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Summary. The gene for the antibacterial peptide colicin B was 
cloned and transformed into a host background where it was 
constitutively overexpressed. The purified gene product was bio- 
logically active and formed voltage-dependent, ion-conducting 
channels in planar phospholipid bilayers composed of asolectin. 
Colicin B channels exhibited two distinct unitary conductance 
levels, and a slight preference for Na + over CI . Kinetic analysis 
of the voltage-driven opening and closing of colicin channels 
revealed the existence of at least two conducting states and two 
nonconducting states of the protein. Both the ion selectivity and 
the kinetics of colicin B channels were highly dependent on pH. 
Excess colicin protein was readily removed from the system by 
perfusing the bilayer, but open channels could be washed out 
only after they were allowed to close. A monospecific polyclonal 
antiserum generated against electrophoretically purified colicin 
B eliminated both the biological and in vitro activity of the pro- 
tein. Membrane-associated channels, whether open or closed, 
remained functionally unaffected by the presence of the antise- 
rum. Taken together, our results suggest that the voltage-inde- 
pendent binding of colicin B to the membrane is the rate-limiting 
step for the formation of ion channels, and that this process is 
accompanied by a major conformational rearrangement of the 
protein. 

K e y  W o r d s  C o l i c i n  B �9 planar bilayer �9 ion channel �9 poly- 
clonal antibody 

I n t r o d u c t i o n  

Colicin B is one of  a group of bactericidal proteins 
known to form ion-conducting channels in mem- 
branes [18, 35, 38]. The lethal action of these toxins 
results f rom the ability of  the ion channels to de- 
polarize the cytoplasmic  m e m b r a n e  of the target 
cell, thereby short circuiting the cell 's  energy me- 
tabolism [41]. The channel-forming regions of  coli- 
cins A [29] and E1 [13, 15, 26] have been shown to 
lie at the C-terminal ends of  these proteins,  and to 
consist  of  no more  than 200 amino acid residues. 
Colicins are plasmid encoded,  and complete  nucleo- 
tide and amino acid sequences have been deter- 
mined for colicins E1 [14, 55], A [32], and Ib [28, 
49], as well as colicin B [42]. The C-terminal regions 

of  these proteins are highly homologous.  Approxi- 
mately 13% of the amino acids are identical in all 
four colicins, and 33% are identical in at least three 
of the proteins.  The similarity of colicin A and B is 
even more striking, with 57% identity between the 
C-terminal regions of  these two proteins,  and an 
additional 19% of the amino acids being homolo- 
gous at identical positions. Mutations of  the genes 
encoding these proteins have been readily gener- 
ated [4, 26, 44, 45]. In addition, these colicins are 
regulated by the SOS response in that D N A  damag- 
ing t reatments  such as ultraviolet irradiation or ex- 
posure to mitomycin C result in the derepression of 
the colicin genes [50], and they are manufactured by 
the host bacter ia  in large amounts  and can be read- 
ily purified. The colicins thus constitute a well-de- 
fined and easily manipulated system in which to 
study a number  of  biologically important protein 
functions, including membrane  assembly,  voltage- 
dependent  channel gating, and ion translocation. 

After specific interaction of a colicin with its 
cognate receptor ,  the molecule t raverses  the outer 
membrane  by an unknown mechanism. In order to 
form an active ion-conducting channel, the aqueous 
colicin molecule must  be inserted through the 
membrane  to form a pore structure. In artificial 
membrane  sys tems this assembly process occurs 
spontaneously,  without mediation by any other 
membrane-bound  or aqueous protein. The mecha- 
nisms underlying these membrane-prote in  interac- 
tions are believed to be important  to the assembly of 
many proteins which span the membrane  [54]. Con- 
version of a globular, water  soluble protein to an 
integral membrane  protein is expected to involve 
several steps and considerable conformational  rear- 
rangement.  Using electrical methods such as those 
employed in the present  study, the number  of  func- 
tional ion-conducting channels can be monitored di- 
rectly. Distinctions about the steps that make up the 
process  can be drawn from analysis of  the kinetics 
of  the appearance  and disappearance of open chan- 
nels in response  to experimental  interventions. 
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In the present study, the structural (cba) and 
immunity (cbi) genes for colicin B were cloned and 
expressed in a variety of host backgrounds. The 
maximal expression of colicin B in a lexA mutant 
strain, where it was the major protein species pro- 
duced, facilitated its purification. The purified prod- 
uct was used to generate a polyclonal monospecific 
mouse antiserum and was shown to be active in 
lipid bilayers, where it displayed unique character- 
istics. The effects of pH, perfusion, and the mono- 
specific antiserum on the kinetic behavior of the 
voltage-dependent channels formed by colicin B 
were examined. Each of the various colicins ex- 
hibits quite distinctive behavior in its interactions 
with lipid bilayer membranes. Because this varia- 
tion must ultimately be associated with the small 
differences in their respective primary structures, 
these studies will contribute toward our under- 
standing of the molecular basis of the function of 
membrane proteins. 

Materials and Methods 

BACTERIAL STRAINS AND PLASMIDS 

The colicin B-producing strain R2.1/VX [21] was the source of 
the pColB-K260 plasmid from which the cba and cbi structural 
genes were cloned. The plasmid vector used in the cloning exper- 
iments was pBR328 [48]. The recombinant plasmid pCLB1 con- 
tains a 4.65 kilobase (kb) Pstl fragment from pColB-K260 harbor- 
ing the cba and cbi genes cloned into the PstI site of pBR328. E. 
coli K-12 strains used in this study included HB101 [8], AB1157 
(thr-1 leuB6 thi-1 supE44 galK2 ara-14 xyl-5 mtl-I A[gpt-proA]62 
hisG4 lacY1 argE3 rpsL31 tsx33) [34] and its SOS-defective de- 
rivatives DM49 (lexA3) [23], GC3217 (lacy + ilv-ts sulA211 
recA441 ) [33], DM1187 (as GC3217 except argE + lexAS1) (33), 
and DM1420 (as DMl187 except recA + his +) [33]. 

MEDIA AND CHEMICALS 

Bacterial strains were routinely grown in Luria-Bertani (LB) 
broth [30] or nutrient broth (Difco, Detroit, Mt) with shaking at 
37~ Agar plates and soft agar overlays contained 1.5 and 0.6% 
agar (Difco), respectively. Antibiotics were used at the following 
concentrations (in /xg/ml): ampicillin, 25; chloramphenicol, 30; 
tetracycline, 10; and mitomycin C, 0.4. Molecular biology re- 
agents, including restriction endonucleases and T4 DNA ligase, 
were from Promega Biotec (Madison, WI) or United States Bio- 
chemicals (Cleveland, OH). 

MOLECULAR GENETIC TECHNIQUES 

pColB-K260 plasmid DNA was prepared from R2.1/VX cells by 
the procedure of Hansen and Otsen [22]. Recombinant and vec- 
tor plasmids were purified as described by Birnboim and Doly 

Table. Production of colicin B in SOS mutant strains 

Strain SOS genotype Colicin production ~ 

Uninduced Induced 

ABl157 wild type 128 16,384 
GC3217 sulA recA441 256 >32,768 
DM49 lexA3 b 8 16 
DMlt87 suIA recA44I lexA51 >32,768 >32,768 
DM1420 sulA lexA51 >32,768 >32,768 

a Each strain harboring pCLB1 was grown with or without the 
inducing agent mitomycin C and cleared sonicates were pre- 
pared. Colicin titers are given as the reciprocal of the last dilution 
that gave a detectable zone of killing when a l-/xl sample of each 
sonicate dilution was spotted on a lawn of the sensitive strain 
AB1157. 
u The lexA3 mutation results in a LexA repressor protein with 
greater than normal repressing activity. 

[5]. All other molecular genetic techniques, including restriction 
enzyme digestion, DNA ligation, transformation, and agarose gel 
electrophoresis, were performed as described [27]. 

OVERPRODUCTION AND PURIFICATION 

OF COLICIN g 

The expression of the colicin B structural gene (cba), like those 
of several other colicins, has been shown to be mediated by the 
SOS response [42], and therefore under the control of the lexA 
repressor gene. Expression was thus maximized by introducing 
pCLBI into mutant strains defective in LexA function (Table). 
Coficin B titers were derived by assaying cleared sonicates for 
killing activity in a spot dilution bioassay. Strains harboring 
pCLBI were grown to late logarithmic phase in the presence or 
absence of mitomycin C. The cells were broken by sonication 
and cell debris was removed by centrifugation. The cleared soni- 
cates were twofold serially diluted to 2 -~ and I-M samples of 
each dilution was spotted on a lawn of the sensitive strain 
AB1157. Colicin B production was mitomycin C-inducible in the 
wild-type parental background and repressed in DM49, harbor- 
ing the super-repressor allele lexA3. In lexA51 mutants (devoid 
of LexA activity), production was constitutively high. There- 
fore, DM1187 (pCLB1) was used for purification purposes. 

The techniques of Pressler et al. [38] and Braun and Maas 
[9] were modified to produce purified colicin B. DMl187 
(pCLBI) was grown overnight in LB broth containing tetracy- 
cline. Cells were harvested and washed once with 1 mM EDTA in 
10 mg Tris-HC1 (pH 8). The cell pellet was suspended in 10 ml of 
50 mg phosphate buffer containing 100/xg/ml DNase. After the 
cells were sonically disrupted at 0~ and unbroken cells removed 
by centrifugation, the supernatant was centrifuged at 100,000 x g 
for 1 hr to pellet the membranes and insoluble material. The 
resulting supernatant was applied to a DEAE-Sepharose CL-6B 
(Pharmacia, Piscataway, N J) column and chromatographed as 
described [38]. Colicin B was identified by spotting 0.5-/xl of each 
protein-containing fraction onto a lawn of sensitive cells 
(AB1157). Active fractions were pooled and chromatographed 
on a Sephacryl S-200 (Pharmacia) column (2.5 x 100 cm) equili- 
brated with 50 mM phosphate buffer (pH 7.1), 0.02% sodium 
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azide. Coticin B was eluted using the same buffer, tested for 
activity on AB1157, examined by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) [2], and was shown 
to migrate as a singte 58-kDa band, regardless of solubilization 
temperature prior to electrophoresis. Colicin B preparations 
were very stable when stored at 20~ in phosphate buffer with 
or without glycerol to 30%. Thawed aqueous samples were sta- 
ble at 0-4~ for several weeks when stored in plastic containers. 
Activity was rapidly lost when samples were stored in glass con- 
tainers. Repeated freezing and thawing also destroyed activity. 

PREPARATION AND CHARACTERIZATION 

OF ANT1-COLICIN B ANTISERUM 

Colicin B was purified by preparative gel electrophoresis after 
solubilization at 25~ in buffer containing 12.5% glycerol, 1.25% 
SDS, 1.25% 2-mercaptoethanol, 0.005% bromophenol blue, and 
0.25 M Tris-HCl (pH 6.8). This preparation was subjected to 
SDS-PAGE using a 12% separating gel as described [2]. The 58- 
kDa colicin B protein band was visualized by treatment of the gel 
with 4 M sodium acetate [24]. The gel band containing colicin B 
was excised, finely macerated in 1 ml of saline, mixed with an 
equal volume of Freund's complete adjuvant and injected intra- 
peritoneally into Balb C-Nu mice. Nineteen days later, the mice 
were boosted intraperitoneally with no adjuvant. One week after 
the boost, sera were collected from the mice and pooled. 

The specificity of the murine immune serum was examined 
by Western immunoblot analysis. Solubilized bacterial cells or 
purified colicin B were electrophoresed on a 12% SDS-PAGE gel 
and subjected to immunobloning as described [3] using a 1 : 1000 
dilution of the antiserum. After incubation with horseradish 
peroxidase-conjugated goat anti-mouse IgG, the blot was devel- 
oped using 4-chloro-l-naphthol as the chromagen. 

The antiserum to colicin B was assayed for its neutralizing 
ability in two separate inhibition assays. In a simple plate test, 
approximately 50/xg of partially purified colicin B were applied 
to the surface of an LB broth plate. A filter disc saturated with 
undiluted anti-colicin B antiserum was placed atop the area of 
the plate containing the colicin and the plate was incubated 1 hr 
at 37~ An agar overlay containing the colicin B-sensitive strain 
AB 1157 was applied to the plate prior to incubation overnight at 
37~ The second assay consisted of mixing twofold dilutions of 
the antiserum with a constant quantity of colicin B. The tubes 
were incubated for 1 hr at 37~ and 5-p.l samples were spotted 
onto a lawn of AB 1157. After overnight incubation, the plate was 
scored for colicin activity. 

MEMBRANE CONDUCTANCE MEASUREMENTS 

Planar phospholipid bilayer membranes of the solvent-free type 
[31] were formed across apertures in Teflon septi as previously 
described [13]. The vo[ume of aqueous solution bathing each side 
of the membrane was either 1.5 or 5 ml. For single-channel mea- 
surements, apertures 50-75/zm in diameter were used; for cur- 
rents mediated by macroscopic ensembles consisting of 102-104 
channels, the apertures were 250-300 txm in diameter. 

Electrical contact with the two aqueous compartments was 
established by means of a single pair of miniature calomel elec- 
trodes, one of which also served as the reference electrode for 
pH measurements. Voltage-clamp conditions were established 
by means by a Burr Brown 3523L operational amplifier confi- 
gured as a current-to-voltage converter. The output of this ampli- 

tier, which was proportional to transmembrane electric current, 
was electronically filtered by an eight-pole, low-pass, Bessel fit- 
ter (Frequency Devices, Haverhill, MA) and monitored by an 
oscilloscope and a chart recorder. The aqueous compartments 
were magnetically stirred, so that only a few seconds were re- 
quired for complete mixing in the bulk phase. All measurements 
were made at room temperature. 

After a membrane had been formed, small aliquots of aque- 
ous stock solutions of purified colicin B protein were added to 
one compartment, defined as the cis side of the membrane. The 
final concentration of colicin B generally ranged from 25-300 ng 
protein/ml of aqueous solution. Electrical potentials applied to 
the membrane are reported as the voltage of the trans compart- 
ment relative to the cis compartment. Currents corresponding to 
the flow of positive charges from cis to trans compartments are 
shown as upward deflections in all figures. Conductance is de- 
fined as the current per unit applied voltage and is given in units 
of pS. Only membranes exhibiting a high resistance (> 10 ~ f~-cm) 
and low level of noise were considered suitable for the introduc- 
tion of protein. The pH in the cis compartment was monitored by 
means of a miniature glass electrode (Model 407B, Microelec- 
trodes, Londonderry, NH) and a small, battery-powered pH me- 
ter. Perfusion of the aqueous compartments was accomplished 
using a peristaltic pump. Typically, the rate of perfusion was 3 
ml/min. 

Bovine serum albumin, essentially globulin free (Sigma 
Chemical, St. Louis, MO) was used to stabilize coticin-antibody 
interaction; that of lesser purity had adverse effects upon planar 
bilayer stability and colicin B activity. The lipid used was asolec- 
tin type IV-S (Sigma) and was washed in acetone. Salts and 
solvents were of reagent grade and used without further purifica- 
tion. Conductivity grade water (18 M.Q-cm) was used for all solu- 
tions. The primary electrolyte in the bathing solutions was NaC1. 
These solutions also contained 3 mM CaCI2 and 3 mM of each of 
the buffer compounds appropriate for the pH range to be encoun- 
tered. The buffers used were glutaric acid, 2-(N-morpholino) 
ethanesulfonic acid (MES), N-2-hydroxyethylpiperazine-N-2- 
ethanesulfonic acid (HEPES), and 1,3-bis[tris(hydroxymeth- 
yl)methylamino]propane (bis-tris propane). The chloride and so- 
dium activities of all solutions used in selectivity experiments 
were measured using ion-selective electrodes (Orion Research, 
Cambridge, MA). 

Results 

CLONING AND EXPRESSION 

OF THE COLICIN B STRUCTURAL GENE 

Cleavage of the pColB-K260 plasmid with the en- 
zyme PstI resulted in seven DNA fragments ranging 
in size from 2 to 7 kb. These fragments were ligated 
into the PstI site in the ampicillin resistance gene of 
pBR328, transformed into HB 101, and the transfor- 
mants were screened for colicin production by rep- 
lica plating on a colicin B-sensitive bacterial lawn. 
All colicin B-producing transformants contained the 
same 4.65 kb PstI fragment (Fig. 1). The colicin B 
structural (cba) and immunity (cbi) genes were lo- 
calized on this fragment by Tn5 mutagenesis (data 
not shown) and by comparison of the restriction 
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Fig. 1. Physical map of the cloned region of pCLB1 containing the colicin B structural gene, cba, and immunity gene, cbi. DNA 
fragments generated by restriction of pColB-K260 with PstI were ligated to the PstI site of pBR328 and transformants screened for 
production of colicin. The genes were localized on the basis of results obtained by transposon (Tn5) mutagenesis (data not shown). 
Arrows denote the direction of transcription. Abbreviations: B, BstEiI; C, ClaI; H, HpaI; P, Pstl; R1, EcoRI; and RV, EcoRV 

map with the similar genetic region from the CoIBM 
plasmid pF166 [42, 43]. The recombinant plasmid 
carrying this 4.65 kb PstI fragment was designated 
pCLB 1. 

When pCLB 1 was introduced into SOS mutant 
strains carrying the lexA51 mutation, colicin B was 
constitutively produced at very high levels (Table). 
In strain DM1187(pCLB1), colicin B represented a 
major protein species in whole-cell preparations 
and cytoplasmic fractions, and its overexpression 
appeared to have no detrimental effect on the 
growth of the cells. The co[icin B obtained from this 
mutant was highly active and amenable to purifica- 
tion by conventional means. The molecular weight 
of colicin B as determined by SDS-PAGE was 58 
kDa, in agreement with previous reports [38]. The 
58-kDa product retained bioactivity after electro- 
phoresis. 

COLICIN B PRODUCES 

A VOLTAGE-DEPENDENT CONDUCTANCE 

IN PLANAR LIPID BILAYERS 

The effect of adding colicin B to the aqueous solu- 
tion bathing one side of an asolectin membrane is 
shown in Fig. 2. Following addition of protein at 
point A, a voltage of -50 mV was applied. After a 
delay of several minutes, the current flowing across 
the membrane began to increase slowly. Applied 
potentials as small as -20 mV were found to be 
sufficient to induce an increase in conductance. 
When the polarity of the applied voltage was re- 
versed, the direction of the current also reversed. 
Initially, the magnitude of this current was equal to 
that flowing in the opposite direction immediately 
before the polarity reversal. Subsequently, the cur- 
rent declined with time. The current did not decay 
to zero within the interval shown in Fig. 2, but in 
other experiments the current clearly continued to 
approach zero slowly as the membrane remained 

clamped at positive potentials. Because of these 
slow components in the decay of the current, its 
time course was not well fitted by a single exponen- 
tiN. When a negative voltage was restored, the in- 
stantaneous reversal of current through the small 
residual conductance was followed by a rapid phase 
of conductance increase. Following this rapid 
phase, the conductance continued to increase at a 
rate comparable to that originally observed. The 
conductance activated during the rapid phase of the 
current rise was more than the amount which had 
previously turned off in response to application of 
the positive potential. In subsequent reversals of 
applied voltage, this general pattern of current flow 
was repeated. The overall effect was a steady in- 
crease in the total conductance of the membrane. 

The slow phase of the conductance increase 
continued indefinitely so long as a negative poten- 
tial was maintained. While the rate of increase in 
current was sometimes observed to decline with 
time, no steady-state level of ion flow was ever at- 
tained. Therefore, the dependence of steady-state 
conductance upon voltage, protein concentration, 
pH, ionic strength or other parameters of interest 
could not be determined. Furthermore, the absolute 
rate of conductance increase was variable from 
membrane to membrane, and from one protein addi- 
tion to any subsequent addition to the same mem- 
brane. 

PROPERTIES OF SINGLE CHANNELS FORMED 
BY COLICIN B 

The pattern of current flow just described arises 
from the opening and closing of discrete ion-con- 
ducting channels formed by colicin B. In Fig. 3, a 
record obtained at 100 times the sensitivity of that 
in Fig. 2 is shown. While the changes in current in 
response to the applied voltage can be seen to con- 
sist of stepwise single-channel events, the time 
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Fig. 2. Voltage-dependent conductance induced by colicin B in planar bilayers. A large asolectin membrane was bathed in solutions 
containing 1 M NaCI, 3 mM CaCI2, 3 mM glutaric acid. pH 5.0. At point A, colicin B was added to a final concentration of 25 ng/ml, while 
the membrane voltage remained clamped at 0 mV. The amount of current which flowed when a potential of -50  mV was applied to the 
membrane was extremely small, indicating that the initial membrane resistance was very high. After some delay, the current began to 
increase. When the voltage was reversed to +50 mV, the current instantaneously reversed direction and then began to decay towards 
zero. Upon restoration of a -50  mV potential, the reversal of direction of current through the small residual conductance was followed 
by a biphasic increase in conductance. Repeated voltage reversals produced similar patterns of incomplete decays and biphasic 
recoveries, superimposed upon a steadily increasing level of total membrane conductance. The position of the borizontal calibration 
bar corresponds to zero current 
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Fig. 3. Single-channel properties of colicin B. A small asolectin membrane was bathed in solutions containing 1 M NaCI, 3 mM CaCI2, 3 
mM glutaric acid, pH 5.0. Colicin B was added at point A to a concentration of 5 ng/ml. Application of -50  mV induced a stepwise 
increase in membrane current. When the voltage was reversed, the channels closed in a stepwise manner. The closing events of the first 
three channels could not be resolved on this time scale. The last two channels remained open until the membrane broke at a point 
several minutes beyond the time shown. The opening and closing behavior closely parallels the macroscopic behavior. The position of 
the horizontal calibration bar corresponds to zero current 
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course of the openings and closings closely paral- 
leled the behavior observed in macroscopic ensem- 
bles of channels. The size of the current steps is not 
uniform, however. Note in particular that the third 
channel to open in Fig. 3 carried a distinctly smaller 
amount of current than any of the others. In Fig. 4, 
conductance data from a total of 123 channel clos- 
ings observed in 26 membranes, and from 89 open- 
ings observed in 22 membranes are presented as 
frequency histograms. Two statistically distinct 
populations of channel sizes are evident in both dis- 
tributions (X 2 test, P < 0.01). The average conduc- 
tances of the higher conductance populations were 
13.3 _+ 1.5 pS (n = 85) for channel closings at +50 
mV and 12.9 -+ 0.9 pS (n = 48) for channel openings 
at -50  inV. For the lower conductance populations 
the corresponding values were 7.1 -+ 1.7 pS (n = 38) 
at +50 mV and 7.2 _+ 1.6 pS (n = 41) at -50  mV. All 
values are given as mean -+ SD. 

The differences in mean conductance for open- 
ings at -50  mV versus closings at +50 mV are not 
significant for either of the two channel types. 
Paired comparisons of the total conductance of 
groups of several open channels before and after 
reversal of the voltage revealed an average devia- 
tion of less than 2%. This behavior would be ex- 
pected on the basis of the macroscopic responses to 
voltage reversals. On the other hand, there is a clear 
disparity between opening and closing events in the 
relative proportions of the two channel types. If the 
opening and closing data represented the same pop- 
ulation of channels, these results would be prima 
fac ie  evidence that the two unitary conductances 
represent different states of the same channel. Be- 
cause of a bias in the sampling of single-channel 
events, however, our findings are also consistent 
with two independent channel populations which 
differ in kinetics as well as conductance. In experi- 
ments of this type, it is easier to resolve the first few 
channels to open and the last few to close. When 
the voltage was reversed in the experiment shown 
in Fig. 3, for example, three channels closed too 
quickly to resolve the individual steps. The last two 
channels remained open several minutes beyond 
the time shown, at which time the membrane broke. 
Channel openings often showed the opposite ten- 
dency. The average time between openings became 
smaller with each successive event. These trends 
can be seen even more clearly in the macroscopic 
behavior shown in Fig. 2. The initial increase in 
conductance was concave-up in appearance, and its 
decay on voltage reversal was concave-down. 
Thus, the limitations of our data collection method 
tend to bias the sampling of channel openings to- 
wards faster events and that of channel closings to- 
wards slower events. Examining the time distribu- 

tion of large and small channels within the samples 
themselves provides more direct evidence for ki- 
netic differences. Within each separate experimen- 
tal record, the resolvable single-channel openings 
or closings were divided equally into early and late 
categories according to the order of their occur- 
rence. In 64% of the records of channel openings, 
there were more small channels among the early 
events than among the late events. Closings of small 
channels occurred predominately among early 
events in 87% of the records. This coarse categori- 
zation was necessary because of the variable num- 
ber of channels in the records. Because of the 
crudeness of the measure and the inherent bias of 
the samples, the significance levels of these tests 
are not high (0.30 and 0.10, respectively). The 
results are nevertheless suggestive of kinetic differ- 
ences. In those few experiments in which all the 
individual openings and closings of a distinct group 
of channels could be resolved, the proportion of low 
and high conductance channels always remained 
constant. We thus hav, e no direct evidence to sup- 
port the idea that the two conductance levels repre- 
sent different states of the same channel. 

ION S E L E C T I V I T Y  

OF C O L I C I N  B - I N D U C E D  C O N D U C T A N C E  

In order to determine the extent to which colicin B 
channels discriminate between Na + and C1 , colicin 
was added to a chamber containing 0.1 mM NaCI in 
the cis compartment and 1.0 mM NaCI in the trans 
compartment. The potential at which no current 
passed through a macroscopic ensemble of open 
colicin B channels was then determined. The zero 
current potential (ZCP) was -27.7 + 1.1 mV (n = 
I1) at pH 5, -39.0 -+ 0.8 mV (n = 13) at pH 6, and 
-42.3 _+ 0.6 mV (n = 3) at pH 7. The ratio of Na + 
conductance to Cl- conductance (gNJgct) can be 
calculated according to: 

gNa/gcI = (ZCP - Ecl) / (ENa - ZCP) (1) 

using values for the equilibrium potentials of the 
test solutions, ENa and Ecl, which were experimen- 
tally determined using ion-selective electrodes. 
This conductance ratio was found to be 2.6 : 1 at pH 
5, 4.8:1 at pH 6, and 6.5:1 at pH 7. The intrinsic 
selectivity of the protein may be somewhat ob- 
scured in these measurements by the acidic lipids 
which make up approximately 20% of the total lipid 
in asolectin. Fixed negative charges on the surface 
of a membrane tend to increase the concentration of 
cations and decrease that of anions at the mem- 
brane-water interface. Therefore, the channel itself 
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Fig. 4. Frequency distribution of the unitary conductance of channel opening and closing events. All measurements were taken from 
small asolectin membranes bathed in 1 M NaCI, 3 mM CaCI2, 3 mM glutaric acid, pH 5.0. (A) Histogram of 123 channel closings 
observed at +50 mV in 26 membranes (B) Histogram of 89 channel openings observed at -50 mV in 22 membranes. See text for 
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Fig. 5. Effects of pH on the channel opening kinetics of colicin B. An asolectin membrane was bathed in solution containing I u NaCI, 
3 mM CaCI2, 3 mM glutaric acid, 3 mg  MES and 3 mM HEPES, pH 6.9. Colicin B had been added to a concentration of 1500 ng/ml 
several minutes prior to the time shown, and the conductance increase induced by application of -50 mV was extremely slow. At the 
time indicated, an aliquot of 1 M HC1 was added to the cis compartment to lower the pH 6.4. The disturbance in the current tracing is an 
artifact caused by the addition. The rate of conductance increase was greatly accelerated by the addition of acid. The position of the 
horizontal calibration bar corresponds to zero current. Colicin B had been stored for two weeks at -10~ 

is likely to be less cation-selective than data ob- 
tained in asolectin membranes would seem to indi- 
cate. 

EFFECTS OF p H  ON THE KINETICS 

OF VOLTAGE-DEPENDENT OPENING AND CLOSING 

OF COLIC1N B CHANNELS 

The rate of channel formation by colicin B was 
highly dependent on pH. As shown in Fig. 5, very 
little channel activity could be observed at pH 7, but 
addition of a small amount of acid to the compart- 
ment containing the protein greatly accelerated 
channel opening. Over the course of a few months 
of frozen storage, the activity of colicin B at higher 
pH values gradually increased. Eventually, the ini- 
tial rates of channel opening became pH indifferent. 
While storage in glycerol retarded this process, coli- 
cin B purified by SDS-PAGE was completely pH 
insensitive (data not shown). No changes in other 
pH-dependent properties accompanied the disinhi- 
bition of channel formation. 

The effect of pH on the rate of channel closing 
is shown in Fig. 6. In both panels, colicin B was 
added at the points indicated by the letter A. In 

response to application of a potential of -50 mV, 
slow, continuous increases in membrane conduc- 
tance were observed both at pH 4 (Fig. 6A) and at 
pH 7 (Fig. 6B). At pH 4, the conductance fell very 
rapidly to zero when the direction of the potential 
was reversed. When the voltage was reversed at oH 
7, the conductance decreased very slowly. In the 
pH range between 4 and 7, the closing kinetics were 
a complex mixture of fast and slow components 
(see Fig. 2). With increasing pH, the fast compo- 
nents became slower and less prominent, and the 
very slow components became more prominent. 

When negative potentials were restored, a pop- 
ulation of rapidly activated channels was observed 
at all pH values between 4 and 7. Such biphasic 
opening kinetics is also characteristic of colicins A, 
Ia, and lb. Colicin B differs from these other pro- 
teins in that the number of rapidly activated chan- 
nels was always greater than the number which pre- 
viously had been closed by positive voltages. 
Furthermore, the size of this excess increased with 
the length of time positive voltages were applied 
(data not shown). A different situation was ob- 
served at pH 9, as illustrated in Fig. 7. The initial 
slow phase of channel opening was similar to that at 
lower pH, and the behavior of the channel closings 
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Fig. 6. Effects of pH on closing 
kinetics of colicin B channels. (A) 
pH 4.0.(B) pH 7.0. Colicin B was 
added to a concentration of 150 
ng/ml at point A and potentials 
applied as indicated. The decay of 
colicin conductance was rapid and 
nearly complete at pH 4.0, but very 
slow at 7.0. Asolectin membranes 
were bathed in 1 M NaC1, 3 mM 
CaCI2 and 3 mM glutaric acid (A) or 
HEPES (B). The position of the 
horizontal calibration bar 
corresponds to zero current 

at positive voltages was virtually identical to that 
observed at pH 7. Following restoration of negative 
voltages, however, no rapid phase of channel open- 
ing was seen. Instead, the slow, continuous phase 
simply resumed. At pH 9, channels which previ- 
ously had been open and subsequently closed were 
kinetically indistinguishable from channels which 
had never been open. 

E F F E C T S  OF P E R F U S I O N  

ON COLICIN CHANNEL KINETICS 

In order to examine the reversibility of the interac- 
tion of colicin B with planar membranes, we at- 
tempted to wash the colicin out of the membrane by 
perfusing the chamber with protein-free buffer. The 
results of such an experiment are shown in Fig. 8. 
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Fig, 7. Kinetics of  colicin B channels  at pH 9.0. An asolectin membrane  was bathed in solutions containing 1 M NaCI, 3 mM CaCI> 3 
mM bis-tris propane,  pH 9.0. Colicin B was added to a concentrat ion of 300 ng/ml at point A, and potentials applied as indicated. The 
responses  to the initial applications of - 5 0  and +50 mV were virtually identical in behavior to those  observed at pH 7.0. Following the 
second application of - 5 0  mV, however ,  the rapid phase of channel opening was absent.  The position of the horizontal calibration bar 
corresponds  to zero current  

The protocol of applied voltage is represented in the 
lower tracing, while membrane current in shown in 
the upper tracing. Colicin B was added to an asolec- 
tin membrane bathed in 200 mM NaC1, pH 7, at 
point A. The subsequently applied series of poten- 
tial changes elicited a pattern of responses in the 
current tracing similar to that previously described. 
Although "s low" phase of the conductance in- 
crease appears to be fairly rapid in this experiment, 
an even more rapid component and an instantane- 
ous jump in current can be discerned whenever -50  
mV is applied. The cis chamber was then perfused 
with colicin-free buffer while the membrane was 
clamped at 0 mV. The total volume of perfusate 
amounted to six times the compartment volume. 
When -50  mV was applied to the membrane fol- 
lowing perfusion, the slow, continuous phase of 
conductance increase was completely absent. In- 
stead, the instantaneous jump of current flowing 
through the extant open channels was followed by 
the rapid and complete opening of a distinct popula- 
tion of channels, after which the current remained 
constant. Upon reversal of the voltage, the conduc- 
tance began to decay, as it had before perfusion. 
When the negative potential was restored, how- 

ever, the number of rapidly activated channels was 
substantially smaller than the number which had 
just been turned off at +50 mV. From these results, 
it appears that the kinetic precursors of the chan- 
nels which were opened slowly by negative mem- 
brane potentials must have been rapidly intercon- 
vertible with aqueous colicin B. Likewise, when 
open channels were turned off by positive voltages, 
they were slowly lost to the aqueous phase follow- 
ing perfusion. On the other hand, once channels had 
been opened, they could not be removed from the 
membrane so long as they were kept open. 

While a marked reduction in the rate of conduc- 
tance increase could consistently be achieved fol- 
lowing a 3-min perfusion, the complete elimination 
of the slow phase was not always as immediate as in 
the record shown. In these cases, when negative 
voltages were applied following perfusion, the con- 
ductance continued to rise slowly instead of reach- 
ing a constant level. The rate of this residual con- 
ductance increase generally tended to decline with 
time, and a steady state was often reached eventu- 
ally. When perfused membranes were broken and 
reformed, the observed rates of channel opening 
were comparable to the residual activity before the 
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Fig. 8. Effects of perfusion on the kinetics of colicin lB. An asolectin membrane was bathed in 200 mM NaCI, 3 mM CaCI~, 3 mM 
HEPES, pH 7.0. The potential applied to the membrane is indicated in the lower tracing and membrane current is shown in the upper 
tracing. Colicin B was added to a concentration of 150 ng/ml at point A. Application of positive and negative voltages induced a typical 
pattern of channel openings and closings. The cis compartment was then perfused with a total of six volumes of colicin-free buffer. 
Following perfusion, only the rapid phase of channel opening was present, after which the current maintained a constant level. Only a 
portion of the channels which were induced to close at +50 mV could be reopened at -50 inV. The position of the horizontal calibration 
bar corresponds to zero current 

breakage and not to the rate before perfusion. Per- 
fusion was effective at pH 5 as well as pH 7, and in 1 
M NaCI instead of 200 mM NaCI. At pH 9, the ef- 
fects of perfusion, while still apparent, were dis- 
tinctly slower and less consistent than at lower pH. 

ANTISERUM TO COL1CIN B 

A murine polyclonal antiserum was generated 
against gel-purified 58-kDa colicin B protein, and 
Western blot analysis (Fig. 9) revealed that the 58- 
kDa protein was the only antigen detected when 
total cellular proteins of  DMl187(pCLBI)  or 
column-purified colicin B were probed with the im- 
mune serum. The host strain, DMlI87(pBR328) 
showed no reactivity with the antiserum, and pre- 
immune serum did not react with colicin B (data not 
shown). 

Neutralization of  colicin B was demonstrated 
by the inhibition of cell lysis surrounding an antise- 
rum-impregnated disc applied to a colicin-treated 
lawn of sensitive bacteria. The neutralization titer 
of  the antiserum was such that a 1 : 20 dilution inhib- 

ited the lytic effects of 0.5/zg of colicin B. No coli- 
cin neutralization activity was observed in preim- 
mune control antiserum. 

EFFECTS OF ANTISERUM 

ON COLICIN B ACTIVITY 

IN PLANAR BILAYERS 

The effects of the monospecific antiserum on colicin 
B activity in planar bilayers was examined in order 
to determine the step in the channel-forming pro- 
cess at which antibody binding might interfere with 
channel formation. All experiments with antiserum 
were performed at pH 7 in 200 mM NaC1. The anti- 
serum and preimmune serum alike produced a 
small, nonselective and voltage-independent in- 
crease in bilayer conductance when added to one 
aqueous compartment  at a 1 : 150 dilution. This leak 
conductance slowly increased with time and even- 
tually led to membrane instability. The duration of 
the experiments,  therefore,  was limited to the initial 
period when these nonspecific effects were negligi- 
ble, usually at least 60 min. At higher serum con- 
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Fig. 9. lmmunoblot reactivity of colicin B-specific antiserum. 
Purified colicin B and ceils carrying vector or pCLB1 were 
solubilized and subjected to electrophoresis and immunoblot- 
ting as described in Materials and Methods. Lanes: A, 
DM1187(pBR328); B, DM1187(pCLB[); C, purified colicin B (6 
~g) 

creases which behaved in a completely typical fash- 
ion. BSA alone had no effect either on the planar 
bilayers or on the behavior  of  the colicin-induced 
conductance.  Preimmune serum did not exhibit 
blocking activity. 

From these results, it is clear that the antiserum 
prevented aqueous colicin B protein from forming 
channels in planar membranes ,  but had no effect 
when the two agents were placed on the opposite 
sides of  the membranes .  Two sets of experiments  
were carried out to assess the interaction of antise- 
rum with membrane-associa ted  colicin B when both 
were present  on the same side of  membrane.  First, 
a planar membrane  containing open colicin B chan- 
nels was perfused to eliminate the remaining aque- 
ous protein. Addition of antiserum at a 1 : 150 dilu- 
tion had no effect on the number  or behavior  of  the 
channels remaining in the membrane .  Finally, a pla- 
nar membrane  was preincubated for 15 min with 
colicin B while being clamped to +50 mV so that no 
channels would be opened.  Antiserum was then 
added, and after an additional 15-min period, - 5 0  
mV was applied to the membrane.  The response 
was identical to that of  perfused membranes  such as 
that shown in Fig. 8. A distinct population of rap- 
idly activated channels was observed,  but the slow 
phase was completely  absent.  Thus,  while the anti- 
serum is a potent inactivator of  aqueous colicin B, it 
appears  to have no effect on membrane  channels 
whether  opened or closed. 

centrations,  this effect became more troublesome. 
The channel-forming ability of  colicin B in planar 
bilayers was eliminated by preincubation of the pro- 
tein in a 1:4  dilution of the antiserum. In these 
experiments ,  colicin at concentrat ions of  up to 25 
/xg/ml was incubated in dilute serum. A 20-/xl ali- 
quot of  the incubation mixture was then added to a 
bilayer chamber  containing 1.5 ml of  solution. The 
final serum dilution was then 1 : 300, and the colicin 
concentrat ion approximate ly  330 ng/ml. No more 
than a few minutes time was required to inactivate 
the colicin, and incubation with preimmune serum 
had no effect. 

When the preincubation was performed in 
1 : 300 serum instead of I : 4 serum, normal colicin B 
activity was observed in planar bilayers. Addition 
of BSA to the solutions at a concentrat ion of 1% 
restored the blocking activity of  the antiserum. Un- 
der these conditions, not only was the preincubated 
colicin inactivated, but further additions of un- 
treated colicin to the c is  compar tment  failed to in- 
duce any conductance  increase in the planar mem- 
brane. In contrast ,  the addition of colicin B to the 
opposite compar tment  induced conductance in- 

D i s c u s s i o n  

The data presented here show that the behavior  of 
colicin B in planar lipid bilayers is similar to that of 
each of the other channel-forming colicins. Of this 
group, colicin El  has been the most extensively 
studied in planar bilayers [6, 13, 15, 18, 26, 39, 40, 
47], but there are also published descriptions of  the 
behavior  of  colicins A [16, 36, 41], la  [12] and lb 
[511. 

The point of  greatest  similarity among the vari- 
ous colicins is their cation v e r s u s  anion selectivity. 
Values reported for the zero current  potentials of 
the various colicins in 10-fold gradients of  NaCl all 
agree within a few millivolts, both at pH 5 and pH 6 
[12, 13, 39, 41]. By contrast ,  the single-channel con- 
ductances of  the colicins are scat tered throughout a 
10-fold range. The single-channel conductance of 
approximate ly  13 pS reported here for colicin B 
compares  with values of  4 pS for colicin A [16, 36], 
20 pS for colicin E1 [13], and 45 pS for Ia [12] 
obtained under the same conditions. Reports  of  
heterogeneity in channel conductance have been 
widespread. Although the speculation that such oc- 
currences may represent  multiple conductance 
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states of an individual channel is attractive, we have 
no evidence from the present study to distinguish 
this possibility from the existence of separate popu- 
lations of channels with different properties. 

The properties of colicin B in planar bilayers 
have been examined previously by Pressler et al. 
[38]. The planar membranes used in that study con- 
tained decane, whereas those used in the present 
study and in all previously published studies of the 
channel-forming colicins were of the solvent-free 
type. While none of the earlier publications cite the 
reason for this choice, unpublished observations in 
our laboratory have indicated that both colicin El 
and colicin ia are several orders of magnitude less 
active in decane-containing membranes. More re- 
cently, Slatin et al. [47] have examined the effects 
of adding decane to initially solvent-free mem- 
branes containing open colicin El channels. They 
reported that the properties of the open channels 
were relatively unaltered by the decane. However, 
when channels were turned off by positive voltages, 
they could not be turned on again. This behavior 
was attributed to the greatly increased thickness of 
the decane-containing membranes. Comparison of 
these results with those of Pressler et al. [38] and 
those of the present study suggests that similar phe- 
nomena may occur in the case of colicin B. The 
values reported for the single-channel conductance 
of colicin B in the presence and absence of decane 
are in close agreement. However, much higher volt- 
ages and protein concentrations were found to be 
necessary to open colicin B channels in decane-con- 
taining membranes. The amount of decane dis- 
solved in such films, and therefore their thick- 
nesses, decreases with increasing voltage [52]. The 
voltage dependence of the channel opening rate in 
decane films may therefore be at least partly attrib- 
utable to an electrostrictive compensation of the 
membrane-thickening effect of decane. 

Pressler et al. [38] also presented extensive data 
concerning the dependence of the single-channel 
conductance of colicin B upon the nature and con- 
centration of the current-carrying cation. However, 
colicin B, like all other channel forming colicins, is 
not ideally selective for cations. Because an appre- 
ciable but variable fraction of the current through 
the channels is expected to be carried by CI-, 
results of such experiments cannot be interpreted in 
terms of the structure of a cation selectivity site 
within the channel lumen. Further, it should be em- 
phasized that the single-channel conductance is not 
a good indication of the diameter of the channel 
lumen. Raymond et al. [39] have shown that very 
large cations and anions can pass through .the 
colicin E1 channel, even though small ions pass 
through quite slowly. In this same study, both coil- 

cin A and colicin la were found to pass large ions 
more readily than colicin El.  In NaCI solution, 
however, the single-channel conductance of colicin 
A is less than one-fourth that of colicin El ,  and that 
of colicin Ib more than twice that of El.  In the case 
of gramicidin, Andersen and Durkin [1] have shown 
that chemical modification of a single amino acid 
side chain can reduce the single-channel conduc- 
tance of this channel by an order of magnitude, 
even though the side chain is entirely outside the 
channel lumen. The steric topology of the pore can 
be explored much more effectively through studies 
of the permeation and blockage of the channel by 
large test ions [39]. 

The kinetics of channel formation by colicin B 
are particularly interesting because of the wide vari- 
ation in behavior exhibited by this protein over the 
range of pH examined in this study. The general 
features of colicin B kinetics are consistent with a 
sequential four state model: 

slow fast slow 
U N O P E N E D  r ~ C L O S E D  ~ ~ O P E N  ~ ~ O P E N * .  

Voltage Voltage 
( E x c e s s )  Independent Dependent 

(2) 

A characteristic feature of all colicin-planar bi- 
layer systems is that channels continue to open as 
long as negative voltages are applied; a steady state 
is never reached. This is the direct result of the fact 
that the unopened to closed transition is intrinsi- 
cally so slow that unopened channels must be 
present in large excess if the forward reaction is to 
proceed at an observable rate. Thus, our experi- 
mental system relies on mass 'action to provide the 
driving force for channel formation. That mem- 
brane potential also provides a driving force for 
channel formation by colicin proteins is unequivo- 
cal. This voltage dependence must a priori reside in 
processes which occur while the protein is at least 
partially inserted into the membrane, since the 
membrane electric field does not extend into the 
aqueous phase. While the initial voltage-indepen- 
dent membrane binding need not be either strong or 
kinetically observable, it appears to be the rate-lim- 
iting step in the formation of channels by colicin B. 

The initial rate of the forward reaction for open- 
ing channels is slow, but the concave-up appear- 
ance of the records suggests the existence of more 
than one nonconducting state. More direct evidence 
for a second nonconducting state comes from the 
observation that some channels can be closed and 
reopened by changes in voltage more rapidly than 
the rest. In terms of the model, application of posi- 
tive voltages causes all channels in the open state to 
enter the closed state. When negative voltages are 
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restored, the process is reversed: channels in the 
closed state rapidly enter the open state. An impor- 
tant feature of colicin B behavior is that the closed 
state continues to be filled from the unopened state 
at the same rate, regardless of whether the channels 
are able to go on to the open state. As can be seen 
from the records in Figs. 2 and 6, all the channels 
which have accumulated in the closed state during 
application of positive voltages are rapidly dumped 
into the open state by negative voltages. After the 
closed state is emptied, channels continue to trickle 
from the unopened state into the open state through 
the nearly empty closed state. The total conduc- 
tance of the membrane at this point is the same as if 
the trickle had been allowed to continue uninter- 
rupted. The unopened to closed transition is there- 
fore both rate limiting and voltage independent. 

Even if the voltage-dependent open-to-closed 
transition is driven with voltages of up to + 100 mV, 
the closing kinetics are biphasic at pH 5. This be- 
havior necessitates the inclusion of a second con- 
ducting state in the model. The slow phase of chan- 
nel closing corresponds to the transition from the 
open* state to the closed state by way of the nearly 
empty open state. The proportion of channels 
reaching the second conducting state is dependent 
upon the pH. 

When the pH is raised to 9, the features we 
have associated with the filling and emptying of the 
closed state of colicin B disappear. In terms of our 
four-state sequential model, there are two condi- 
tions under which a middle state will appear to van- 
ish. If the transition from the closed state to the 
open state becomes much slower than the unopened 
to closed step, the first two states become kineti- 
cally indistinguishable. Alternatively, if the free en- 
ergy of the closed state becomes very high, its occu- 
pancy becomes insignificant. In effect, the second 
state becomes part of the energy barrier between 
the first and third states. These alternatives could in 
principle be distinguished by examining the transi- 
tional behavior between pH 7 and pH 9. The chan- 
nel kinetics of colicin E1 at pH 7 is similar to that of 
colicin B at pH 9. Interestingly, several C-terminal 
proteolytic fragments of colicin E1 have been 
shown to exhibit biphasic opening kinetics at pH 7 
[40]. This finding implies that removal of the N- 
terminal residues stabilizes a previously unobserva- 
ble closed state in this colicin. 

The data presented here suggest that colicins in 
general are characterized by at least two conducting 
and two nonconducting conformational states. A 
simple sequential model is sufficient to achieve con- 
sistency with the level of experimental detail which 
is presently available. In order to distinguish the 
sequential model from more complicated branched 

or cyclic schemes, a complete kinetic analysis must 
be undertaken. As we previously had indicated, the 
difficulty in accomplishing this is that the first step 
in the sequence is too slow to allow study of its 
approach to the steady state. Important mechanistic 
distinctions can, however, be made on the basis of 
experiments using perfusion and antisera. 

Perfusion of the aqueous compartment contain- 
ing colicin B removed all unopened channels from 
the system. The unopened state must, therefore, 
correspond to the aqueous protein itself or a mem- 
brane-bound pool which is rapidly interconvertible 
with it. Since open channels must correspond to 
membrane-spanning structures, we would not ex- 
pect them to be removed from the membrane by 
perfusion, and this expectation was borne out by 
our experimental findings. A direct kinetic path be- 
tween the open and unopened state is therefore dis- 
allowed. On the other hand, the results of Fig. 7 
indicate that once channels are driven into the 
closed state by voltage, they are able to leave the 
membrane. While perfusion removes unopened 
channels very quickly, the loss of closed channels is 
slower than either the rate of channel closing or that 
of channel opening. This slow process corresponds 
to the transition from the closed state to the un- 
opened state. The rate-limiting unopened to closed 
transition thus corresponds to the strong but revers- 
ible binding of colicin B to the membrane. This be- 
havior is in sharp contrast to that of colicins A and 
El,  which bind to the membrane so quickly and in 
such excess that the process appears to be irrevers- 
ible. 

Experiments using mouse antiserum were im- 
portant adjuncts to those involving perfusion. Like 
perfusion, the action of the antiserum was to func- 
tionally eliminate the pool of unopened channel pre- 
cursors without directly affecting channels in either 
the open or closed states. These results imply that 
antiserum abolished colicin activity not by interfer- 
ing with ion transport directly, but by stabilizing an 
inactive form of the protein, probably by sterically 
inhibiting direct interaction of the colicin with the 
bilayer. The amount of antibody bound by a particu- 
lar form of the protein, and thus the degree of stabi- 
lization of that form, will depend upon the number 
of recognizable epitopes exposed to the aqueous 
environment. We would not, in general, expect a 
specific monoclonal antibody to produce this kind 
of stabilization effect. Since the closed and open 
states are neither functionally inactivated nor stabi- 
lized by antiserum, at least some of the epitopes 
recognized by the antibodies appear to be disrupted 
or sequestered by the conformational changes 
which accompany the transition to the closed state. 
Together with the perfusion experiments, these 
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results suggest that the strong binding of colicin B 
to membranes is associated with a major conforma- 
tional rearrangement. Pattus et al. [37] came to sim- 
ilar conclusions about the binding of colicin A. 
From measurements of surface pressure, these in- 
vestigators concluded that when this protein binds 
to lipid monolayers a substantial part of the colicin 
A molecule is inserted at least deep enough to dis- 
place the head groups of the lipid. For such a large 
area of an aqueous protein molecule to come into 
direct contact with the hydrophobic interior of the 
membrane, the binding process must involve a sub- 
stantial conformational rearrangement. 

All channel-forming colicins possess an uninter- 
rupted stretch of hydrophobic residues near the C- 
terminus. Cleveland et al. [15] have speculated that 
this sequence forms an alpha-helical hairpin struc- 
ture which serves to tether the aqueous colicin mol- 
ecule to the membrane. Results of studies of the 
binding of colicin E1 using circular dichroism [5] 
and pronase digestion [13] were consistent with the 
involvement of the hydrophobic stretch. These find- 
ings did not, however, bear on the question of 
whether the sequence acts as a tether, or is instead 
part of a larger region of the protein which contacts 
the membrane interior. If the protein were tethered, 
binding would be accompanied by a minimal disrup- 
tion of the membrane, in contrast to the findings for 
colicin A. If the large aqueous domain of a tethered 
protein retained a conformational structure similar 
to the original aqueous pretein, one would expect 
polyclonal antibodies raised against the aqueous 
protein to recognize epitopes on the membrane- 
bound protein. This does not seem to be the case for 
colicin B, and similar experiments carried out using 
colicin E1 and colicin A could help clarify the na- 
ture of the membrane-binding processes of these 
proteins. 

Acidic pH has been considered to be a general 
requirement for the various in vitro actions of the 
colicins [13, 17, 32, 37, 41], as well as diphtheria 
[19, 20, 25] and tetanus toxins [7], and enveloped 
animal viruses [53]. We have found the inhibition of 
colicin B by high pH to be labile. Since the inhibi- 
tion is lost upon storage or electrophoretic purifica- 
tion, we think it unlikely that the cause is chemical 
modification of specific residues. Proteolytic cleav- 
age seems also to be ruled out by the fact that loss of 
inhibition is not accompanied by a change in elec- 
trophoretic mobility on SDS gels. It remains possi- 
ble that the protein is inhibited by a small molecular 
weight modulator which is labile in storage, and re- 
moved but not detected by electrophoresis. This po- 
tential modulator is not the colicin B immunity pro- 
tein also encoded on pCLB1, since at 20 kDa it 
should be readily observable under the electropho- 

retic conditions utilized in these experiments. We 
favor the view that the inhibited colicin represents a 
less stable form of the protein, and that the mildly 
denaturing conditions in frozen storage accelerate 
the slow but inevitable conversion of colicin B to its 
stable, uninhibited conformation. It is not clear 
whether the pH-sensitive protein represents the na- 
tive conformation or whether it is artifactually pro- 
duced during the purification procedure. The com- 
plete removal of the inhibition by SDS-PAGE is 
likely an effect of reversible denaturation by SDS. 
Incubation of colicin E 1 with SDS has been found to 
dramatically reduce the pH dependence of this pro- 
tein (F.S. Cohen, personal communication). 

Other properties of the colicins in planar bilay- 
ers are also affected by pH, and individual colicins 
differ in their behavior. The ion selectivities of all 
colicins so far studied are pH dependent. The chan- 
nel closing kinetics of colicins E1 [13, 15, 40], A [16] 
and B (present results) have been shown to be influ- 
enced by pH. By contrast, the single-channel con- 
ductance of colicin E1 has been reported to be inde- 
pendent of pH [17, 39], while distinct dependencies 
on pH have been observed for colicins A [16] and B 
[38]. A pH-dependent shift in the voltage depen- 
dence of colicin A has been reported [16], but none 
has been reported for any other colicin. Signifi- 
cantly, whether or not colicin B is in its inhibited 
form has no influence on any of the other pH-depen- 
dent characteristics. 

It seems to us unlikely that any of the pH-sensi- 
tive properties are controlled by the localized influ- 
ence of distinct titratable residues as suggested by 
Cramer and his associates [10, 17]. The observation 
that the selectivity of colicin E1 in certain lipids 
depends not only on pH but on the pH history of the 
protein [11] supports this view. Rather, behavior of 
the protein appears to be altered by global effects of 
its overall degree of protonation. According to this 
global influence hypothesis, changes in pH produce 
alterations in the distribution of fixed charges and 
mobile counterions associated with the protein. As 
a result, the free energies of both the stable and 
transitional conformational states of the protein 
may be shifted. If, as much of the currently avail- 
able information suggests, the conformational 
changes accompanying channel formation involve 
substantial rearrangements of the entire protein, it 
must be allowed that ionic conditions in widely sep- 
arated locales of the protein molecule may contrib- 
ute to its overall conformational stability. Such long 
range influences on conformational transitions are 
evident in the studies of C-terminal peptide frag- 
ments of colicin E1 by Raymond et al. [40]. These 
investigators found that removal of successively 
longer portions of the N-terminus reduced the pH 
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dependence of channel opening and closing kinet- 
ics, even though this portion of the molecule is not 
directly involved in forming the structure of the 
channel. Since all residues contribute to some ex- 
tent to the stability of a particular conformational 
state, such influences are not limited to the ioniz- 
able groups. The effects of amino acid substitution 
at the 468 position of colicin E 1 studied by Shiver et 
al. [46] illustrate this principle. These investigators 
examined the role of Glu-468 in the pH requirement 
by changing this residue to Leu, Ser, Gin, and Lys 
through site-directed mutagenesis. The leucine 
form of the protein did exhibit lessened dependence 
on pH, but in the other mutants this property ap- 
peared relatively unaltered. Thus, while residue 468 
does seem to be involved in membrane binding, its 
protonation is clearly not a pivotal event. Since 
Glu-468 is conserved in colicin B as well as A, El,  
Ia and Ib, our observations confirm the conclusion 
that this residue does not confer a requirement for 
acidic pH on the channel-forming action of the coli- 
cins. In the most recent study from this same labo- 
ratory, a Glu residue was placed in the C-terminal 
hydrophobic sequence by site-directed mutagenesis 
[44]. Although the rate of channel formation was 
reduced by this substitution, the extent of binding at 
high pH was increased. The stabilization of a bound 
but closed state of the protein relative to the aque- 
ous form was attributed to a partial unfolding of the 
hydrophobic C-terminus. Such behavior is similar 
to the spontaneous aging process we report here for 
colicin B. 

Differences in conformational states are likely 
to exist not only between different colicins, but also 
between the in vitro and physiological environ- 
ments in which their action is observed. Colicins 
are bactericidal under conditions in which the pro- 
teins are unlikely to encounter an acidic compart- 
ment while being taken up by bacteria [18]. In the 
physiological situation, where colicins are bound to 
an outer membrane receptor and extend into the 
periplasmic space, the conformational state of these 
proteins is likely to be different than that assumed 
in vitro. It has previously been suggested that this 
conformational condition may shift the effective pK 
of a critical acidic group [10, 17]. Alternatively, the 
conformational transitions necessary for membrane 
binding and insertion may be rendered pH indiffer- 
ent by the preliminary, but global, rearrangements 
which accompany receptor binding and transloca- 
tion. 
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