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On the Nature of the Structural Change of the Colicin E1 Channel Peptide

Necessary for Its Translocation-Competent State®
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ABSTRACT: Acidic pH conditions required in vitro for membrane binding and activity of the channel-forming
colicin E1 resulted in an increased susceptibility to proteases of the 178-residue thermolytic channel peptide,
an increased accessibility to acrylamide of a fluorescence probe linked to cysteine-505 of the peptide, and
an increased partition into nonionic detergent. The structural change in the peptide sensed by the fluorescence
probe caused by a transition from pH 6.0 to 3.5 occurred in <1 s. The presence of low concentrations of
detergents (0.001% SDS or 0.44% octyl 8-D-glucoside) or urea (0.2 M) at pH 6 or 4 also increased the
susceptibility of the channel peptide to proteases. The increase in protease susceptibility and acrylamide
accessibility at low pH, as well as partition of the peptide into nonionic detergent, suggested that acidic
pH or the detergents might cause peptide unfolding. However, the hydrodynamic radius of the channel
peptide at pH 6, 21-23 A, was not changed at pH 3.5 or by detergents or urea under conditions that increased
the susceptibility of the peptide to protease. The activity of the channel peptide at pH 6 measured with
liposomes and planar bilayers, which was a factor of 10°~10* smaller than that at pH 4, was increased by
2-4 orders of magnitude by 0.001% SDS or 0.44% octyl 3-D-glucoside, with an additional small increment
of activity on planar bilayers caused by 0.01% SDS. A small increase in Stokes radius of the peptide in
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the presence of SDS could be detected that was approximately correlated with increased activity.

Colicin El is a bactericidal protein whose cytotoxic action
results from formation of a channel in the cytoplasmic mem-
brane sufficiently conductive to depolarize and deenergize the
cell (Gould & Cramer, 1977; Schein et al., 1978; Bullock et
al., 1983; Cleveland et al., 1983). The prerequisites for channel
formation are binding of the colicin molecule to a receptor in
the outer membrane, translocation across this membrane, and
binding, import, and channel formation in the cytoplasmic
membrane. The molecular events associated with colicin
channel formation in the cytoplasmic membrane can be
mimicked in vitro by using artificial planar bilayer membranes
[e.g., Bullock et al. (1983)] and membrane vesicles (Peterson
& Cramer, 1987).
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and by an NSERC Fellowship from the government of Canada
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Translocation competence of proteins that are imported or
secreted across the membranes of organelles and bacterial cells
is believed to require an “unfolded” conformation. The def-
inition of this state is mainly based on the following obser-
vations: (i) Mitochondrial import of a fusion protein of cy-
tochrome oxidase subunit IV with dihydrofolate reductase is
inhibited if the native folded structure of reductase is stabilized
with respect to protease digestion by the compound metho-
trexate, which binds to its active site (Eilers & Schatz, 1986).
(ii) Nascent pre maltose-binding protein that is competent for
membrane assembly is also sensitive to protease digestion,
whereas the protein loses translocation competence as it folds
into a mature protease-resistant structure (Randall & Hardy,
1986). Although these protease data are consistent with an
unfolded state, there is a paucity of physical-chemical in-
formation concerning the characterization of this state.

The in vitro activity of colicin E1 requires an acidic pH with
an optimum <4.0 (Davidson et al., 1985). The requirement
of an acidic pH for optimum activity is shared by the chan-
nel-forming colicin A (Lazdunski et al., 1988), several toxins
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such as diphtheria toxin (Draper & Simon, 1981; Sandvig &
Olsnes, 1981; Kagan et al., 1981) and Pseudomonas exotoxin
A (Farabaksh & Wisnieski, 1989), and proteins of both en-
veloped and nonenveloped viruses (Wiley & Skehel, 1987).
In the case of the toxins, it also has been argued that an
important effect of low pH in conveying high activity in vitro
and in vivo is an associated unfolding of the protein. This has
been inferred from the following observations: (i) the partition
of the several toxins, diphtheria, Pseudomonas, and Shigella,
into nonionic detergent at low pH, indicating greater exposure
of the hydrophobic interior of the initially water-soluble toxins
(Sandvig & Olsnes, 1981; Sandvig & Brown, 1987; Sandvig
& Moskaug, 1987), and (ii) for diphtheria toxin, increased
solvent exposure of tryptophan residues (Blewitt et al., 1985)
and an abrupt decrease below pH 5 in the enthalpy of un-
folding and the denaturation transition temperature (Ramsay
et al., 1989). The nature of this unfolded state has been
described as “denaturation-like” (Chung & London, 1988) and
the unfolding transition as “massive” (Ramsay et al., 1989).
The present work documents that acidic pH, or a low
concentration of detergent (Bullock & Cohen, 1986) at pH
6, both of which convey high in vitro activity to the colicin
channel peptide, establishes a different structural state that
could be defined as unfolded by several experimental criteria
that have been applied to protein translocation in organelles,
bacteria, and toxins. The hydrodynamic properties of this state
indicate that no unfolding of the colicin channel peptide can
be detected at low pH, although a small degree of unfolding
could be correlated with the increase of translocation com-
petence in the presence of low concentrations of SDS.!

MATERIALS AND METHODS

Purification of Colicin E1 and COOH-Terminal Thermo-
Iytic Peptide. Colicin El was purified from JC411 cells
harboring pDMS630, as described previously (Cleveland et
al., 1983), except that 0.1 M potassium phosphate buffer, pH
7.0, was used for the final dialysis. Alternatively, for some
experiments, colicin E1 was purified from an Escherichia coli
K-12 strain, DM1187 [from [. Tessman (Tessman et al.,
1978)], that has a constitutive SOS repair system. In the
presence of a kil~ derivative of the ColE1 plasmid, pMY440
(from K. Shirabe), the strain can be stably maintained and
colicin E1 production is increased 5-10-fold over previous
levels. Briefly, an inoculum of frozen cell stock was placed
into 4 X 1 L of 2X BactoTryptone—yeast extract medium and
grown for 15 h at 37 °C. These cells were harvested and
disrupted, and the 174-178-residue COOH-terminal ther-
molytic peptide of colicin E1 (approximately half NH,-Ile-345
and the other half NH,-Ala-348 and NH,-Val-349) was
prepared as in Shiver et al. (1987).

Preparation of [*H] Thermolytic Fragment. Colicin E1 was
tritiated as described previously (Davidson et al., 1985). The
[*H]thermolytic peptide was prepared from [*H]colicin by the
method of Shiver et al. (1987).

Preparation of IAEDANS—-Colicin Peptide Adduct. The
COOH-terminal thermolytic peptide of colicin El was con-
centrated to 40 mg/mL in 0.1 M sodium phosphate buffer by

! Abbreviations: ANS, I-anilinonaphthalene-8-sulfonic acid; cmc,
critical micelle concentration; ColV-DHRF, fusion protein of cyto-
chrome oxidase subunit IV leader peptide and dihydrofolate reductase;
DMG, dimethyl glutarate; DOPC, dioleoylphosphatidyicholine; DOPG,
dioleoylphosphatidylglycerol; ¢y, molar extinction coefficient; 1AE-
DANS, 5-[[[(iodoacetyl)amino]ethyllamino] naphthalene- 1-sulfonic acid;
Kgv. Stern—Volmer quenching constant; Rs, Stokes radius; SDS, sodium
dodecyl sulfate; TCA, trichloroacetic acid.
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centrifugation (Centricon, molecular weight cutoff 10000;
Amicon, Danvers, MA), from which 0.1 mL, pH 7.0, was
added t0 0.9 mL of 6 M guanidine hydrochloride and 50 mM
Tricine buffer, pH 8.0, containing 4 mg of the fluorescence
probe IAEDANS, 5-[[[(iodoacetyl)amino]ethyl]amino]-
naphthalene-1-sulfonic acid (Molecular Probes Inc., Eugene,
OR). This mixture was mixed and subsequently reacted in
the dark at 4 °C for 24 h. The yellow solution was diluted
to 4.0 mL with 50 mM Tricine buffer, pH 8.0, containing 5.4
M guanidine hydrochloride, and then dialyzed in the dark
against 0.1 M sodium phosphate buffer, pH 7.0 (1000-fold
dilution), for 8-10 h. The resulting dialyzate was filtered
through a disposable Millipore filter (pore size, 0.2 um), and
the absorbance spectrum of the filtrate was used to determine
the stoichiometry of the reaction. ey (M cm™) values of 3.06
X 10* (280 nm) and 6 X 103 (340 nm), respectively, were used
for determination of peptide concentration (Brunden et al.,
1984) and the concentration of conjugated TAEDANS
(Hudson & Weber, 1973). Typically, the yield of labeled
protein was 30% and the stoichiometry of IAEDANS:peptide
was 0.8-0.9 (mol:mol), indicating reaction with the only
cysteine (Cys-505) in the peptide. The IAEDANS did not
react with the peptide in the absence of a denaturant, consistent
with previous studies on the inaccessibility of Cys-505 (Bishop
et al., 1986). Neither the in vitro activity of the colicin peptide
adduct nor its cytotoxicity measured with osmotically shocked
cells decreased relative to the unmodified peptide, so that
IAEDANS could be used as a probe of pH-dependent struc-
ture changes.

Proteolysis of Colicin COOH-Terminal Peptide. Colicin
channel peptide, 1.0 mg/mL, was subjected to proteolysis at
a ratio of 1:1 (w:w peptide:protease) with papain and bromelain
at 25 °C for 60 min (data of Figure 1) or with Pronase E
(Sigma, Type XXV, lot no. 56F-0635) at 25 °C for 10 min
(data of Figure 2). The peptide was treated with 0.001% (34
uM) SDS, 15 mM octyl 8-glucoside, or 0.2 M urea (final
concentration) by incubating the protein in the appropriate
denaturing solution for 30 min, followed by the addition of
Pronase E in 100 mM NaNO;, 10 mM DMG, and 0.5 mM
CaCl,, pH 4.0 or 6.0 (1:1 w:w peptide:Pronase) at 25 °C. For
the experiments with papain and bromelain, the proteolysis
was terminated by precipitating the protein with TCA to
inactivate the protease, followed by the addition of buffer
(Laemmli, 1970) and subsequent electrophoresis on a Phar-
macia Phast Gel system (Pharmacia-LKB, Sweden). For
experiments involving Pronase E, only bromophenol blue was
added to the samples (no SDS) prior to electrophoresis. This
was done to avoid any additional proteolysis that could have
occurred upon addition of Laemmli buffer to the samples. The
omission of SDS from the sample buffer had no effect on the
electrophoretic migration of the proteins.

Size-Exclusion Chromatography and Determination of
Stokes Radius of Channel Peptide. Size-exclusion chroma-
tography was performed as described by Andrews (1970) with
a Superose 12 column (1.0-cm diameter X 25-cm length)
attached to a Pharmacia FPLC system, using a solution of 20
mM DMG and 150 mM NaCl, pH 6.0, at a flow rate of 0.5
mL/min to develop the column. Standard proteins, contained
in a Pharmacia molecular weight kit, were used to calibrate
the column. These proteins included ribonuclease A (Rg, 16.4
A), chymotrypsinogen A (Rs, 20.9 A), ovalbumin (Rs, 30.5
A), albumin (Rg, 35.5 A), aldolase (Rg, 48.1 A), catalase (Rs,
52.2 &), ferritin (Rg, 61.0 A), and thyroglobulin (Rg, 85.0 A).
To test the effects of SDS on Rg, under conditions that mim-
icked those used to alter protease susceptibility, and on activity,
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1 mg/mL peptide and 10 ug/mL peptide, respectively, were
incubated with different concentrations of SDS for 30 min at
25 °C. The column was equilibrated with the particular
concentration of SDS. The peptide was found to be diluted
approximately 10-fold upon elution from the column.

In Vitro Channel Activity, CI" Efflux from Artificial
Vesicles. Channel-forming activities of native thermolytic
peptide and the IAEDANS—-peptide conjugate were deter-
mined by protein-mediated CI™ efflux from large, unilamellar
vesicles [lipid:peptide (mol:mol) = 2 X 108:1], prepared from
asolectin as described previously (Peterson & Cramer, 1987).
CI” efflux was measured with an ion-specific electrode (Orion
94-17B) and a double-junction reference calomel electrode
(Orion 90-02).

Assay of Vesicle Intactness with Carboxyinulin. Peptide,
with or without detergent treatment (0.1% SDS or 15 mM
octyl glucoside, 30 min at 25 °C), was added to [“C]-
carboxyinulin-loaded asolectin liposomes in the presence of
a membrane potential; the final protein concentration was 6
ng/mL [lipid:protein (mol:mol) = 3 X 10%1]. The final de-
tergent concentrations were 4.3 X 107% and 1.1 X 107% for
SDS and octyl 8-glucoside, respectively. The mixture was
allowed to incubate for 5 min at 25 °C and then centrifuged
at 30000g for 20 min at 4 °C to sediment the liposomes. An
aliquot of the supernatant was removed and the amount of
['“C]carboxyinulin released was determine by liquid scintil-
lation counting.

Peptide Partition into Nonionic Detergent. Binding of
[*H]peptide to the nonionic detergent Triton X-114 as a
function of pH was assayed essentially by the method of
Bordier (1981). The Triton was repurified by three overnight
phase separations at 30 °C to remove water-soluble impurities.
Labeled peptide (20 ug) was mixed at the appropriate pH with
50 mM DMG buffer, 150 mM NacCl, and 1% Triton X-114
and incubated for 1 h on ice at 0 °C, after which the mixture
(0.2-mL total volume) was removed from the Eppendorf tube
and layered on a sucrose cushion (0.3 mL of a 6% sucrose,
0.006% Triton X-114, 150 mM NaCl, and 10 mM DMG
solution). This sample was placed in a water bath at 30 °C
for 3 min followed by centrifugation in a swinging bucket
microcentrifuge at 300g for 3 min. The sediment in the bottom
of the Eppendorf tube contains all of the original Triton
(Bordier, 1981). The upper layer above the sucrose cushion
was removed, Triton X-114 was again added to 1% and the
solution was incubated for 1 h on ice and then added to the
original tube containing the sucrose cushion. After centrifu-
gation, the incubation mixture was removed along with the
sucrose cushion, leaving the two combined sediments of con-
centrated detergent (~30 gL) in the bottom of the micro-
centrifuge tube. The Eppendorf tube containing the combined
sediments was then cut in half, and the lower half was placed
in a 20-mL scintillation vial to which 10 mL of aqueous
counting scintillant (Amersham) was added for determination
of radioactivity.

Planar Lipid Bilayer Measurements. High-capacitance,
solvent-free planar bilayers were formed after thinning was
completed (Niles et al., 1988) by sequentially raising phos-
pholipid monolayers over a hole coated with squalene (Montal
& Mueller, 1972). Other details are as in Shiver et al. (1987).
The voltages indicated were those of the trans compartment,
and the cis compartment was set equal to 0 mV.

Fluorometry and Spectrophotometry. Fluorescence mea-
surement of IAEDANS and IAEDANS-peptide conjugate
were carried out by using a Perkin-Elmer MPF-4 spectro-
fluorometer equipped with a magnetic stirrer and a thermo-
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FIGURE 1: pH dependence of sensitivity of colicin channel peptide
to protease. Lanes 1-6, peptide incubated with papain (A) and
bromelain (B) at 37 °C for 60 min at all pH values except pH 3 in
lane 7 (zero time). Lanes: 1, pH 6.0; 2, pH 5.0; 3, pH 4.5; 4, pH
4.0; 5, pH 3.5; 6, pH 3.0; 7, pH 3.0, peptide precipitated immediately
after addition of protease; 8, molecular weight standards [(top to
bottom) myoglobin polypeptide backbone (17 000), myoglobin frag-
ment I-I1 (14000), myoglobin fragment I (8000), myoglobin fragment
I1 (6000), and myoglobin fragment III (2500)]. The bold and thin
arrows indicate the positions of colicin channel peptide and protease,
respectively.

stated (20 °C) cuvette holder. The excitation and emission
wavelengths were at 337 and 475 nm, respectively, with
half-bandwidths of 5 nm, and the latter was calibrated by using
the 436.8- and 546.1-nm emission lines of a low-pressure Hg
lamp. For the quenching experiments, small aliquots of a 6.7
M filtered solution of acrylamide (BRL, ultrapure grade) were
added to buffered solution at various pH values containing 2
uM IAEDANS-peptide in 20 mM DMG, 100 mM NaCl, and
0.5 mM CaCl, and mixed for 1 min. Absorbance spectra of
native thermolytic peptide and the IAEDANS-peptide adduct
were recorded with a Uvikon Model 810 spectrophotometer.
Determination of Critical Micelle Concentration of SDS.
The cmc of the anionic surfactant SDS was determined
through the dependence of the fluorescence intensity of the
probe ANS (10 uM) on SDS concentration (Vendittis et al.,
1981) in 50 mM sodium nitrate and 1 mM potassium phos-
phate buffer, pH 7.0 (25 °C; excitation, 370 nm, 5-nm
band-pass; emission, 480 nm, 10-nm band-pass).

RESULTS

(1) pH Dependence of Protease Accessibility/Susceptibility
of the Colicin E1 Channel Peptide. The sensitivity to protease
of proteins in a putative precursor state for export has been
used to infer the existence of an unfolded conformation in this
state (Eilers & Schatz, 1986; Randall & Hardy, 1986). The
protease sensitivity of the colicin E1 channel peptide at an
acidic pH of 3.5 compared to pH 6.0 was probed with papain
and bromelain (Figure 1, panels A and B, respectively), two
proteases with measurable activity at pH 3.5. The rate of
autoproteolysis, as seen in these gels, or of the proteolysis of
hemoglobin as a model substrate (Drapeau, 1976) shows that
the activity of these proteases either decreases with lowered
pH or remains approximately constant. The proteolytic rates
of urea-denatured hemoglobin determined for these enzymes
at pH 3.5 and pH 6.0, respectively, were (units/mg) 33 and
32 for papain and 25 and 23 for bromelain. Lanes 1-6 in
Figure 1 show the increasing effect of protease activity on the
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FIGURE 2: Time course of reversible change in fluorescence emission
spectrum caused by pH shift. The pH was shifted from 6.0 to 3.5
by the addition of 8 uL of 6 N HCl to 2 mL of pH 6 buffer and from
3.5 to 6.0 by the addition of 8 uL of 6 N NaOH. Buffer composition:
20 mM dimethy! glutarate, 100 mM NaCl, 0.5 mM CaCl,. Excitation
wavelength, 337 nm; half-bandwidth, excitation and emission, 5 nm;
IAEDANS-peptide concentration, 2 uM.

channel peptide (large dark arrow) at pH values of 6.0, 5.0,
4.5, 4.0, 3.5, and 3.0. The second band seen on the gels at
a higher M, value is the protease (smaller arrow). For papain,
there is extensive cleavage of the channel peptide at pH 4.0
and below (Figure 1A, lanes 4-6), but for bromelain, no di-
gestion can be seen until the pH is decreased to 3.5 (Figure
1B, lanes 5 and 6). Lane 7 in both panels shows a control at
pH 3.0 (¢ = 0, no incubation time before TCA precipitation
and electrophoresis, no digestion), showing that the protease
was inactivated by the TCA before electrophoresis. The in-
creased effect of both proteases with decreasing pH suggests
that the peptide may be in a more unfolded state (Eilers &
Schatz, 1986; Randall & Hardy, 1986) at pH 4.0 or lower.

(2) IAEDANS-Cys-505 as a Fluorescence Probe of
Structure Changes Caused by Acidic pH;, pH Dependence of
Probe Accessibility to Acrylamide. The increase in peptide
susceptibility to the proteases at low pH was similar to that
seen by using a fluorescence probe. The uncharged 35-residue
segment Ala-474-Ile-508 possesses the only cysteine (Cys-505)
in the molecule (Yamada et al., 1982). Cys-505 was labeled
with a sulfhydryl-reactive fluorescence probe, IAEDANS,
whose fluorescence emission maximum is known to be de-
pendent upon solvent polarity, exhibiting a blue shift in the
emission spectrum and an increase in intensity when the po-
larity is decreased (LaPorte et al., 1981).

The fluorescence emission spectrum of free IAEDANS in
aqueous solvent was not affected in the pH range 3.5-8.0. The
emission peak of an IAEDANS-cysteine adduct in ethanol,
methanol, and water was 457, 468, and 499 nm, respectively,
and in liposomes (DOPC/DOPG) at pH 3.5 the emission peak
was 460 nm. The emission peak of the peptide adduct in
aqueous solution was 475 nm at pH 6.0, indicating that the
average local environment around the probe is somewhat more
polar than that of methanol. This is consistent with the
position of this residue (exposed to solvent near the COOH
end of helix 9) predicted from the crystal structure of the
colicin A channel peptide (Parker et al., 1989). The 1AE-
DANS-peptide emission peak was red-shifted by 5 nm, to 480
nm, when the pH was decreased from 6.0 to 3.5, indicating
a small further increase in the average polarity of the envi-
ronment of Cys-505 (data not shown). The conformational
change sensed by the IAEDANS when the pH is rapidly
shifted from 6.0 to 3.5 was measured at an emission wave-
length of 475 nm and found to be rapid (¢,,, < 0.7 s, the
mixing time within the cuvette) and reversible (Figure 2).

Acrylamide quenching of IAEDANS fluorescence was used
as a probe of the solvent accessibility of Cys-505. The
quenching of the IAEDANS fluorescence in the adduct was
measured as a function of acrylamide concentration at pH
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Table I. Accessibility of IAEDANS-Cysteine/IAEDANS-Peptide
to the Neutral Quencher Acrylamide at Various pH Values?

fluorescent group pH Kgy (M) 1/Kgy (M)
IAEDANS-cysteine 35 5.20 0.20
IAEDANS-~cysteine 6.0 5.15 0.20
IAEDANS-peptide 3.0 1.45 0.70
IAEDANS-peptide 35 1.55 0.65
IAEDANS-peptide 4.0 1.00 1.00
[AEDANS-peptide 5.0 0.99 1.01
IAEDANS-peptide 6.0 0.97 1.03

7Kgy values were determined from the slopes of plots of Fy/F, the
ratio of the fluorescence intensity in the absence to that in the presence
of quencher, Q, versus [Q] according to the Stern-Volmer equation:
Fo/F =1+ Kgy[Q]. Excitation wavelength (half-bandwidth) 337 nm
(5 nm); emission wavelength (half-bandwidth) 475 nm (5 nm); tem-
perature 20 °C,

values ranging from 6.0 to 3.0 (Table I). The summary of
Stern—Volmer Quenching constants (Kgy) for acrylamide
quenching of free IAEDANS and IAEDANS-peptide adduct
as a function of pH (Table I) shows that an abrupt change
in the quenching constant occurred when the pH was lowered
from 4.0 (Kgy = 1.00) to 3.5 (Kgy = 1.55), but no further
increase in the quenching constant occurred at pH 3.0. The
Kgy value for the free IAEDANS-cysteine adduct does not
change markedly between pH 3.5 and 6.0 (5.20 and 5.15,
respectively), indicating that the effect of low pH was on the
conformation of the colicin E1 peptide and was not due to
altered fluorescence properties of the probe. The quenching
of the IAEDANS fluorescence by acrylamide was suppressed
when the peptide was incorporated into liposomes at pH 3.5
(data not shown), compared to the unbound peptide at pH 6
or 3.5, showing that when the colicin channel peptide binds
to and partially inserts into the membrane, Cys-505 is not
accessible from the aqueous phase. To test the role of low pH
in generating an unfolded conformation, the effect of other
agents expected to perturb the native structure on activity and
protease susceptibility was examined.

(3) Effect of Structural Perturbants on Accessibility to
Protease. Sodium dodecyl sulfate, used above its cme, is
commonly used to denature proteins and as such would be
expected to be a stronger denaturant than octyl §-glucoside,
which is used frequently to stabilize biological activity of
membrane proteins. It was found that both detergents caused
an increase in sensitivity of the peptide to protease. Incubation
of the peptide (1 mg) in dilute SDS (0.001-0.04%, 33 uM-1.3
mM; cme, 0.06%; SDS:peptide ~1 at 0.001% SDS) or octyl
B-glucoside (0.44%, 15 mM; cmc, 20-25 mM) increased the
peptide sensitivity to protease (Pronase E), as shown in Figure
3. This increase in proteolysis was observed in the presence
of 0.2 M urea (lanes 5 and 6), 0.44% octyl glucoside (lanes
7 and 8), or 0.001% SDS (lanes 9 and 10) under conditions
where the untreated channel peptide was not affected by the
protease (Figure 3, lanes 2-4). In particular, the control shown
in lane 3 for a sample incubated at pH 4 with Pronase in the
absence of SDS shows that the effect of SDS occurred during
the preincubation period and not during the running time on
the gel. Thus, it might be inferred that these detergents also
caused an increase in the degree of unfolding of the channel
peptide.

(4) Partition of Peptide into Detergent at Low pH as a
Probe of Structure Change. Partition of several toxin mole-
cules into the nonionic detergent Triton X-114 has been used
to infer a conformational change at low pH that exposes a
hydrophobic domain (Sandvig & Olsnes, 1987; Sandvig &
Moskaug, 1987). Partition of the colicin E1 channel peptide
into Triton X-114 increased monotonically as the pH was
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FIGURE 3: Proteolysis of colicin thermolytic peptide in the presence
of a detergent or urea. Peptide (1 ug/lane) was incubated with Pronase
E (1 mg of peptide, peptide:protease 1:1 w:w) and digestion was
allowed to proceed for 15 min at 25 °C. Lanes: 1, molecular weight
standards [(top to bottom) phosphorylase B (92 500), BSA (66 000
kDa), ovalbumin (45000), carbonic anhydrase (31000), soybean
trypsin inhibitor (21 500), and lysozyme (14 400)]; 2, peptide without
Pronase; 3, peptide/Pronase, pH 4; 4, peptide,/Pronase, pH 6; 5, peptide
in 0.2 M urea/Pronase, pH 4; 6, peptide in 0.2 M urea/Pronase, pH
6; 7, peptide in 0.44% octyl 8-glucoside/Pronase, pH 4; 8, peptide
in 0.44% octyl B-glucoside/Pronase, pH 6; 9, peptide incubated with
0.001% SDS/Pronase, pH 4; 10, peptide incubated with 0.001%
SDS/Pronase, pH 6.

Peptide in TX-114 (%)

2 3 4 M 6 7
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FIGURE 4: Effect of pH on the partition of [*H]peptide into the

nonionic detergent Triton X-114. The 100% value at pH 3.0 is

equivalent to 1.2 X 10* cpm of [*H]peptide bound to the detergent
and has been normalized to 100% from the measured value of 84%.

decreased from 6 to 3 until the partition into the detergent
was virtually complete at the latter pH (Figure 4), showing
that the peptide assumed a net hydrophobic character at acidic
pH. The relation of the structure change measured by this
partition experiment to that assayed by protease and
fluorescence probe accessibility is not obvious, because the
partition function has a less cooperative pH dependence (see
Discussion) and significant partition into detergent occurs at
pH 4.5. A much more cooperative partition function than that
measured with the channel peptide was obtained with the intact
colicin E1 molecule (data not shown). There was little effect
of pH on the partition into Triton X-114 of an unrelated
soluble protein, bovine serum albumin, which increased from
5% at pH 6 to 13% at pH 3.5 (not shown).

(5) pH Dependence of in Vitro Channel Peptide Activity
in Dilute SDS or Octyl B-Glucoside. The in vitro activity of
channel peptide (3 ug/mL) incubated in SDS (0.001%,
SDS:peptide = 350:1 during incubation; A, Figure 5A) or octyl
glucoside (0.44%; O, Figure SA) before addition to Cl™-loaded
membrane vesicles was 2-3 orders of magnitude greater at pH
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Chloride Efflux

(ions/channel/sec x 10%)
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FIGURE 3: (A) pH dependence of the activity of the channel peptide
in liposomes after incubation of peptide with a detergent or urea.
Liposomes were suspended in 100 mM choline nitrate, 10 mM DMG,
and 0.5 mM Ca(NO,), at different pH values, to which peptide with
or without detergent or urea was added by a 2000-fold dilution, after
an initial 30-min incubation (pH 6, room temperature) in the same
buffer under the following conditions: (O) untreated peptide, no
detergent; (A) 103% (34 uM) SDS, SDS:peptide 350:1 (mol:mol)
(ca. 10-fold lower activity was obtained after incubation with 10~%
SDS); (O) 15 mM octyl S-glucoside; (+) 0.2 M urea. Channel
activities calculated from initial specific rate of CI~ efflux. (B)
Dependence of activity at pH 6.0 of channel peptide as a function
of SDS:peptide ratio. Peptide was incubated (30 min, 25 °C) with
SDS, the higher concentrations of peptide being necessary for activity
at lower SDS:peptide ratios. Final concentration of peptide added
to liposomes (SDS:peptide ratio): 0.1 ug/mL (0-19); 4.5 ng/mL (35);
0.75-4.5 ng/mL (175-35000).

6.0 compared to that of the untreated peptide (O, Figure 5A).
The absolute concentration of the colicin E1 peptide used to
measure activity was S50 pM (~1 ng/mL). Soluble proteins
such as carbonic anhydrase or BSA cause no detectable solute
efflux when added to liposomes at these concentrations. The
activity in 0.001% SDS was greater than that in octyl glucoside
and was essentially pH-independent. The increased activity
with SDS—peptide was found not to arise from induced vesicle
leakiness or breakage, as tested with entrapped carboxyinulin
(average Stokes diameter, 30 A) (not shown), nor did addition
of SDS at the final concentration (5 X 1077%) have any effect.
Significant efflux of carboxyinulin in the absence of SDS
occurred only at peptide:lipid ratios =5 X 107, a molar ratio
of peptide:lipid 1000 times larger than that typically used, 5
X 1077, in CI" efflux experiments. The activity of the peptide
as a function of the molar ratio of added SDS:peptide is shown
in Figure SB. The activity was increased by the presence of
SDS at an SDS:peptide ratio of 3.5, increasing monotonically
up to a ratio of 200-300 where the SDS effect saturates.

The correlation between increased accessibility to protease
and increased activity at high pH values, both effects caused
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FIGURE 6: (A) Effect of SDS on macroscopic conductance of the
colicin El channel peptide in planar bilayers. Thermolytic peptide
of colicin E1 (600 ng/mL) was added (arrow) to the cis side of an
asolectin planar membrane separating symmetrical solutions of 100
mM NaCl, 3 mM CaCl,, 10 mM MES, and 0.1 mM EDTA, pH 6.0.
The membrane was voltage-clamped at =20 mV. SDS was added
to the cis compartment, bringing its concentration to the indicated
values. For this membrane, activity was not observed until the SDS
was brought to 10™%. After the SDS concentration was increased
to 1073%, the gain was reduced 2 orders of magnitude, as indicated
by the break mark. (B) The ratio of the d//ds values measured at
a concentration of 1073% SDS relative to those measured at 1074%
SDS, and of those measured at a concentration of 1072% to those
measured at 1073% SDS, is shown on a logarithmic scale, derived from
experiments illustrated in (A). The values of these ratios are denoted
by numbers, with the numbers referring to individual membranes.
Thus, points with the same numbers were derived from the same
membrane.

by SDS and octyl glucoside, might imply that the increase in
activity arises from a general unfolding of the peptide.
However, the lack of effect on the activity of dilute (0.2 M)
urea (+, Figure 5A), whose presence also resulted in increased
protease sensitivity (lanes 9 and 10, Figure 3), was in marked
contrast to the effects of SDS and octyl glucoside.

The effect of SDS on channel activity in planar bilayers
resembled that in liposomes. No effect was observed on the
rate of current change (d//dz) at pH 6 when 1073% SDS was
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Table II: Effects of pH, Detergents, and Denaturing Agents on the
Stokes Radius of Colicin E1 Thermolytic Peptide

(A) Effect of Denaturing Agents

agent concn (M)  R¢ (A) hw/ph®
guanidine hydrochloride 6.0 848 £0.2 0.32
urea 0.2 228+ 04 0.08
urea 6.0 25404 0.09
urea 8.0 76.4 £ 0.3 0.31
(B) Effect of Detergents (pH 6.0)
detergent concn (%) Rs (A) hw/ph
octyl glucoside 0.44 (15 mM) 228 £ 0.4 0.11
SDS 0.01 339 % 5.7° 0.52
SDS 0.005 230+ 0.7 0.21
SDS 0.001 22.8 £ 0.44 0.1
SDS 0.0001 229 £ 1.1 0.10
(C) Effect of pH (No Detergent)
pH Rs (A) hw/ph
3.5 20.7 £ 0.4 0.07
6.0 22.7 £ 0.3 0.06

@ The Stokes radius (Rg) was determined from a plot of the known
Rs of standard proteins versus (-log K,,)!/? for each protein where K,
= (V.- Vy)/ (V= V). V.is the elution volume of the protein peak; V5,
void volume of column; ¥, total column volume. Mean values and
standard deviations were calculated from four measurements except as
noted. ®hw/ph represents the half-width of the peak of the elution
profile divided by the peak height, calculated by using mean values.
“Mean value and standard deviation were calculated from eight mea-
surements. ¢ Mean value and standard deviation were calculated from
six measurements.

added to the cis side of planar membranes to which untreated
peptide had been added previously (Figure 6A). However,
when the SDS concentration was increased to between 107%
and 107%, d/dt increased greatly. Further increases in the
SDS concentration to 1072% caused additional increases in
dl/dt (Figure 6A). Quantitatively, d//dt in the presence of
1073% SDS was 2—4 orders of magnitude greater than in 107%
SDS, whereas d//d: for 1072% SDS was 1-2 orders of mag-
nitude greater than dJ/dr observed with 1073% SDS (Figure
6B). At pH 4, d//dt did not vary as the SDS concentration
was progressively increased in the cis compartment from O to
1072% SDS. This independence of activity at pH 4 is in accord
with the same channel activity observed on vesicles in the
presence and absence of SDS at this pH (Figure 5).

(6) Hydrodynamic Radius of Colicin Peptide at Low pH
and in the Presence of Structural Perturbants. Unfolding of
the channel peptide by defined conditions for denaturation
caused a large increase in the hydrodynamic (Stokes) radius
of the colicin channel peptide, measured by elution from a
calibrated FPLC Superose column, The calculated radius of
the channel peptide at pH 6.0 was 23 A and increased to 76
and 85 A at this pH in the presence of 8 M urea or 6 M
guanidine hydrochloride, respectively (Table ITA). In con-
trast, conditions that were shown to increase protease acces-
sibility (Figure 3) at pH 6 (0.001% SDS, incubated with 1
mg of peptide, SDS:peptide = 1; 0.44% octyl 5-D-glucoside)
had at most a small effect on the hydrodynamic properties.
The average hydrodynamic radius of the peptide remained
unchanged at 22-23 A, corresponding to a molecular weight
24000-26 000 for a spherical protein, in the presence of 0.44%
octyl glucoside and concentrations of SDS <0.001%. A larger
hydrodynamic radius was observed with 0.01% SDS. With
0.44% octyl glucoside and 0.001% SDS, the width of the eluted
peptide peak (described by its ratio of half-width to peak
height) increased slightly (Table IIB) relative to that of the
untreated peptide at pH 6.0 (Table IIC). It should be noted
that the calculated SDS:peptide ratios (Tables 1IB and III)
are probably somewhat underestimated by the calculation
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Table III: The Stokes Radius of the Colicin E1 Thermolytic Peptide
as a Function of Initial SDS:Peptide Ratio

SDS:peptide? R (A) hw/ph
0 21.5£04 0.11
19 21.5+ 0.5 0.11
35 21.6 £ 0.3 0.12
88 26.1 £04 0.40
175 27.7+£ 0.8 0.42
350 30404 0.50
3500 33704 0.72

“mol:mol. ®Mean values and standard deviations were calculated
from two measurements,

based on the concentration present during the initial incubation
conditions. The peptide is diluted by approximately a factor
of 10 on the column while the initial SDS concentration is
maintained throughout the column.

The acidic conditions (pH 3.5) that result in greatly in-
creased activity and increased accessibility to protease and
acrylamide gave no indication of any unfolding. The measured
hydrodynamic radius at pH 3.5, 20.7 A, decreased slightly
relative to that at pH 6.0 (Table IIC).

The Stokes radius was also measured as a function of
SDS:peptide ratio (Table III) under conditions mimicking as
closely as possible those used for measurement of activity
(Figure 5). The Stokes radius of the control peptide at pH
6 was 21.5 A. No effect of added SDS was seen at an
SDS:peptide molar ratio of 35. The average Stokes radius
increased to 26 A at an SDS:peptide ratio of 88 and to 30 A
at a ratio of 350, where the effect on the activity (Figure 5B)
was maximal, with accompanying increases in the width of
the distribution. These increases in Stokes radius of 5-10 A
are much smaller than those of 5565 A that occurred upon
complete denaturation with urea or guanidine hydrochloride
(Table I1A).

DISCUSSION

Low pH, required for optimum in vitro activity of the colicin
E1 channel, has several effects on the peptide: (i) decreased
single-channel conductance of colicins A (Pattus et al., 1983)
and E1 (Bishop et al., 1986), (ii) increased anion sefectivity
of the channel (Raymond et al., 1986), (iii) neutralization of
acidic amino acid residues that would electrostatically facilitate
binding to and entry of the channel into the bilayer (Davidson
et al., 1985), and (iv) increased protease susceptibility,
acrylamide accessibility, and partition into nonionic detergent,
as documented in the present work. Of these effects, (iii) and
(iv) involve changes in molecular properties that could con-
tribute to the increase in macroscopic conductance observed
at low pH with membrane vesicles and planar bilayers.

The increase in protease accessibility at pH 6 caused by low
concentrations of these detergents (Figure 3), the increase in
susceptibility to protease at low pH (Figure 1), and the increase
in accessibility to acrylamide (Table I) are criteria that are
similar to those used to infer that unfolding of a precursor
protein is a prerequisite for import in mitochondria (Eilers &
Schatz, 1986, 1988) and for secretion in E. coli (Randall &
Hardy, 1986). The partition into Triton X-114 at low pH
(Figure 4) is a criterion that has been used to infer that a
pH-dependent exposure of part of the hydrophobic interior is
a prerequisite for the action of several toxins on membranes.
One difference between partitioning of the colicin E1 channel
peptide and intact toxins (Sandvig & Brown, 1987; Sandvig
& Moskaug, 1987), compared to intact colicin E1 (Escuyer
et al., 1986), into Triton X-114 is that the partition function
of the E1 channel peptide, although not of the intact colicin
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El, was less cooperative. A larger degree of cooperativity was
also seen for the binding of intact colicin E3 to Triton X-100
(Escuyer et al., 1986). The pH dependence of the channel
peptide detergent partition function (Figure 4), which increases
monotonically between pH 6 and 3, also contrasts with the
steeper and more cooperative pH dependence of protease and
acrylamide accessibility, where no effect is seen until pH
<4-4.5 (Figure 1, Table I). The difference between the pH
dependence of the detergent partition function and that of
protease and acrylamide accessibility indicates either that they
may be reporting different aspects of the pH-dependent
structure change or that the different temperatures and times
involved in the two sets of assays result in a different pH
dependence.

While proteolysis and fluorescence quenching data reported
here are similar to those used previously to infer a partial or
complete unfolding for the translocation-competent state in
import, secretion, and toxin action, some of the data argue
against this inference: (i) Urea (0.2 M) caused qualitatively
the same increase in protease sensitivity as did 0.001% SDS
or 0.44% octyl 8-D-glucoside but, unlike the detergents, did
not increase peptide activity. This might be ascribed to a lower
degree or different kind of unfolding caused by the dilute urea
that was not resolved by the protease assay. (ii) Treatment
with detergents or urea under conditions that caused an in-
crease in protease or acrylamide accessibility to the peptide
did not cause an increase in its hydrodynamic radius. There
was no change upon treatment with octyl 8-glucoside, 0.001%
SDS, or 0.2 M urea in the average hydrodynamic radius,
22-23 A, of the native peptide, which increased to ~80 A for
the fully denatured peptide. The low pH condition resulted
in a slight decrease in hydrodynamic radius and no change
in elution bandwidth. Thus, unfolding of the channel peptide
caused by acidic pH is not detectable. It was already known
that unfolding of the channel peptide at low pH could involve
at most the tertiary and not the secondary structure, because
the large a-helical content of the peptide (250%) measured
by circular dichroism showed no tendency to decrease as the
pH was lowered to 3.5 in the presence or absence of nonionic
detergent (Brunden et al., 1984), It was concluded that the
increase in protease susceptibility that is commonly used as
a diagnostic indicator of protein unfolding related to trans-
location competence did not reflect, in the present case, any
obvious unfolding of the colicin E1 channel peptide.

The SDS:peptide stoichiometry (~1.0) that caused an in-
crease in protease and acrylamide accessibility (Figure 3, Table
I) was very low. The low stoichiometry of SDS:peptide might
have been expected to allow limited proteolysis (~63% of the
peptide) if the SDS adsorbed randomly and irreversibly.
However, as the proteolysis progressed, it is likely that SDS
was released from the digested peptide and the ratio of SDS
to undigested peptide increased. The higher ratios that af-
fected activity (Figure 4) did cause a small increase in Stokes
radius of the peptide (Table III).

The above data lead to the conclusion that the transloca-
tion-competent state of the colicin El channel at low pH
cannot be ascribed to an extensively unfolded state by hy-
drodynamic criteria. The state of the colicin El channel
peptide that is competent for activity at low pH cannot be
described, as has been done for diphtheria toxin, as denatu-
ration-like (Chung & London, 1988) nor the low pH unfolding
transition as massive (Ramsey et al., 1989). It has been noted
that circular dichroism and tryptophan fluorescence studies
that the low pH conformation of diphtheria toxin is not ex-
tensively unfolded (Blewitt et al., 1985). It is also not clear
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that the massive unfolding that has been attributed from ca-
lorimetry analysis to diphtheria toxin below pH 5-5.5 (Ramsay
et al., 1989) has occurred at pH 5.8, where diphtheria toxin
can have high activity (Chung & London, 1988). Similarly,
the greater sensitivity to protease in the absence of inhibitors
of dihydrofolate reductase, the part of the ColV-DHFR fusion
protein that is imported by mitochondria (Eilers & Schatz,
1986), has been attributed to an altered conformation of the
protein (Partishall et al., 1976) that is not necessarily unfolded.

The translocation-competent state at low pH is associated
with increased susceptibility to protease, increased accessibility
of the COOH end of the hydrophobic domain to acrylamide,
and increased partition into nonionic detergent. These changes
are consistent with the known existence of a different structure
of the peptide in the membrane. However, the structure of
the low pH translocation-competent state cannot be described,
by the experimental criteria employed here, as unfolded.
Therefore, either there is a change in average size that is too
small to be detected or the structure change involves increased
mobility of residue side chains with no change in mean size.
The mobility change could allow increased accessibility into
the peptide hydrophobic core of various probes and increased
probability of contact of internal side chains with a membrane
surface. Thus, the increased partition of the colicin channel
peptide into nonionic detergent could result from an increased
probability that the internal hydrophobic side chains can make
contact with the detergent. Once this contact is made, either
with the detergent or a membrane surface, a different unfolded
conformation with exposed hydrophobic side chains would be
stabilized.
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