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Introduction

The demonstration by Schein et al. {54] that colicins
A [40] E1, and Ia show voltage-dependent, rela-
tively nonselective ion-permeable channel activity
in planar phospholipid bilayer membranes provided
a major impetus to the study of the mechanism of
action of this group of colicins that also includes K
and Ib. Inferences concerning mechanism of action
had previously been drawn mainly from physiologi-
cal and biochemical studies on cells and membranes
of Escherichia coli [21, 23, 39, 60, 63, 71, 72]. It was
known that these colicins kill in a one-hit manner,
while inhibiting all macromolecular synthesis and
energy-linked functions [21, 27, 39]. It was inferred
that the colicins dissipate the bulk phase proton
electrochemical potential across the cytoplasmic
membrane [21, 23, 63, 71). It has been calculated
from the single channel conductance values for coli-
cin E1, ~3 x 10% ions/channel — sec in 0.1 M salt,
that a single colicin molecule can dissipate the cellu-
lar membrane potential generated by H* pumping
[9]. Colicin A has a similar single channel conduc-
tance near neutral pH [51] and the values for colicin
Ia and Ib are somewhat larger {31, 69]. One can thus
view the lethal action of these colicins as occurring
through the ability of a single molecule to dissipate
the bulk phase membrane potential (A¥) and
thereby de-energize the state of the membrane
when AW is the dominant component of the electro-
chemical potential as defined by Mitchell [45]. An
alternative viewpoint, mainly based on studies with
energy uncoupled E. coli mutants [25, 26], is that
these colicins de-energize by disrupting a surface
proton current [36].

Subsequent studies on artificial membranes
have used both planar and vesicular membranes.
Planar membranes are formed from two monolayers
by the general method of Montal and Mueller [46].
Briefly, the technique involves forming a bilayer

membrane across a small aperture (250 um diame-
ter for macroscopic conductance, typically 1 nA
current; 50 um diameter for single channel mea-
surements, ~1 pA current) in a partition that sepa-
rates two aqueous phases. Phospholipid monolay-
ers are spread on the surface of each of the aqueous
phases and the two monolayers sequentially raised
above the aperture, resulting in the apposition of
the monolayers to form a bilayer. This technique
avoids or minimizes artifacts arising from the use of
organic solvents. Vesicle experiments have been
mostly performed with preparations made through a
procedure involving prolonged sonication of the
lipid suspension, followed by freezing, thawing, and
subsequent brief sonication [12, 33]. The resulting
vesicle population is of substantially larger size (av-
erage diam, ~1000 A) than that obtained solely by
prolonged sonication (average diam, ~250 A).

The planar membrane technique provides the
best method for gquantitative measurement of chan-
nel conductance, ion selectivity, and channel
diameter. In practice, the voltage dependence of
colicin action is more readily demonstrable in a pla-
nar membrane experiment than with vesicles, as
discussed below. The vesicle system is the one of
choice for making kinetic measurements and often
the better system for measuring biochemical prop-
erties of the colicin, simply because one can more
readily obtain a useable amount of membrane-
bound colicin. These considerations would also ap-
ply to many other channel-forming substances. In
the case of colicin El the dependence of the colicin-
membrane interaction on certain parameters such
as pH must be measured in the vesicle system,
rather than in planar membranes, because the time
required to reach steady state in the latter is long. A
disadvantage of vesicles for measurements of volt-
age-dependent colicin-membrane interactions is
that such measurements must rely on the use of
initially imposed potassium diffusion potentials.
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Fig. 1. The hydropathy pattern of colicin E1, using a sliding interval of 11 amino acids according to the algorithm and amino acid free
energy transfer values of Kyte and Doolittle [38]. Ordinate values above the baseline correspond to hydrophobic residues

of the polypeptide (Fig. 2). The activity required for
channel formation and depolarization of the E. coli
cytoplasmic membrane has been localized in the C-
terminal region, as discussed below, and receptor
activity in the central region of the molecule [6].
Except for the question of the function of the N-
terminal section of the molecule, left open here, this
domain model is analogous to those previously pro-
posed for colicins E2 and E3 [28, 48], and colicin
DF13 [14]. The question of whether the channel-
forming activity is solely contained in the C-termi-
nal region of the colicin molecule is important in
understanding the molecular structure of the chan-
nel. The original association of the C-terminal re-
gion with the channel was based on the activity of
C-terminal peptide fragments added to various cel-
lular and artificial membrane vesicle preparations
[11, 49]. Based on this work and subsequent studies
on vesicular and planar membranes, three well-de-
fined fragments of colicin E1 have been shown to
form channels in artificial membrane systems: (i)
an M; = 20,000 C-terminal trypsin-resistant frag-
ment, starting at residue 336 [11], (i) a 152-residue

CNBr fragment containing residues 371-522 {8], and
(iii) an M, = 18,000 thermolysin fragment of which
residue 512 is the C-terminus [49]. These data to-
gether indicate that the amino acids comprising the
colicin E1 channel must lie between residues 371
and 512. Similarly, an M, = 20,000 C-terminal bro-
melain fragment of colicin A has been generated
that possesses channel-forming activity [43].

Planar Membrane Experiments on C-terminal
Peptide Fragments of Colicins E1 and A

The presence of channel activity in C-terminal pep-
tide fragments of colicin E1 [7, 8], as compared to
the absence of activity in a peptide fragment from
the central region of the colicin E1 molecule [6], can
be seen in a comparison of the macroscopic current
caused by addition of colicin E1 (Fig. 34), the C-
terminal tryptic fragment (Fig. 3b), and a CNBr
fragment bordered by methionine residues 230 and
370 (Fig. 3c¢), in the presence of a trans-negative
membrane potential = —30 mV. The properties
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Table 2, The amino acid sequence of colicin A
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Reprinted with kind permission from C. Lazdunski [47].

of nonpolar residues in each colicin, the 35-residue
sequence 474-508 in colicin E1, and the 49-residue
sequence 527-575 in colicin A. The position of this
region in the colicin E1 polypeptide is illustrated by
the hydropathy pattern, calculated according to the
algorithm and free energy values of Kyte and
Doolittle [38], shown in Fig. 1. Substitution of the
free energy values of Von Heijne and Blomberg [68]

in the calculation did not qualitatively alter this pat-
tern. A very similar function can be calculated for
colicin A (not shown).

Functional Domains in the Colicin Polypeptide

The amino acid sequence of colicin El shown in
Table 1 has been organized into a domain structure
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Fig. 1. The hydropathy pattern of colicin E1, using a sliding interval of 11 amino acids according to the algorithm and amino acid free
energy transfer values of Kyte and Doolittle [38]. Ordinate values above the baseline correspond to hydrophobic residues

of the polypeptide (Fig. 2). The activity required for
channel formation and depolarization of the E. coli
cytoplasmic membrane has been localized in the C-
terminal region, as discussed below, and receptor
activity in the central region of the molecule [6].
Except for the question of the function of the N-
terminal section of the molecule, left open here, this
domain model is analogous to those previously pro-
posed for colicins E2 and E3 [28, 48], and colicin
DF13 [14]. The question of whether the channel-
forming activity is solely contained in the C-termi-
nal region of the colicin molecule is important in
understanding the molecular structure of the chan-
nel. The original association of the C-terminal re-
gion with the channel was based on the activity of
C-terminal peptide fragments added to various cel-
lular and artificial membrane vesicle preparations
[11, 49]. Based on this work and subsequent studies
on vesicular and planar membranes, three well-de-
fined fragments of colicin E1 have been shown to
form channels in artificial membrane systems: (i)
an M, = 20,000 C-terminal trypsin-resistant frag-
ment, starting at residue 336 [11], (ii) a 152-residue

CNBr fragment containing residues 371-522 [8], and
(i) an M, = 18,000 thermolysin fragment of which
residue 512 is the C-terminus [49]. These data to-
gether indicate that the amino acids comprising the
colicin E1 channel must lie between residues 371
and 512. Similarly, an M, = 20,000 C-terminal bro-
melain fragment of colicin A has been generated
that possesses channel-forming activity [43].

Planar Membrane Experiments on C-terminal
Peptide Fragments of Colicins E1 and A

The presence of channel activity in C-terminal pep-
tide fragments of colicin E1 [7, 8], as compared to
the absence of activity in a peptide fragment from
the central region of the colicin E1 molecule [6], can
be seen in a comparison of the macroscopic current
caused by addition of colicin El (Fig. 3a), the C-
terminal tryptic fragment (Fig. 3b), and a CNBr
fragment bordered by methionine residues 230 and
370 (Fig. 3c), in the presence of a trans-negative
membrane potential = —30 mV. The properties
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Fig. 2. The current model for the domain structure of colicin Ef,
showing the position of internal methionines (M), and lysine (K)-
335 just before the site of trypsin cleavage for the C-terminal
channel forming tryptic peptide [11]. The smallest C-terminal
fragment containing unaltered channel activity according to
Cleveland et al. [8] is shown in black extending from the CNBr
cleavage site after mer 370. The smallest peptide isolated with
substantial receptor binding activity is symbolized by the cross-
hatched section between residue 231 and met 370

(i.e., voltage and pH dependence, single channel
conductance, selectivity, rectification) of the C-ter-
minal fragment were hardly distinguishable from
those of the parental molecule [7]. Single channel
conductance measurements of colicin E1 and the C-
terminal tryptic fragment are shown in Fig. 44 and
B, and multievent histograms defining the average
single channel conductance are shown in Fig. 5A
and B. The average single channel conductance
measured in asolectin membranes was found from
Fig. 5A and Bto be 20.9 + 3.9 pSand 19.1 + 2.9pS,
respectively, for colicin E1 and the C-terminal tryp-
tic fragment at pH 6.0. A similar value at pH 4.5,
where colicin and fragment activity are much
greater than at pH 6.0, was found for the smallest C-
terminal fragment thus far isolated with unimpaired
channel activity, the 152 residue fragment made by
cyanogen bromide cleavage at methionine 370 [8].
The *“turnoff’’ time of the current after imposition
of a trans-positive potential is much shorter at pH
4.0 (Fig. 6) than pH 6.0 (Fig. 3a and b). The ‘‘turn-
off ”’ time observed in Fig. 3c is unusually short for
an experiment at pH 6.0.

The isolation of a C-terminal peptide of colicin
A with channel activity, after proteolytic treatment
of the parental molecule with bromelain [43], pro-
vided further confirmation of the general applicabil-
ity to channel-forming colicin of the domain model
shown above in Fig. 2. Furthermore, both colicin A
and its bromelain fragment required trans-negative
potentials to form conducting channels. Both mole-
cules exhibited similar single channel conductances
as a function of pH and applied voltage [43, 51],
although the on-off behavior of the fragment chan-
nels as a function of potential showed a larger hys-
teresis than that of the colicin. The single channel
conductance varied from 5 to ~15 pS with imposed
trans-membrane potentials of 100 and —100 mV,
respectively, in 1 m KCI at pH 7.0, and decreased
from ~15 to 5 pS at —100 mV as the pH was low-
ered from 7.0 to 5.0 [51]. This strong dependence of
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Fig. 3. Macroscopic conductance properties induced by addition
(~0.5 ug/mb) of (a) colicin El, (b) the C-terminal tryptic frag-
ment, and () the 140-residue cyanogen bromide receptor-bind-
ing fragment, the fragment corresponding to the hatched region
in Fig. 2, to a voltage-clamped planar membrane. Trans-negative
potentials correspond to downward deflections in g and b, and an
upward deflection in c. (a): Colicin E1 was added to one side (cis)
of the membrane (4). No increase in current was observed with
the voltage of the rrans relative to the cis side, initially clamped
at +80 mV (B). When the voltage was switched to —80 mV (C),
the current increased steadily. Switching the membrane potential
to +80 mV (D and F) resulted in cessation of the conductance
increase, and switching both to —80 mV (E and G} in its resump-
tion. Switching to 0 mV {(H) redefined the baseline {7]. (b): C-
terminal tryptic fragment was added to one side (cis) of the mem-
brane (4). Voltage was applied to the membrane as follows: At
B, +50mV,at C, -50 mV;at D, +50 mV; at E, =50 mV [7]. (¢):
16 kDa CNBr fragment was added to the cis side. Voltages were
applied as follows: A, =50 mV; B, ~80 mV; C, ~90 mV. 1] min
after adding the fragment, colicin E1 was added to the cis side.
Voltages of =70 mV (0) and +70 mV (E) were applied [6]. Sym-
metrical solutions of 1 M NaCl, 10 mm MES buffer, 3 mm CaCl,,
0.1 mM EDTA, pH 6.0, bathed the membrane. Reprinted with
permission of J. Biol. Chem.
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the single channel conductance is not observed for
colicin E1 as a function of voltage {7, 8]. The ratio
of the transport number of Cl~ to K™ in planar mem-
branes made of neutral diphytanoylphosphatidyl-
choline lipid changed from about one at pH 7.0 to
about five at pH 4.5 (S. Slatin, L.. Raymond and A.
Finkelstein, personal communication). Thus, the
colicin E1 channel was more anion selective at low
pH.

T
.
;
A

V.L. Davidson et al.: Colicin Channels in Artificial Membranes

The Question of the Potential Dependence of
Colicin Action on Membrane Vesicles

The requirement of a membrane potential for coli-
cin action in vitro in planar membranes provided an
explanation [54] for the requirement of an energized
cellular membrane for colicin action [30]. One might
then initially assume that the dependence of colicin
action on the sign and magnitude of the membrane

-50

30
B|-—~—80mv——+—50mv—-|0| Hsolo |4l o]

-30

Fig. 4. Single channel recordings of (4) colicin El and (B) the C-terminal tryptic peptide. Colicin or fragment was added to one side
(cis) of the membrane (A): The opening of single colicin and fragment channels was observed after the membrane was clamped at —50
mV. When the voltage was switched to +50 mV, a single channel quickly turned off, a relatively rare event. The remaining three colicin
channels stayed open while the membrane was clamped at +350 mV. When the membrane potential was switched back to —50 mV,
three channels were initially present and then a fourth channel opened. (B): A +80-mV potential did not cause opening of channels.
Channel opening was observed when the potential was changed to —80 mV, which was then immediately changed to —50 mV in this
trace, and then to the other voltages as indicated. The bathing solution for the membrane was as described for Fig. 3. Reprinted with

permission from J. Biol. Chem. {7]
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Fig. 5. Histograms of the frequency distribution for values of single channel conductance. The indicated single channel conductances
were measured at —30 mV. (A): Colicin El. (B): C-Terminal tryptic fragment. Solid lines represent Gaussian distributions normalized
to the number of single channel measurements. The means and standard deviations are indicated. Bathing solution as in Fig. 3
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potential in planar membranes should be readily ob-
servable in artificial membrane vesicles. The lack of
such an observed dependence [34, 64] might lead,
conversely, to the conclusion that the voltage de-
pendence observed in planar membranes is not
physiologically relevant. It is important to state that
the average diameter of the vesicle populations on
which colicin activity was tested and found not to
depend on voltage was approximately 0.1 um [12,
34, 64]. The presence of a voltage dependence has
been found, however, using larger vesicles with
~0.5 wm diameter formed by a calcium-induced fu-
sion technique [12, 50] and monitoring release of
trapped CI~ [12 and Fig. 7). This potential depen-
dence, showing a fivefold change in the rate of coli-
cin E1 action for a change of 160 mV in imposed
potential, was much smaller than that seen in planar
membranes, where an e-fold change of current for
each 3.7-mV change in potential was observed for
colicin A [54]. The explanation for the lack of po-
tential dependence in the 0.1-um diameter vesicles,
and the weak effect in the larger 0.5-um diameter
vesicles (Fig. 7), very likely resides in the small
membrane capacitance and volume capacity of the
vesicles. It can be calculated, as in ref. 9, that a 100-

2min

C —

Fig. 6. Macroscopic current measurement of the C-terminal
tryptic fragment at pH 4.0. Fragment added (B) to membranes
clamped at —20 mV (A, trans side negative). Increase of current
is seen while potential is maintained at —20 mV and rapid decay
to baseline observed when the voltage is switched (C) to +20
mV. Voltage is set to zero at (D)

m

mV diffusion potential in the 0.1-um vesicles would
be dissipated by movement of only about 300
charges across the vesicle surface. Depolarization
of the 0.5-um diameter vesicles would require a
larger number of translocated charges, 25 X (300) =
7500 charges. The insertion of a single colicin chan-
nel into a vesicle of either size group would there-
fore completely depolarize that vesicle. In fact, if
binding and insertion of a single colicin induced a
permeability increase that was only a small fraction
(10~* for the small vesicles and 2.5 x 10-3 for the
large ones) of the single channel conductance, the
membrane potential would be dissipated in one sec-
ond. This leads to the hypothesis that the lack of a
voltage dependence seen in the smaller vesicles and
the small dependence observed in the larger 0.5-um
diameter vesicles could be caused by depolarization
during the initial voltage-independent binding and
insertion events that precede channel formation.
Recent data on the nature of the voltage-indepen-
dent binding and insertion of colicin A into phos-
pholipid monolayers lend support to this view. By
measuring the increase in surface area that results
from colicin A associating with a monolayer film at
constant surface pressure, it was calculated that at
pH 5 the apparent molecular area occupied by the
protein was 2000 A? at a surface pressure of 20
dyne/cm [52]. This is at least as large as the cross
section that one would calculate for the colicin
channel fully inserted into the membrane. This volt-
age-independent colicin A binding thus caused a
large perturbation of the membrane surface that
could readily result in a small ion leak sufficient to
cause depolarization.

The fact that a large fraction of the colicin A
molecule penetrates the monolayer also seems im-

100}

% of Rate at -120mVv

80 -60 40 20 O 20 +40 +80
Membrane Potential (ay}, mv

26 100

Fig. 7. The dependence of the rate of colicin-induced Cl1~ efflux
on the membrane potential, AY¥, for large (0.5 um diameter)
vesicles made by a fusion technigue [12], and smaller (0.1 um
diameter) vesicles made by freeze-thaw. (O) freeze-thaw vesi-
cles; (@) fused vesicles; pH, 4.0. Details described in ref. 12.
Reprinted with permission from J. Biol. Chem. [12]



Fig. 8. Chloride efflux induced by addition by colicin E1 (2 ug/
ml) to a population of fused asolectin membrane vesicles. K*-
diffusion potential, —60 mV. (| ) and (1) indicate addition of
colicin and 0.25% Triton-X-100. Ambient pH values of 4.2, 4.8,
and 5.2, respectively, are indicated on traces. Reprinted with
permission from J. Biol. Chem. [12]

portant in understanding the mechanism by which
the colicin channel is gated or regulated by the
membrane potential. Since at low pH the bulk of the
colicin molecule is fully inserted into at least one of
the monolayers in the absence of a potential, the
potential must change the conformation of the in-
serted protein, or insert only a small additional part
of the protein into the membrane. A caveat in this
reasoning is the question of whether the behavior of
the colicin in monolayers will apply to bilayers. A
different view of the mechanism of voltage-depen-
dent gating, involving a voltage-dependent insertion
of a major portion of the colicin polypeptide, was
proposed by Cleveland et al. [8].

pH Dependence of Colicin Action

Acidic pH caused an increase in the macroscopic
conductance response of colicin E1 [7]. This effect
resembles the pH dependence in vitro of the action
of diphtheria [16, 17, 321 and tetanus toxins [3], and
suggests the possibility of a general requirement of
low pH for the in vitro insertion of toxin-like mole-
cules or toxins and viruses [42] into membranes. A
possible molecular explanation for the acidic pH
requirement will be discussed below.

The detailed pH dependence of colicin El
action on planar membranes is difficult to measure
because the time required, after colicin addition, for
attainment of a steady-state current is very long
(Fig. 3a and b) at suboptimal pH values. The pH
dependence of the action of colicin E1 in causing

V.L. Davidson et al.: Colicin Channels in Artificial Membranes

chloride efflux from vesicles loaded with chloride is
shown in Fig. 8. The rate of Cl~ efflux is plotted as a
function of pH in Fig. 94 and B. The effective pK
values for Cl™ efflux caused by addition of colicin
El and its C-terminal tryptic peptide are 4.6 and
=3.8, respectively. The 0.8-pH unit difference pre-
sumably arises from a different environment of the
critical acidic group(s) of the peptide relative to
the parental molecule. These pH values could be
shifted downward by the increase in anion selectiv-
ity of the channel at low pH [61] and the use of Cl~
efflux to measure activity. The activity of colicin
E1, unlike that of the fragment, showed a decrease
below pH 4.0 (Fig. 94). This may be due to denatur-
ing effects on the N-terminal two-thirds of the coli-
cin molecule, with a consequent effect on the chan-
nel-forming domain.

Studies on the interaction of [*S] colicin A with
tritiated asolectin vesicles and phospholipid mono-
layers showed a strong effect of pH on the binding
and strength of interaction [52]. The binding of ¥S-
labeled colicin A to the *H vesicles was much
stronger at pH 5 relative to 7. This effect may be
similar to the increase in binding of diphtheria toxin
to Triton X-100 detergent at low pH [53]. Additional
information on the colicin A interaction with lipid
was obtained by measurement of the change in sur-
face pressure of a phospholipid monolayer caused
by addition of colicin A [52]. The effect on surface
pressure again increased as the pH was lowered,
and titrated with an effective pK of the colicin A
molecule of about 5.5. This pK was similar to that
which appeared to govern the pH dependence of
colicin A single channel conductance [51], referred
to above. Thus, there is a general agreement in
these studies on colicins A and E1 that low pH and
protonation of a specific amino acid residue(s) are
required for effective binding or insertion of the col-
icin to or into the membrane.

Regarding the physiological significance of the
requirement of an acidic pH for action of colicins
El and A ir vitro, we had previously put forward
the suggestion that the pH of the periplasmic space,
through which the colicin must pass, might be very
acidic [9]. This possibility now seems less likely
since the sensitivity of the cells to colicin is un-
changed when incubated in 0.1 M phosphate at an
external pH of 7 [10]. One would suspect that the
phosphate ion, which is accessible to the periplasm
via the porins, would effectively buffer the periplas-
mic space. It appears more likely that in vivo a cer-
tain residue(s) in the colicin polypeptide must be
protonated in order that the colicin molecule be able
to insert into the membrane. An environment caus-
ing an increase in the effective pK of these residues
in the cell could be conferred by the appropriate
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Fig. 9. pH dependence of Cl- efflux from fused vesicles caused by addition of (4) colicin E1 (0.5 ug/ml) or (B) C-terminal tryptic
fragment (_0.3 wug/ml). Data points represent the average of two experiments. Initial K* diffusion potential set at —60 mV, with
valinomycin (5 x 10-8 M) added 20 sec before addition of protein. Reprinted with permission from J. Biol. Chem. [12]

colicin conformation imposed by the cell receptor
or membrane. Alternatively, the acidic pH require-
ment could explain the low absolute activity of coli-
cin E1 in vivo [9]. The pK values associated in vitro
with this protonation, 3.8 and 4.6 for C-terminal
fragment and colicin E1, and 5.5 for colicin A, sug-
gest that the critical residues could be carboxylic
acid and/or histidine residues. For colicin El, the
first possibility now appears to be the more likely
because (i) pK values near 4.0 are more often asso-
ciated with carboxyl groups in proteins and (ii)
modification with the histidine-labeling reagent,
diethylpyrocarbonate, of the two histidine residues
in the C-terminal tryptic peptide does not alter the
pH dependence of colicin fragment-induced chlo-
ride efflux from vesicles or the macroscopic con-
ductance of the colicin fragment in planar mem-
branes (L.J. Bishop, W.A. Cramer and F.S. Cohen,
unpublished). Relevant to a role of a carboxylic
acid residue in accounting for the pH dependence is
a description of membrane spanning protein do-
mains that might contribute to the colicin channel
(Fig. 10, discussed below), in which one charged
residue, glutamic acid ( glu 468) in helix IV, residues
in an otherwise hydrophobic environment.

Other observations related to the pH depen-
dence of colicin action that have been obtained re-
cently enough that full interpretation is not yet
available are: (i) As mentioned above, the ‘‘turn-
off’’ time in planar membranes is strongly pH-de-
pendent. This is the characteristic time required for
decay of the current to the baseline level after the
voltage is switched from the highly conductive
trans-negative state to a trans-positive state. This is
iltustrated by comparison of Figs. 6 and 34 and B,
and of refs. 7 and 8. The times decrease rapidly with

decreasing pH. At pH 3.5, it has been found re-
cently (S. Slatin et al., personal communication)
that the turn-off times are on the order of msec for
sufficiently large voltages (~100 mV). (ii) Another
important consequence of studies at pH 3.5 is that
the macroscopic current for colicin E1 was found to
reach a steady state. It was then possible to mea-
sure the current as a function of the concentration
of added colicin E! and obtain a dose-response
curve which was linear (S. Slatin et al., personal
communication), as it was for colicin A [54]. This
indicates that a single colicin molecule is competent
to make a channel, consistent with the classical
view of these colicins as single-hit molecules [27,
39].

Size of the Colicin E1 Channel

The size of the channel has been estimated in two
studies, one in vesicles made of DMPC lipid below
the T,, of the lipid [66], and one in planar mem-
branes made of asolectin [61]. The estimated chan-
nel diameters from the two studies are somewhat
different, 6-6.5 and 8.0 A, respectively. The chan-
nel size was estimated in DMPC vesicles containing
incorporated colicin El by the rate of efflux, after
dilution, of solutes of different size. An approxi-
mate cut-off was extrapolated to a solute size near
that of glycerol (hydrated ionic radius determined
by viscometry, 3.1 A [56]). The planar membrane
measurements, based on determination of the re-
versal potential generated by salt gradients across
the membrane showed that the cation glucosamine
(unhydrated ionic radius = 4 A [S. Slatin et al.,
personal communication]) and the anion glicuro-
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Fig. 10. Five potentially amphipathic helices which may comprise the colicin EI channel. The residues of each helical segment are
plotted as a wheel in a two dimensional projection of the helix [55]. The hydrophobic and hydrophilic faces of each helix, determined as
described in the text, are indicated, respectively, by bold and thin arcs

nate (unhydrated ionic radius = 4 A [S. Slatin, et
al., personal communication]) are impermeant,
whereas the smaller tetraethylammonium ion was
slightly permeant. Extrapolation in a double recip-
rocal plot to zero transfer number yielded a limiting
solute size of about 8.0 A ([61], S. Slatin, et al.,
personal communication). Studies on colicins A
and Ia also indicate a size limitation to flow, demon-
strated by the slow efflux from loaded vesicles of
sucrose [34, 64], sulfate [34], and glucose-6-phos-
phate [64].

A Model for the Channel

As yet we are not aware of molecular model build-
ing studies on the colicin channel for colicin A, Ia,
or K. Therefore, the following discussion is focused
on colicin E1. The first quantitative model for the
channel was that of Guy [24]. It required a dimeric
model, each monomer containing nine helices,
starting at residue 35S in each polypeptide. Al-
though the model has many strong points, it appears
at present to be incorrect in some details because
the C-terminal CNBr fragment {8], starting at resi-
due 371, was shown to have full channel-forming
activity. This model also included residues beyond

residue 512. Thus, two of the nine helical segments
of each monomer are comprised of amino acids out-
side the range of residues 371-512 and cannot there-
fore be essential for channel formation. The model
required demonstration of (i) ‘‘two hit”” kinetic data
in vivo and in vitro for the action of native colicin as
well as the C-terminal fragments (see discussion in
ref. 9), or (ii) a naturally occurring dimer or oligo-
mer of the colicin and all the active fragments. Nei-
ther i nor ii has been demonstrated. In addition, the
dose-response curve of the macroscopic conduc-
tance of colicin A [54], and of colicin E1 measured
at low pH (S. Slatin et al., personal communica-
tion), has been shown to have a slope of one, imply-
ing that the channel is formed by a single molecule.

Thus, the bulk of the evidence at present indi-
cates that the depolarizing channel formed in the
inner membrane of the initially energized E. coli
must be formed by 2 single polypeptide derived
from the C-terminal end of the colicin molecule.
This is in contrast to oligomeric channels such as
Staphylococcus aureus a-toxin [2], melittin [65],
and the proteolipid of the H*-translocating ATPase
[57]. The following considerations must be applied
in building a model from the single polypeptide for
the colicin E1 channel: (i) Its diameter is 6-8 A
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({661, S. Slatin et al., personal communication). (ii)
The smallest C-terminal fragment in which full ac-
tivity has been obtained is the 152-residue CNBr
fragment. Since it has been shown that the last 10
residues of the E1 molecule are not essential for
activity [49], it appears that the channel can be
formed from 142 residues, 371-512, of the polypep-
tide. (i) Using recombinant DNA techniques, a
truncated colicin E1 molecule was constructed from
which eighteen C-terminal amino acids have been
removed and the following six (E-D-D-R-A-S)
added (V.L. Davidson, H. Zalkin and W.A. Cra-
mer, unpublished). This molecule was made by
cutting the El structural gene at an unique Eco R1
site and splicing it into pBR322 at this site. As this
colicin was inactive both in vivo and in vitro, we
infér that the critical limit to length at the C-terminal
end of the protein lies between residues 504 and
512. (iv) There is a paucity of secondary structure
data for membrane proteins in general, and without
crystal structure determination, existing methods
may not be sufficiently quantitative to distinguish
between different models. Circular dichroism mea-
surements of the secondary structure content of the
M, = 20,000 C-terminal tryptic fragment of colicin
El in the detergent octylglucoside indicated an «-
helical content at pH 3.5 of 55-60%, or approxi-
mately 95-110 residues in this conformation (K.R.
Brunden, Y. Uratani and W.A. Cramer, in prepa-
ration). (v) Qualitagive estimates indicate that con-
struction of a 6-8 A channel with og-helices, whose
center-to-center distance is 10-12 A, depending on
side-chain interactions, requires five membrane-
spanning helices (V.L. Davidson and W.A. Cra-
mer, unpublished). (vi) The actual number of mem-
brane-spanning domains seems to be an even
number, and would therefore be six, for the follow-
ing reasons: In planar membrane experiments, addi-
tion of large amounts of carboxypeptidase Y (0.5
mg/ml) to the cis, but not the trans, chamber causes
a large decrease in the macroscopic current associ-
ated with colicin E1 after a transient increase. This
suggests that the C-terminus of the colicin resides on
the cis side of the bilayer [8]. Because colicin E1l
has activity in vitro similar to that of the C-terminal
fragments, the other end of the channel-forming
polypeptide domain must also emerge on the cis
side, as it is connected to the relatively polar re-
maining two-thirds of the colicin molecule. The lat-
ter segment is probably not translocated across the
membrane.

Even if the helical content of the colicin channel
embedded in the membrane turns out to be greater
than the preliminary estimates cited above, the
problem of building a model for the colicin channel
appears formidable. This is illustrated by comparing
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the problem of building the six membrane spanning
units of the colicin channel from 142 residues to that
of the model for bacteriorhodopsin that utilized
seven membrane-spanning domains derived from
248 residues [19]. 1t is, of course, an assumption
that the membrane-spanning units forming the
channel are a-helices. It has been argued that o-
helices are energetically the favored state for mem-
brane-spanning domains, based partly on experi-
mental data for the bacteriorhodopsin structure,
indicating that it consisted of seven membrane-
spanning «-helices [20]. However, a significant 8-
sheet contribution to this structure has recently
been proposed [29], and a predominantly g-struc-
ture has been proposed for the porin channel (M.
Garavito and J.P. Rosenbusch, personal communi-
cation).

We propose a channel made of amphipathic
helices to describe at least part of the structure of
the lipid-embedded water-filled channel. A similar
structure has been proposed as a model for the ala-
methicin channel [22]. Amphipathic helices are de-
fined by the separation of nonpolar and polar faces
as one looks down the helix axis. Such a helix
would have its nonpolar face oriented toward the
lipid and the polar face toward the interior of the
channel. Amphipathic helices were originally pro-
posed to explain the interactions of apolipoproteins
with the plasma membrane [59]. More recently, the
sequences of three membrane active toxins, melit-
tin [13, 15], cecropin A [44, 62], and diphtheria [35],
have been shown to contain potentially amphipathic
helical segments. Starting with residue 383 which
occurs after a double /ys in the colicin E1 sequence,
five possible amphipathic helices have been defined
using the algorithm of Segrest and Feldmann [58]:
Helix 1, ile 383-lys 405; helix II, ala 415-lys 433;
helix TI1, lys 436- ile 454; helix IV, leu 463- val 479;
helix V, ala 488- leu 504. The residues of each seg-
ment are plotted as helical wheels (ref. 55, Fig. 10).
The center of the hydrophobic or nonpolar face of
these wheels coincides in each case with a maxi-
mum value of the hydrophobic moment calculated
according to the method of Eisenberg et al. [18].
The separation of hydrophobic and hydrophilic
faces shown in Fig. 10 was determined by maximiz- -
ing for each helix the difference in hydropathy in-
dex [38] of the two faces. The average length of
these helices is 19 residues, ranging in length from
17 (helix IV) to 23 (helix I) residues. This corre-
sponds to an average helix length of 19 - (1.5 Ala
helical residue) = 28.5 A. The number of a-helical
residues then adds up to 96, within the prediction
mentioned above for the C-terminal tryptic frag-
ment made by circular dichroism analysis (K.R.
Brunden et al., in preparation). The identity of a
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possible sixth spanning domain, discussed above, is
not known at present. A qualification that one must
keep in mind, with respect to the diagrams shown in
Fig. 10, is that these are planar representations of
helices that are idealized in the sense that the adja-
cent side chains are spaced exactly 100° apart and
perpendicular to the helix axis. It can be seen using
physical models (V.L. Davidson and W.A. Cra-
mer, unpublished) that this angle can actually vary
significantly because of rotational freedom of the
constituent R groups.

There is one violation of the amphipathic distri-
bution of residues in the above helices, the presence
of one charged residue, glu 468, found in the nonpo-
lar region of helix IV. Insertion of this uncompen-
sated charge into the lipophilic phase would involve
alarge free energy barrier [68]. We suggest that it is
the protonation of this particular acidic charged res-
idue that is responsible for the greater efficiency of
colicin and fragment action in vitro at pH values
=4.0. We propose that in vivo the effective pK of
this residue must be shifted to much more positive
values by the membrane protein environment so
that it is readily protonated at the effective sur-
rounding pH. From Fig. 10, his 440 occurring in
helix III appears to be another possible charged res-
idue positioned in a hydrophobic surrounding.
Since most transfer free energy values for amino
acid side chains presume a neutral pH environment,
histidine is usually considered an uncharged residue
[38]. However, for proteins requiring an acidic pH
for activity, such as colicins E1 and A, and diphthe-
ria and tetanus toxins, histidine should be positively
charged. Although his 440 resides in the hydropho-
bic arc of helix 111, a physical model of the colicin
E1 channel shows that the ring of his 440 can be
rotated about the B8 carbon so that it is close to the
polar interface of helix III (V.L. Davidson and
W.A. Cramer, unpublished). To the extent that his
440 does lie in a nonpolar environment, it is known
that the contribution of charge for a histidine resi-
due to its free energy of transfer is small relative to
the contribution of charge for glu, asp, Iys, and arg
residues [68]. For these two reasons, we do not
consider the position of this residue in helix III to be
inconsistent with the amphipathic helix model of
Fig. 10.

Another preliminary model has been described
by Cleveland et al. [8], who propose that spontane-
ous attachment of the colicin molecule to the mem-
brane occurs through an a-helical hairpin centered
on the 35-residue hydrophobic sequence of amino
acids between residues 474 and 508, near the C-
terminus (Table 1, Fig. 1). This proposal would pre-
sumably apply also to the similar 49-residue hydro-
phobic segment in colicin A (Table 2, ref. 47). The
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model also proposes that upon imposition of a
trans-negative potential, additional segments of the
protein insert into the membrane forming either
three or four additional transmembrane helices. The
latter aspect of the model implies the existence of a
large energy barrier for insertion of the additional
helices by the potential, and would not readily ex-
plain the large surface area occupied by colicin A in
monolayers in the absence of a potential [52].

Colicin Translocation Through
The Outer Membrane

A hypothetical description for the pathway and
action of the channel-forming colicins from solution
to the membrane would be as follows: In the extra-
cellular medium, the hydrophobic core of the coli-
cin protein contains the hydrophobic C-terminal
section of the molecule. The colicin binds to the
receptor in the outer membrane through the central
region of the colicin molecule, perhaps using the N-
terminal third of the colicin molecule to achieve ef-
fective binding and translocation. As part of the
translocation process through the outer membrane,
the C-terminal region is unmasked and inserted into
the periplasm, possibly through the Bayer junctions
[1]. We propose that the C-terminal end of the coli-
cin may be involved in the initial reversible binding
to the inner membrane. The C-terminal end of the
colicin E1 molecule, starting with the charged lys
512, proceeding to the charged sequence K-X-K-D
between residues 512-509, and then to the nonpolar
sequence between residues 508-474, bears a se-
quence analogy to the signal peptide region used at
the N-terminus for protein secretion [67]. This C-
terminal region could then be used for initial bind-
ing. After the initial attachment, the amphipathic
helices would be oriented along the membrane sur-
face, with their polar sides exposed to the aqueous
phase and nonpolar sides imbedded in the hydrocar-
bon layer. The membrane spanning segments within
a colicin molecule could then form a cluster and
cooperatively insert, thereby shielding the polar
faces on the inside of the channel.

An obvious possibility in this proposal is that
the C-terminal channel-forming domain might be
freed by in vivo proteolysis from the rest of the
colicin molecule after translocation through the
outer membrane receptor. This would allow the C-
terminal domain to form the channel in the inner
membrane without any constraint from the rest of
the polypeptide attached to the outer membrane.
The consensus in the literature at present, however,
is that the colicin does not undergo proteolysis as
part of its mechanism of action [4, 5]. This would
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also be the implication of the trypsin rescue ex-
periment in which trypsin added to the external me-
dium outside the cells could restore active transport
and viability to cells in which transport had already
been inhibited by colicin E1 [10].

The research from our laboratories described in this article, and
preparation of the article, have been supported by NIH grants
GM-18457 (W.A.C.) and GM-27367 (F.S.C.). We would like to
thank C. Lazdunski and S. Slatin for communication of data
prior to publication, J. Bullock with whom some of the planar
bilayer experiments were performed, L. Bishop for helpful dis-
cussions, and Ed Bjes and Lucy Winchester for their help in the
preparation of the article.

References

10.

11.

12.

13.

14.

15.

17.
18.

19.
20.
21.
22.
23.

24.
25.

. Bayer, M.E. 1979. In: Bacterial Outer Membranes. M. In-

ouye, editor. pp. 167-202. John Wiley, New York
Bhakti, S., Tranum-Tessen, J., Utermann, G., Fussle, R.
1983. J. Biol. Chem. 258:5899-5904

. Boquet, P., Duflot, E. 1982. Proc. Natl. Acad. Sci. USA

79:7614-7818

. Bowles, L.K., Konisky, J. 1981. J. Bacteriol. 145:668—671
. Brey, R.N. 1982. J. Bacteriol. 149:306~315
. Brunden, K.R., Cramer, W.A., Cohen, F.S. 1984. J. Biol.

Chem. 259:194-200

. Bullock, J.O., Cohen, F.S., Dankert, J.R., Cramer, W.A.

1983. J. Biol. Chem. 258:9908-9912

. Cleveland, B.M., Slatin, S., Finkelstein, A., Levinthal, C.

1983. Proc. Natl. Acad. Sci. USA 80:3706-7710

. Cramer, W.A., Dankert, J.R., Uratani, Y. 1983. Biochim.

Biophys. Acta 737:173-193

Dankert, J., Hammond, S.M., Cramer, W.A. 1980. J. Bacte-
riol. 143:594-602

Dankert, J.R., Uratani, Y., Grabau, C., Cramer, W.A., Her-
modson, M. 1982. J. Biol. Chem. 257:3857-3863
Davidson, V.L., Cramer, W.A., Bishop, L.B., Brunden,
K.R. 1984, J. Biol. Chem. 259:594-600

Dawson, C.R., Drake, A.F., Helliwell, J., Hider, R.C. 1978.
Biochim. Biophys. Acta 510:75-86

De Graaf, F.K., Stukart, M.J., Boogerd, F.C., Metselaar,
K. 1978. Biochemistry 17:1137-1142

DeGrado, W.F., Kezdy, F.J., Kaiser, E.T. 1981. J. Am.
Chem. Soc. 103:679-681

. Donovan, J.J., Simon, M.1., Draper, R.K., Montal, M. 1981.

Proc. Natl. Acad. Sci. USA 78:872-876

Draper, R.K., Simon, M.I. 1980. J. Cell. Biol. 87:849-854
Eisenberg, D., Weiss, R.M., Tewilliger, T.C. 1982. Nature
(Londorn) 299:371-374

Engelman, D.M., Henderson, R., McLachlan, A.D., Wal-
lace, B.A. 1980. Proc. Natl. Acad. Sci. USA 77:2023-2027
Engelman, D.M., Steitz, T.A. 1981. Cell 23:411-422
Fields, K.L., Luria, S.E. 1969. J. Bacteriol. 97:64-77

Fox, R.D., Richards, F.M. 1982. Nature (London) 300:325-
330

Gould, J.M., Cramer, W.A. 1977. J. Biol. Chem. 252:5491~
5497

Guy, H.R. 1983. Biophys. J. 41:363a

Hitchens, G.D., Kell, D.B., Morris, J.G. 1982. Biochem. J.
128:2207-2209

26.
27.

28.

29.

30.

31.

32,

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.
44,

45.
46.

47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.

58.

117

Hong, 1.S. 1977. J. Biol. Chem. 252:8582-8588

Jacob, F., Simonovitch, L., Wollman, E. 1952. Ann. Inst.
Pasteur 83:295-315

Jakes, K. 1982. In: The Molecular Actions of Toxins and
Viruses. P. Cohen and S. Heynigen, editors. pp. 131-167.
Elsevier Biomedical, Amsterdam

Jap, B.K., Maestre, M.F., Hayward, S.B., Glaeser, R.M.
1983. Biophys. J. 43:81-89

Jetten, A.M., Jetten, M.E.R. 1975. Biochim. Biophys. Acta
387:12-22

Kagan, B.L. 1981. Ph.D. Thesis, Yeshiva University, New
York

Kagan, B.L., Finkelstein, A., Colombini, M. 1981. Proc.
Natl. Acad. Sci. USA 78:4950-4954

Kasahara, M., Hinkle, P. 1977. J. Biol. Chem. 252:7384—
7390

Kayalar, C., Luria, S.E. 1979. In: Membrane Bioenergetics.
C.P. Lee, G. Schatz, and L. Ernster, editor. pp. 297-306.
Addison-Wesley, New York

Kayser, G., Lambotte, P., Falmagne, P., Capiau, C., Zanen,
J., Ruysschaert, J-M. 1983. Biochem. Biophys. Res. Com-
mun. 99:358-363

Kell, D.B., Clarke, D.J., Morris, J.G. 1981, FEMS Micro-
biol. Lert. 11:1-11

Konisky, J. 1982. Annu. Rev. Microbiol. 36:125-144

Kyte, J., Doolittle, R. 1982. J. Mol. Biol. 157:105-132
Luria, S.E. 1964. Ann. Inst. Pasteur. Paris 107 (Suppl.):67-
73

Luria, S.E. 1982. J. Bacteriol. 149:386

Luria, S.E., Suit, J.L. 1982. In: Membranes and Transport.
A. Martinosi, editor. Vol. 2, pp. 279-284. Plenum, New
York

Marsh, M., Bolzau, E., Helenius, A. 1983. Cell 32:931-940
Martinez, M.C., Lazdunski, C., Pattus, F. 1984. EMBO J.
(in press)

Merrifield, R.B., Viziolli, L.D., Boman, H.G. 1982. Bio-
chemistry 21:5020-5031

Mitchell, P. 1966. Biol. Rev. 41:445-502

Montal, M., Mueller, P. 1972. Proc. Natl. Acad. Sci. USA
69:3561-3566

Morian, J., Llonbés, R., Varenne, S., Chartier, M., Laz-
dunski, C. 1983. J. Mol. Biol. 170:271-285

Ohno-Iwashita, Y., Imahori, K. 1980. Biochemistry 19:652—
659

Ohno-Iwashita, Y., Imahori, K.
257:6446-6451

Papahadjopoulos, D., Poste, G., Vail, W.J. 1979. Methods
Membr. Biol. 10:1-121

Pattus, F., Cavard, D., Verger, R., Lazdunski, C., Rosen-
busch, J., Schindler, H. 1982. In: Physical Chemistry of
Transmembrane Ion Pumping. G. Spach, editor. pp. 407~
413. Elsevier, New York

Pattus, F., Martinez, C., Dargent, B., Cavard, D., Verger,
R., Lazdunski, C. 1984. Biochemistry 22:5698-5703
Sandvig, K., Olsnes, S. 1981. J. Biol. Chem. 256:9068-9076
Schein, S.J., Kagan, B.L., Finkelstein, A. 1978. Nature
(London) 276:159-163

Schiffer, M., Edmundson, A.B. 1967. Biophys. J. 7:121-135
Schultz, S.G., Solomon, A.K. 1961. J. Gen. Physiol.
44:1189-1199

Sebald, W., Hoppe, J. 1981. Curr. Top. Bioenerg. 12:2—
64

Segrest, J.P., Feldman, R.J. 1977. Biopolymers 16:2053—
2065

1982. J. Biol. Chem.



118

59.
60.
61.
62.
63.
64.

65.
66.

Segrest, J.P., Jackson, R.L., Morrisett, J.D., Gotto, A.M.,
Jr. 1974. FEBS Lett. 38:247-253

Smarda, J. 1978. The Effects of Colicins. J.E. Purkyne Uni-
versity, Brno

Slatin, S., Raymond, L., Finkelstein, A. 1983. Biophys J.
41:363a

Steiner, H. 1982. FEBS Lett. 137:283-287

Tokuda, H., Konisky, J. 1978. J. Biol. Chem. 253:7731-7737
Tokuda, H., Konisky, J. 1979. Proc. Natl. Acad. Sci. USA
76:6167-6171

Tosteson, M.T., Tosteson, D.C. 191. Biophys. J. 36:109~116
Uratani, Y., Cramer, W.A. 1981. J. Biol. Chem. 256:4017~
4023

V.L. Davidson et al.: Colicin Channels in Artificial Membranes

67.
68.

69.

70.
71.

72.
73.

Von Heijne, G. 1983. Eur. J. Biochem. 133:17-24

Von Heijne, G., Blomberg, C. 1979. Eur. J. Biochem.
97:175-181

Weaver, C.A., Kagan, B.L., Finkelstein, A., Konisky, J.
1981. Biochim. Biophys. Acta 645:137-142

Waggoner, A.S. 1979. Annu. Rev. Biophys. Bioeng. 8:47-68
Weiss, M.J., Luria, S.E. 1978. Proc. Natl. Acad. Sci. USA
75:2483-2487

Wendt, L. 1970. J. Bacteriol. 104:1236-1241

Yamada, M., Ebina, Y., Miyata, T., Nakazawa, T., Naka-
zawa, A. 1982. Proc. Natl. Acad. Sci. USA 79:2827-2831

Received 18 October 1983



