In this table, a minus  sign is used  to designate anion selectivity and a plus sign to designate cation 

selectivity. 
For colicins A and lb, this was - 15.5 and -29 .5  mV, respectively,  a! pH 6.1). 

d For  colicins A and Ib, this was +27.5 and +33 mV, respectively. 

2pA 

4 sec 

i=O _- .~-_ _. 

Fig. 4. Example  of  s ingle-channel  activity induced by colicin El .  The membrane was formed from a 10 : I weight ratio of  asolectin/ 
cholesterol that contained in the monolayer 0.3/zg of the cyanogen bromide C-terminal f ragment  of  colicin El .  It separated symmetr ic  
solutions of 1 M KCI, 3 mM DMG, 5 mM CaCh,  I mM EDTA,  pH 4.0. A cis positive voltage of + 50 mV was present throughoul the 
record 

ions having two negative charges (and one positive 
charge), whereas the latter ion has a single negative 
charge (see Discussion). 

Channel sizing experiments were also carried 
out with colicins A and Ib. These two colicins ex- 
hibit a trend in ion selectivity as a function of pH 
that is similar to that of colicin El.  Reversal poten- 
tials were measured at pH 6 (a cation-selective pH) 
for glucosamine chloride and at pH 4.2 (an anion- 
selective pH) for potassium NAD (see Table 2). The 
results demonstrate that like colicin El  channels, 
these channels are also permeable to glucosamine 
and NAD. 

S I N G L E - C H A N N E L  M E A S U R E M E N T S  

Figure 4 is a record of a membrane containing only 
two active colicin El  channels. It can be seen here 
that a channel has several conductance levels. The 
"main" level is about 24 pS (in 1 M KC1, pH 4.0), 
and there are several smaller subslates. The rever- 
sal potentials of these various channel states in a 
KC1 gradient are roughly the same, and agree with 
the value in Table 2, obtained on membranes con- 
taining thousands of channels. The conductance in 
1 M KC1 of the main single-channel state does not 
change significantly between pH 4.0 and 6.0, a 



L. Raymond et al.: Selectivity of Coticin E1 Channels 179 

range where the ion selectivity is changing steeply. 
This finding suggests that channel conductance and 
selectivity are controlled by different regions of the 
channel, since they are fairly independent of each 
other. Apparently, the titratable groups affecting 
selectivity do not determine the conductance 
state--they are not the rate-limiting steps for an ion 
traversing the channel. 

Discussion 

The El family of colicins are a group of proteins 
especially well suited for study as model membrane 
channels. They mimic many of the interesting prop- 
erties of intrinsic membrane channels, and are 
available in comparatively large quantities. They 
are water soluble and yet insert spontaneously and 
irreversibly into lipid bilayers, thus also providing a 
model system for studying the mechanism of pro- 
tein insertion in, and transport through, cell mem- 
branes. But most importantly, several of these coli- 
cins have been cloned and sequenced, and are 
susceptible to genetic and chemical manipulations. 
In this paper we characterize two properties--lu- 
men size and pH modulation of selectivity--which 
will have to be incorporated into any complete 
model of the colicin channel. 

L U M E N  SIZE 

Our main finding is that the colicin E1 channel has a 
large lumen of a t  l e a s t  8 A diameter. We established 
this from measurements of reversal potentials for 
gradients formed by salts of large cations or large 
anions. Such large ions as glucosamine + and NAD- 
are not excluded from the channel. The estimate of 
8 A is a conservative one, moreover, as NAD can 
adopt many different conformations in solution, and 
it is only the conformation having the smallest pos- 
sible diameter, as determined from the CPK model 
of the molecule, which measures 8,3i (in t h i s  confor- 
mation the length is ca .  27 ,~). In fact, the average 
diameter seen by the channel is probably much 
larger, ca .  12 to 16 A. Whatever the ambiguities 
inherent in assigning "minimum" or "average" 
diameters to molecules which can adopt a myriad of 
conformations in solution, the fact that the reversal 
potential for each of the molecules tested is signifi- 
cantly different from ideal puts definite constraints 
on model-building. Any model of the colicin E1 
channel must possess a lumen through which gluco- 
samine, glucuronate, glutathione and NAD can 
readily pass. As an aside, these molecules are as 

large or larger than those which have measurable 
permeability through the acetylcholine channel 
(Huang et al., 1978; Dwyer et al., 1980), a channel 
which is considered large by physiological stan- 
dards. 

Sizing of a channel with electrolytes is compli- 
cated by the effects of electrostatic forces on per- 
meability.1 A more direct method of estimating pore 
size is to measure nonelectrolyte permeability, 
which is dominated primarily by steric factors (al- 
though short-range forces cannot be totally ne- 
glected). Unfortunately, we could not incorporate 
sufficient numbers of E1 channels in planar bilayers 
to make nonelectrolyte flux measurements feasible. 
There is evidence, however, from studies on the 
acetylcholine channel (Huang et al., 1978; Dwyer et 
at., 1980), to suggest that the use of electrolytes to 
size a channel has its advantages. In particular, 
Huang et al. (1978), using isotope fluxes to examine 
selectivity of the acetylcholine channel for both 
ions and nonelectrolytes, found that small charged 
amines (e.g. methylamine) showed permeabilities 
comparable to that of sodium, whereas the un- 
charged forms of the same molecules were essen- 
tially impermeant. For channels which discriminate 
among ions on the basis of charge, therefore, mea- 
suring selectivity for electrolytes can be a more sen- 
sitive method of determining pore size than measur- 
ing nonelectrolyte fluxes. In fact, for a channel like 
colicin E1 which allows both cations and anions to 
pass and whose relative selectivity to them is a 
function of pH, it is possible to increase the sensi- 
tivity of the sizing experiments even further: the 
channel can be biased in favor of the larger ion on 
the basis of charge, simply by measuring selectivity 
at the appropriate pH. The potassium glucuronate 
results shown in Table 2 illustrate this point. At pH 
6, the channel appears nearly ideally selective for 
potassium and therefore impermeant to glucuro- 
hate, but when the pH is lowered to 4.4, it shows 
significant permeability to glucuronate. 

The largest ion we used to size the channel, 
NAD, gives a reversal potential still far from ideal, 
indicating that the E1 channel lumen is larger than 
this molecule (i.e. greater than 8 A in diameter). It is 
difficult to determine how much larger, however, 
since the reversal potential measured for any given 
ion is a function of ion-protein charge interactions 
as well as ion size. For instance, the reversal poten- 

A particularly striking illustration of the truth of this state- 
ment is our finding that despite the large size of the colicin E1 
channel lumen, the single-channel conductance in l M KCI is 
only 24 pS, a value less than that for the 4 A diameter gramicidin 
A channel. 
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tial obtained for glucuronate, with a molecular 
weight of 194 daltons, is closer to ideal than is that 
obtained for glutathione (tool wt 307 daltons), or for 
NAD (tool wt 663 daltons). However, when rever- 
sal potentials were measured for these same salts on 
the channels formed by the CNBr fragment, the 
measurements were correlated with ion size (data 
not shown). Since both glutathione and NAD have 
two negative and one positive charge (whereas glu- 
curonate has just one negative charge), the reversal 
potentials measured for glutathione and for NAD on 
channels formed by the whole colicin may be anom- 
alous. That is, these anions may be concentrated at 
the channel mouth due to charge interactions with 
the N-terminus (which is not directly involved in 
channel formation), resulting in unusually high an- 
ion permeability. We would like to have extended 
these permeability measurements to include larger 
ions, in order to find at least one which is imper- 
meant. However, we were unable to come up with 
additional candidates which fit the criteria of bear- 
ing a net charge of -+ 1, being water soluble, and 
being available in gram quantities at a reasonable 
cost. 

Our finding of a very large channel lumen con- 
trasts with that of Uratani and Cramer (1981), who 
studied the retention of nonelectrolytes in di- 
myristoylphosphatidylcholine vesicles into which 
colicin E1 had been incorporated below their phase 
transition. They found a permeability cut-off at 
glycerol, whose molecular weight is only 92 
daltons. It is not clear from the unusual conditions 
they employed in incorporating E1 into these vesi- 
cles that functional channels were actually present 
in the vesicle membrane. 

The biphasic current response seen at voltages 
close to the reversal potential suggest that there 
may be different "populations" of channels domi- 
nating the conductance, as a function of time, after 
pulse initiation. These populations may represent 
entirely different channels (e.g. dimers versus 
monomers) or just different conformational states 
of the same channel reflected in fluctuations in lu- 
men size. Either explanation fits with data from sin- 
gle-channel records which show a heterogeneous 
distribution of single-channel conductances that 
have the same voltage dependence. In any case, the 
variation in macroscopic reversal potential is only 
-+ 3 mV, too small to detect on the single-channel 
level. 

Reversal potentials measured for colicins A and 
Ib indicate that these channels may have even 
larger lumens than colicin El.  The results can be 
compared in a qualitative way since all three chan- 
nels favor the larger ion on the basis of charge at the 
pH of the selectivity experiments (although colicins 
A and Ib are overall more cation-preferring than E 1 

in the pH range of 4 to 5.5). However, lumen size is 
not proportional to reversal potential in any 
straightforward manner, and therefore we cannot 
say how much bigger the lumens of colicins A and 
Ib are. 

CONTROL OF SELECTIVITY 

When the current is carried in the channel by small 
ions of both signs, the selectivity between these 
ions is very sensitive to pH and surface charge. A 
charged membrane is expected to alter the ratio of 
cations to anions near (within a Debye length) its 
surface from that in the bulk solutions. An indiffer- 
ent (i.e. inherently nonselective) channel in such a 
membrane might " see"  more cations than anions, 
and, in effect, show cation selectivity. If the chan- 
nel were, however, highly selective for cations over 
anions (due to internal structural features of the 
channel), the measured selectivity would be quite 
insensitive to changes in the cation/anion ratio at 
the mouth. Colicin E1 lies between these two ex- 
tremes. It has a preference (though not absolute) for 
anions over cations, but since it passes both, the 
measured selectivity is sensitive to conditions at the 
surface. This implies that the mouth of the channel 
"sees"  at least part of the double layer, suggesting 
it is not more than a few angstroms from the mem- 
brane surface. 

The situation in a neutral membrane is not com- 
plicated by surface potential effects on ions (includ- 
ing H+). Our data indicate that titratable groups on 
the colicin El protein modify the selectivity of the 
channel in the neutral DPPC membrane from about 
16 : 1 (C1-/K +) to about 1 : 1 (over a pH range where 
DPPC has no net charge). The pH on both sides of 
the membrane is important. We reasoned that if ti- 
tratable groups within the lumen of the channel 
were responsible for the selectivity, then the ob- 
served selectivity would be dominated by the pH of 
whichever side had a permeant buffer, if the other 
side had a relatively impermeant one (such as glyc- 
erate vs. Bis Tris Propane). The results show that 
the amount of buffering on either side does affect 
the selectivity, implying that there are indeed titrat- 
able groups in the channel lumen which modulate 
selectivity. However, no amount of buffering from 
either side could entirely eliminate the effect of the 
pH on the opposite side. This means that there are 
also titratable groups near the channel ends that 
contribute to the selectivity. The pH range over 
which this titration occurs suggests (but does not 
prove) that these are acidic residues (Asp or Glu). 

This work was supported by NIH grant GM29210-07 and by NIH 
Training grant T32GM7288 from NIGMS. 
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