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ABSTRACT Atomic level structures have been determined
for the soluble forms of several colicins and toxins, but the
structural changes that occur after membrane binding have not
been well characterized. Changes occurring in the transition
from the soluble to membrane-bound state of the C-terminal
190-residue channel polypeptide of colicin E1 (P190) bound to
anionic membranes are described. In the membrane-bound state,
the a-helical content increases from 60-64% to 80-90%, with a
concomitant increase in the average length of the helical seg-
ments from 12 to 16 or 17 residues, close to the length required
to span the membrane bilayer in the open channel state. The
average distance between helical segments is increased and
interhelix interactions are weakened, as shown by a major loss of
tertiary structure interactions, decreased efficiency of fluores-
cence resonance energy transfer from an energy donor on helix
V of P190 to an acceptor on helix IX, and decreased resonance
energy transfer at higher temperatures, not observed in soluble
P190, implying freedom of motion of helical segments. Weaker
interactions are also shown by a calorimetric thermal transition
of low cooperativity, and the extended nature of the helical array
is shown by a 3- to 4-fold increase in the average area subtended
per molecule to 4,200 A% on the membrane surface. The latter,
with analysis of the heat capacity changes, implies the absence of
a developed hydrophobic core in the membrane-bound P190. The
membrane interfacial layer thus serves to promote formation of
a highly helical extended two-dimensional flexible net. The
properties of the membrane-bound state of the colicin channel
domain (i.e., hydrophobic anchor, lengthened and loosely cou-
pled a-helices, and close association with the membrane inter-
facial layer) are plausible structural features for the state that is
a prerequisite for voltage gating, formation of transmembrane
helices, and channel opening.

The transition of proteins and peptides from a soluble to a
membrane bound state is central to organelle and cellular
protein import as well as to the inhibitory and lethal action of
toxins and colicins. The characterization of structural changes
occurring during this transition not only is key to our under-
standing of the mode of action for these proteins but also
provides insight into the mechanisms by which membrane—
protein interactions affect protein structure.
Channel-forming colicins provide an excellent system with
which to investigate structural changes in a membrane active
protein. The bactericidal colicin E1 belongs to a group of colicins
whose cytotoxicity is associated with formation of a voltage-
dependent ion channel (1-3) that results in cellular deenergiza-
tion and depletion of the intracellular potassium pool (4). These
colicins are highly soluble in aqueous solution but are able to bind
to and insert into membranes without disruption of bilayer
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integrity. Channel-forming colicins contain three domains asso-
ciated with functions necessary for channel formation. Binding to
the cytoplasmic membrane and channel formation are functions
of the C-terminal domain (4). The structure of a 190-residue
C-terminal channel polypeptide, P190, has been solved to atomic
resolution and found to consist of 10 a-helices (5). This structure
is very similar to that determined previously for the channel
domain of colicin A (6) and of colicin Ia seen in the structure of
the whole molecule (7). It is similar to the pore-forming domain
of diphtheria (8) and other toxins such as insecticidal &-toxin (9).
Furthermore, its three-dimensional structure is similar to that of
the antiapoptotic protein Bcl-Xp, (10). This suggests that struc-
tural changes observed for the colicins after membrane binding
are relevant to a variety of other proteins. Formation of the
colicin channel, as shown in studies with colicin Ia, involves the
voltage-mediated translocation of several helical segments of the
membrane-bound channel domain across the membrane bilayer
(11). To understand the mechanism of the voltage-dependent
gating and protein insertion into the membrane, it is necessary to
extend the structural analysis of the colicin system beyond the
soluble proteins to the membrane-bound state.

Previous studies have contributed to a detailed understanding
of the energetics of colicin-membrane interaction (12, 13), which
are better understood than for the toxins and antiapoptotic
proteins. Binding of the channel domain to lipid vesicles involves
an initial electrostatic interaction between the positively charged
polypeptide and the negatively charged membrane surface fol-
lowed by a rapid transition to nonelectrostatic binding (12, 13).
From the P190 structure, it has been proposed that the charged
docking face is formed by helices III-VII and [V-VI and that the
transition from electrostatic to nonelectrostatic binding occurs
when hydrophobic interactions between these helical segments
are replaced by nonpolar interactions between the helices and the
membrane surface (5). However, the structural changes that
occur on membrane binding have not been defined. Earlier
studies that showed a loss of native tertiary structure of soluble
C-terminal colicin A (14, 15) or E1 (16) channel polypeptides,
along with conservation of their secondary structure at acidic pH
(<4.0), suggested the presence of a “molten globule” (10) inter-
mediate. In the present study, using both CD and infrared
analysis, it was not possible to detect such an intermediate, but
from spectroscopic, biosensor, fluorescence, and calorimetric
analysis, the soluble channel domain forms a highly helical,
extended, and two-dimensional (2D) flexible net in the mem-
brane interfacial region. Implications of this structural state for
the biological function of colicins and other membrane-active
proteins are discussed.

Abbreviations: DOPC and DOPG, 1,2-dioleoyl-phosphatidylcholine
and -phosphatidylglycerol, respectively; TAEDANS, 5-(2-io-
doacetyl)aminoethylaminonaphthalene-1-sulfonic acid; P190s and
P190y,, soluble and membrane-bound P190, respectively; FRET, flu-
orescence resonance energy transfer; 2D, two-dimensional.

To whom reprint requests should be addressed. e-mail: wac@bilbo.
bio.purdue.edu.
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MATERIALS AND METHODS

Colicin E1 Channel Polypeptide. The colicin E1 C-terminal
channel polypeptide P190 was expressed from pSKHY(—), a
plasmid with the colicin channel domain under control of the
colicin E1 promoter (17), and purified as described (18). C-
terminal channel polypeptide P178 was prepared by proteolysis
with thermolysin of the intact colicin E1 (19). Single Trp (Trp-
424, Trp-460, and Trp-495) and “zero Trp” mutants were pre-
pared by the replacement of pertinent Trp residues with Phe by
site-directed mutagenesis (20). The single Trp mutant W424/
C505A/D509C was constructed by replacing the Smal-EcoR1
fragment in pT7E1C505A with the Smal-EcoRI fragment from
pSKE1W424 (J. B. Heymann, personal communication). Asp-
509 was replaced with Cys by PCR amplification of the EcoRI-
BamHI region in pT7E1C505A, which was cloned into
pT7E1W424 C505A to create pT7TE1W424/C505A/D3509C.

Unilamellar Lipid Vesicles. Liposomes equivalent to 10-20
mM phospholipids were prepared from 1,2-dioleoyl-phosphati-
dylglycerol (DOPG) and 1,2-dioleoyl-phosphatidylcholine
(DOPC) (Avanti Polar Lipids) in a 2:3 molar ratio by extrusion
through a 0.05-um (pore size) filter (Nucleopore, Costar), as
described (13, 21). Liposomes for IR spectroscopy in H,O,
equivalent to 250 mM phospholipid of the same lipid composi-
tion, were prepared by sonication using an ultrasonic disintegra-
tor (150 W) equipped with a microprobe, after which the vesicles
were centrifuged to remove titanium particles.

CD. Spectropolarimeters JASCO-710 (at the Mayo Founda-
tion) equipped with a temperature control system CTC-345 and
JASCO-600 (at Purdue University) were used for CD measure-
ments. Quartz cells with 0.01- to 0.2-mm and 10-mm path lengths
were used for the far and near UV measurements, respectively.
The parameters of the measurements were as follows: time
constant, 2 s; scan speed, 20 nm/min; step interval, 0.1 nm;
bandwidth, 2 nm and 1 nm, far and near UV, respectively;
samples thermostated at 25°C; protein concentration, 0.2-1.0
mg/ml, in 20 mM sodium acetate/0.1 M NaH,PO,, pH 4.0.
Lipid/protein ratio, 240 (mol/mol), for membrane-bound P190
(P190r,). Secondary structure content was determined as an
average of three methods of analysis of CD spectra in the 190- to
240-nm spectral range (22-24), compiled in the program PROT CD
(25). The difference between the results from the three methods
contributes significantly to the error of analysis and the standard
deviation of the averaged secondary structure content.

Fourier-Transformed Infrared (FTIR) Transmittance Spec-
troscopy. IR spectra in HyO with a resolution of 4 cm™! were
measured with a Digilab FTS-40 FTIR spectrometer (at the Mayo
Foundation). One thousand twenty-four spectra were summed
for each sample and reference. Matched CaF; cells, thermostated
at 25°C, had path lengths of 3.6 um (sample) and 3.4 um
(reference) and a sample volume less than 3 ul. A fine path length
adjustment (about 0.1 um) of the reference cell was used to
compensate for H,O absorbance in the region of 3,645 cm~L IR
spectra in the amide I-amide II region (1,480-1,800 cm ') were
normalized to zero at 1,800 cm~!, corrected for amino acid
side-chain absorbance (26), and analyzed by methods (23, 27) that
are discussed elsewhere (refs. 26, 28, and 29; S. Y. Venyaminov,
personal communication).

P190 (1.5 mg), lyophilized from water, was dissolved in 5 ul
of 2 mM sodium acetate, pH 4.0/10 mM NaCl and mixed with
35 wl of the buffer or liposomes (lipid concentration, 200
mg/ml) prepared in the same buffer. Five microliters of the
buffer mixed with 35 ul of liposomes, or the buffer alone, was
used as the reference solution. The concentrations of P190 and
lipid in the samples were 30—40 and 160-190 mg/ml, respec-
tively (molar ratio, 1:100-160). The ionic strength of the
medium was decreased to 12 mM to increase the rate of
membrane binding of P190 (13).

Surface Plasmon Resonance Spectroscopy. A modified surface
plasmon resonance apparatus was used, in which two surface
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resonances were obtained by using light polarized either parallel
or perpendicular to the plane of incidence, a technique defined
as coupled plasmon-waveguide resonance (30). The reflective
surface consisted of an SiO; film deposited on a silver surface, on
which was overlaid a lipid bilayer membrane composed of egg
phosphatidylcholine /phosphatidylglycerol, 3:1, in contact with 20
mM dimethylglutaric acid, pH 4.0/10 mM NaCl.

Fluorescence Resonance Energy Transfer (FRET). C-terminal
channel polypeptide (P178) made by thermolysin proteolysis (19)
from mutagenized (Trp-460 — Phe; Trp-495 — Phe; Cys-505 —
Ala; Asp-509 — Cys) colicin E1 containing a single Trp residue
(Trp-424) and Cys residue (Cys-509) was used in FRET analysis
with the sulfhydryl-reactive fluorophore 5-(acetylaminoethylami-
no)naphthalene-1-sulfonic acid (AEDANS), attached to Cys-509
(refs. 31 and 32; but 8 M urea was not used). The side chain of
residue 509 protrudes from the protein (5), allowing reaction with
IAEDANS (2-iodo-AEDANS) to be conducted under native
conditions. Extinction coefficients of 2.2 10* M~ Lcm ! at 278 nm,
and of 5.7 103 M~ cm™! at 336 nm were used for determination
of the Trp-424 and AEDANS concentrations, respectively. Both
mutant P178 and AEDANS-P178 adduct have in vitro channel
activity similar to wild-type P178. As a measure of proper folding,
the near UV CD signal at 294 nm in the Trp-424 single Trp
mutant was not affected in the mutant (Asp-509 — Cys) protein,
or by AEDANS conjugation. Fluorescence excitation and emis-
sion spectra were measured at 23°C with an SLM-8000C photon
counting spectrofluorimeter and corrected for variation of exci-
tation intensity by using a reference channel; half band-width for
excitation and emission at 490 nm, 4 nm. Mutant P178-AEDANS
adduct (0.2 uM) and liposomes (0.1 mM lipid) were suspended
in 20 mM sodium acetate/0.1 M NaCl, pH 4.0. Calculation of
donor-acceptor FRET efficiencies and distances was carried out
as described (32) by using an Ry of 22 A. Absorbances at 290 and
337 nm were <(0.05. Because Cys-509 is on the outside of the
protein, free motion of AEDANS and a corresponding orienta-
tion factor of two-thirds were assumed.

Differential Scanning Calorimetry. Calorimetric measure-
ments were performed with a prototype DASM-4 model
microcalorimeter built at the Biocalorimetry Center of The
Johns Hopkins University. All calorimetric measurements
were conducted at a heating rate of 1°C/min. The protein
concentration was 2.0-3.0 mg/ml for soluble P190 (P190;) and
P190,,. Liposomes consisted of 25 mM DOPG/DOPC, 2:3
(mol/mol). Measurements of P190,, were performed against
liposome/buffer and buffer solutions. The partial specific heat
capacity was determined as described (33), assuming a molec-
ular weight of 21,046 for P190 and a partial specific volume of
0.806 cm/g as calculated from the amino acid composition.
The partial heat capacity of the polypeptide chain in the
unfolded conformation was calculated as described (34), with
known heat capacity values of amino acid residues.

Protein and Lipid Determination. The protein concentra-
tion of P190 samples was determined by using an extinction
coefficient of 3.05 X 10* M~ lcm ™! at 279.5 nm (18), which was
verified by a “micro” method of nitrogen content (35). The
absorbance of P190,, at 279.5 nm was corrected for solution
turbidity according to Winder and Gent (36).

Lipid concentrations were measured by using the “micro”
method of (35), based on the determination of P; content in
ashed samples.

RESULTS

Increase in a-Helical Content in Membrane-Bound State. Far
UV CD spectra. CD spectra of the C-terminal colicin channel
domain polypeptide in the soluble state (P190s) at pH 4.0 display
a maximum at 191 nm, a minimum at 208.5 nm, and a broad
minimum at 220 nm, which are characteristic for a-helical pro-
teins (Fig. 14, solid trace). The spectra of P190; were not sensitive
to ionic strength (10-200 mM) or protein concentration (0.02—-40
mg/ml) and were the same at pH 4.0 and 7.0.
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FiG. 1. Increase in a-helical content of P190s on binding to mem-
brane. (4) Far UV CD spectra of P190 in the water-soluble and
membrane-bound states: In solution (trace a, solid line), bound to
negatively charged liposomes at lipid/P190 molar ratio of 240:1 (trace b,
dashed line), and in the presence of neutral liposomes (trace c, dashed—
dotted line), DOPG and DOPC at a molar ratio of 2:3 or 100% DOPC
were used for preparation of negatively charged or neutral liposomes,
respectively. The secondary structure content (P190s vs. P190y,) deter-
mined by basis spectra (22), ridge regression (23), or variable selection
(24) was, respectively, 55 vs. 79%, 63 vs. 79%, or 60 vs. 76% for a-helix;
10 vs. 0%, 26 vs. 0%, or 10 vs. 0% for B-sheet; 0 vs. 7%, 11 vs. 1%, or 8
vs. 5% for B-turns; 35 vs. 14%, 0 vs. 20%, or 22 vs. 19% for unordered
structure. (B) IR spectra at pH 4.0 of P190y, lipid/P190 ratio, 145:1
mol/mol, corrected for the absorbance of side chains (trace a, solid line)
and difference spectrum, P190, minus P190; (trace b, dotted line). Peaks
of amide I band are 1,656 cm™! (trace a) and 1,654 cm™! (trace b).
Secondary structure components are as follows: a-helix in P1905 vs. P190,
(62 = 2% vs. 92 £ 4%), B-turn (8 == 3% vs. 6 = 3%), and unordered (28 *
7% vs. 1 = 1%). At pH 7, where binding is weak (9), the helix content in
the presence of liposomes is 63 * 4%.

Profound changes of CD spectra take place on binding of
P190s to negatively charged (40% DOPG/60% DOPC) lipo-
somes at pH 4.0 [Fig. 14, dashed trace; lipid/P190, 240:1
(mol/mol)] to form membrane-bound P190,,. The absolute
value of the molar ellipticity increases, and there is a red shift
for all three extrema, to 194 nm, 209.5 nm, and 222 nm,
respectively. A pronounced red shift in the 190-nm band
associated with trans-membrane helices was previously noted
(37). CD spectra obtained with a larger lipid/P190 molar ratio
of 500 were essentially identical to that of Fig. 14, dashed trace
(data not shown). To determine whether the observed CD
spectral changes were influenced by sample turbidity, CD
spectra were obtained (i) with neutral liposomes and (ii) at pH
7.0, conditions for which P190s binds with negligible or small
affinity (13). Liposomes prepared from 100% DOPC did not
affect the CD spectrum of P190; at pH 4 (Fig. 14, dash-dotted
trace; essentially identical to Fig. 14, solid trace).

The content of a-helix, B-sheet, B-turn, and unordered
structure in P190;, determined by the average of three methods
of CD analysis (22-24) was 59 = 4%, 15 * 9%, 6 = 6%, and
20 = 18%, respectively. The atomic structure of P190s showed
the presence of 64% «-helix, no B-sheet structure, 4-8%
B-turn, and 28-32% unordered structure (5). Therefore, the
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prediction of non-zero B-sheet content is an inaccuracy of the
method unless it occurred as a result of protein aggregation.
CD spectra of P190s at pH 4.0 did not depend on the protein
concentration in the range of 0.02-40 mg/ml, ruling out
aggregation. It is well known that CD analysis is more accurate
in its analysis of a-helix than the other secondary structure
components (25). Analysis of the P190,, CD spectrum (Fig.
1A, dashed trace) by the same methods showed that the
a-helical content increased to 78 = 2%, B-sheet is absent, and
the mean values of B-turn and unordered structure are ap-
proximately the same as for P190;.

IR transmittance spectra in H>O. IR spectra of P190,, in the
amide I and II regions around 1,650 and 1,550 cm™! were
measured at pH 4.0 and corrected for the absorbance of amino
acid side chains (26) and for water perturbed by the presence
of membranes by measuring spectra relative to liposomes in
suspension (ref. 38 and Fig. 1B, spectrum a]. The difference
spectrum of P190,, relative to that of P190, shows that the peak
of the amide I band shifts from 1,656 cm~! for P190; to 1,654
cm™~! for P190,, (Fig. 1B, spectrum b). Changes in the spectrum
of P190 on mixing with neutral liposomes at pH 7.0, where the
binding is very weak (13), were much smaller (data not shown).

Analysis of the IR spectra (Fig. 1B, spectrum a; ref. 29)
allows determination of the secondary structure content. For
P190 these values are as follows: a-helix, 62 * 2; B-sheet, 1 =
1; B-turn, 8 = 3; unordered, 28 =+ 7. In contrast to the analysis
of the CD spectra, analysis of the IR spectra of P190; does not
show any significant B-sheet content, consistent with the
crystallographic analysis (5).

Consistent with previous studies (39), it was not possible to
detect newly formed B-sheet content in P190,, (40). Analysis of
the IR spectra of P190 in the membrane-bound state (pH 4.0;
ionic strength = 0.012 M, P190/lipid = 1:150, mol/mol) yielded
92% total a-helical content, 6% [B-turn, and negligible contents
of B-sheet and unordered structure. The fractional increase in
amplitude of the amide I and amide II bands (Fig. 1B, spectrum
b) is smaller than that of a-helical content because there is also
a decrease in the content of the unordered state that absorbs in
a similar region of the spectrum. The red shift of the amide I peak
from 1,656 cm™! to 1,654 cm™! on membrane binding could be
explained by an increase in ordered helical structure and con-
comitant decrease in the unordered component or by an increase
in H bond strength of backbone groups on binding.

Increase of Helical Segment Length. The helical content of
P190, and P190,,, determined from the average of CD and IR
analysis, is 61% and 85%, respectively. The average length of
the helical segments in P190; is 12 residues (5). If the number
of helical segments in P190,, is no larger than in P190;, the
average helix length in P190,, is increased to 16 or 17 residues,
thus potentiating some helices for a transmembrane orienta-
tion in the voltage-gated channel.

Loss of Tertiary Structure on Membrane Binding: Near UV
CD Spectra. P178, and P190; have a pronounced CD signal in the
near UV with two maxima at approximately 285 and 292 nm (Fig.
2, curve a). Characteristic minima associated with the presence of
Phe are observed below 270 nm (at about 257, 262, and 268 nm),
whereas the signals above 270 nm arise from Trp (Trp-424,
Trp-460, and Trp-495) and/or Tyr residues. A major contribution
of Trp-424 to the 292-nm positive ellipticity band and association
of the short wavelength minima with Phe are inferred from
spectra obtained, respectively, with the single Trp (Trp-424; Fig.
2, spectrum b), and zero Trp mutants in P178; (Fig. 2, spectrum
c). Despite the noise due to turbidity in the near UV CD spectrum
of P178y, (Fig. 2, curve d), there is almost total loss of the CD
signal of P178; in the near UV on membrane binding. The near
UV signals of the channel domain of colicin A are also attenuated
on membrane binding (41).

Increase in Surface Area Subtended by P190 in the Membrane-
Bound State. The approximate dimensions of P190; in the atomic
structure are 33 A by 40 A, so that its cross-section is approxi-
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F1G. 2. Decrease in amplitude of UV CD spectrum of P178; on
binding to membranes. Near UV CD spectra: a, P178; (bold trace); b,
single Trp (Trp-424) mutant of P178; ¢, zero Trp mutant of P178; d,
P178,, at lipid/P178 molar ratio of 240:1 (dotted trace). Conditions are
otherwise as in Fig. 1A4.

mately 1,300 A2. Binding of P190; to a lipid bilayer surface was
determined from coupled plasmon-waveguide resonance spectra
obtained under steady-state conditions. A shift of the resonance
position to larger incident angles concomitant with an increased
amplitude of the resonance showed membrane binding/insertion
of P190. By using values of membrane thickness and refractive
index obtained by fitting the experimental resonance curves to
theoretical curves (30), the mass of P190,, can be calculated and
a P190 binding isotherm constructed (Fig. 3) from which the
following binding parameters can be obtained: K4 = 4.7 nM (in
agreement with refs. 12 and 13), and a limiting surface concen-
tration of 39 nmol/m?. This corresponds to a value of 4,200 A2 for
the membrane surface area subtended per molecule of P190,,,, an
increase of more than 3-fold relative to the cross-section of P190.

FRET from Trp-424 to Cys-509-AEDANS. The distance be-
tween Trp-424 and Cys-509, located on opposite sides of P190,
(4), was determined from the FRET efficiency from Trp-424 in
helix V to Cys-509-AEDANS in helix IX. P178; was used in
experiments with single Trp mutants. The excitation spectrum of
AEDANS in the Trp-424 /Cys-509-adduct of P178; has an intense
band in the range of 275-295 nm (Fig. 44, spectrum a). The
efficiency of FRET was found to be 29 + 5% at 2°C, from which
a distance, the distance between helices V and IX of P190 (Rs_o)
= 26 + 1 A, between the donor and acceptor groups was
calculated based on an R value of 22 A (32). This distance is in
good agreement with that between the CE2 atom of Trp-424 and
CG atom of Asp-509 (25.3 A), determined from the atomic
structure of P190, (5). The Trp excitation band is significantly
lower in the membrane-bound state of Trp-424/Cys-509-adduct
(Fig. 4A, spectrum b vs. spectrum a), yielding a FRET efficiency
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FiG. 3. Binding isotherm of P190 to 25 mol % anionic lipid bilayer
detected by coupled plasmon-waveguide resonance spectroscopy in the
aqueous compartment of the coupled plasmon-waveguide resonance cell
obtained with light polarized parallel to the plane of incidence (30).
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FIG. 4. (A) Excitation spectra of AEDANS-Cys-509/Trp-424 sin-
gle Trp mutant of P178. Spectra: a, P178;; b, P178,,. Both were in 20
mM dimethylglutaric acid, pH 4.0/0.1 M NaCl at 2°C. Emission was
measured at 490 nm. Liposomes contained a DOPG/DOPC molar
ratio of 2:3. P178 and lipid concentrations were 0.2 uM and 0.1 mM,
respectively. (B) Temperature (7) dependence of FRET efficiency for
P178; (trace a) and P178, (trace b). Two measurements with increas-
ing T are shown: P178;, (A) T increased to 50°C, decreased to 15°C,
followed by a second scan (O); P178, (X), 10°C — 50°C, followed by
a second scan (OJ). Heating rate, 1.5-2.0°C/min.

of 10= 2%, and a distance, Rs.9 = 32 = 1 A at 2°C, an increase
of 6 A relative to the soluble state.

The flexible nature of arrangement of helical segments in
the membrane-bound state is illustrated by the increase in the
Rs_¢ distance as a function of temperature. Thus, the energy
transfer efficiencies are 7.9 and 1.3% at 10°C and 35°C,
respectively, corresponding to values of Rs 9 = 33 A and 45 A.
This temperature effect is reversible, as heating to 50°C,
cooling and reheating yields essentially the same values of Rs_.
Rs 9 has a much smaller temperature dependence in P178;.
Thus, at 35°C, Rs_9 increa§es from 27 A in P178 to 45 A in
P178,,, an increase of 18 A.

Thermal Denaturation of P190;, and P190,: Absence of a
Hydrophobic Core in P190,,. Calorimetric melting profiles for
P190s and P190,, are shown (Figs. 5). The partial specific heat
capacity (Cp,) of P190; (37 kJ/mol'K at 20°C; Fig. 54, curve a) is
close to values of other compact globular proteins with native
tertiary structure (42). Because this C,, value is characteristic of
a compact protein structure, it is inferred that P190; at pH 4.0 has
a globular structure with a developed hydrophobic core. On
heating, P190s denatures with extensive heat absorption and an
increased heat capacity (Fig. 5, curve a), reaching values expected
for completely unfolded P190 calculated from its amino acid
composition (Fig. 54, curve c, and ref. 34). The pronounced
phase of heat absorption (Fig. 54, curve a) takes place in the same
temperature range (52-60°C), where there are major decreases in
the amplitude of the near UV CD ellipticity (S. Y. Venyaminov
and S.D.Z., unpublished results) that are indicative of the melting
of tertiary structure. The change of C, associated with denatur-
ation between the starting temperature and the high temperature
denatured state is AqC, = 4.5 kJ'mol~"K~! (Fig. 54, curve a).
After heat-denatured P190 was cooled to room temperature, its
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Fig. 5. C, temperature dependence of P190s (4) in 100 mM
NaCl/20 mM sodium acetate, pH 4.0, and P190,, (B) in the same
buffer. (4) Curves: a and b, first and second calorimetric scans; c
(dashed line) theoretical temperature dependence of Cp, of P190
calculated from amino acid content. A4C}, for transition from low to
high temperature states of P190s, determined by extrapolation from
these states, is shown. (B) Curves a and b are the first and second scans.

heat capacity was close to that of the native state. A second
heating is characterized by a very small heat absorption and the
same increase in heat capacity between low and high temperature
states (Fig. 54, curve b). This implies that, after heating to 70°C
and recooling, P190 is in a compact denatured state, with a
significant fraction of the nonpolar residues shielded from solvent
in the protein interior. This compact state with residual second-
ary, but no tertiary structure, has features of a molten globule (43,
44).

P190,, has dramatically altered thermodynamic characteristics
(Fig. 5B). The data were obtained by subtracting the C;, curve for
liposomes from that of P190y, with liposomes. The initial tem-
perature-induced unfolding of P190,, is characterized by a broad
transition centered at 40°C (Fig. 5B, curve a) whose heat absorp-
tion is smaller than that of P190; (Fig. 54, curve a) and may arise
from residual helix—helix interactions. After cooling, a second
calorimetric scan (Fig. 5B, curve b) indicates no significant
thermal transition and shows a featureless monotonic tempera-
ture dependence of the C,, of P190,,,. Applying this temperature
dependence to the initial calorimetric scan of P190y,, it can be
seen that the AC,, between high and low temperature domains is
small. This indicates that the AC,, between predenatured and
post-denatured states is not significant, implying that a developed
proteinaceous hydrophobic core is absent in P190y,.

DISCUSSION

The Membrane-Bound State of P190 as the Precursor State for
Channel Formation. Consideration of the availability of confor-
mations for general polymer chains has shown that three-
dimensional chains tend to develop internal structural organiza-
tion (e.g., helices and sheets) when they approach a surface (45).
The a-helical state is a thermodynamically favorable secondary
structure for an isolated or noninteracting polypeptide backbone
in the hydrophobic core or in the interfacial layer of the mem-
brane (46, 47). A transition from unordered to a-helical structure
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on binding to membranes has been previously detected for small
peptides (e.g., ref. 48) and polypeptides, e.g., a-lactalbumin (49).
However, in these previous studies the magnitude of the increase
in helical structure was either not calculated or determined only
qualitatively. Binding of the P190 polypeptide of colicin El to
membranes provides a unique case of the use of existing helical
segments as nuclei for extension of a-helices in the 2D environ-
ment of the membrane surface. The extension of the average helix
length to 16-17 residues in P190,, implies that some segments
have a length close to the 20 residues that readily span the bilayer
(46).

The membrane-bound state of the colicin E1 channel domain
is a flexible highly helical (80-90%) extended (4,200 A? per
molecule) 2D array of weakly or noninteracting helices anchored
by a hydrophobic hairpin (50, 51) near the C terminus (Fig. 6).
Much of the extended 2D array appears to reside buried within
the membrane interfacial layer (53, 54), as determined by solid-
state SN NMR analysis of the helix orientation (50), resistance
to external protease probes (18), and rapid and efficient quench-
ing (k ~ 20-30 s™!) of Trp fluorescence by lipid brominated in
the acyl chains (S.D.Z. and W.A.C., unpublished results).
Through helix extension and immersion in the interfacial region
of low dielectric constant where significant electric fields can be
maintained, the helical segments upstream of the hydrophobic
anchor (Fig. 6) could respond to imposition of a gating voltage
that would result in formation of transmembrane helices and
channel opening (11). The flexibility and decoupling from other
helices are properties of the closed channel state that would
conceivably facilitate helix insertion.

Application of the Concept of Amphipathicity. Peptides that
bind avidly to charged membrane surfaces commonly have an
amphipathic nature, a variation of charged and hydrophobic
residue that follows the periodicity of the helix turn. The segments
of P190 with an amphipathic nature are residues 341-359 (over-
lapping helix I of P190s) (7), 385-403 (helix III), and 422-440
(helix V) (55). These three segments contain 30% of P190 and 8
of the 24 Lys residues and 2 His residues in the sequence. The
question then arises as to how the charged side chains of the other
16 Lys and 1 Arg residues in the 2D array of P190,, are
thermodynamically compensated. Ten of the remaining Lys
residues are in a position in the extended a-helices of P190,, to
form salt bridges with carboxylates displaced by n = 3—4 residues.
Charge compensation of carboxylates is less of an energetic
problem (56). The energetic cost of burying the remaining 6 Lys
residues in the interfacial layer depends on the actual values of the
dielectric constant of intermediate polarity in the interfacial layer
and on the detailed positions of the basic side chains. It is relevant

FI1G. 6. Schematic of membrane-bound state of C-terminal colicin

E1 channel domain (P190y,) as an extended highly helical 2D array.
Ten helices are shown, mostly buried in membrane interfacial region.
Anchoring hydrophobic helical hairpin is near the C terminus. Except
for region near N terminus (18), surface-bound helices are shown
buried in interfacial layer, in contrast to those depicted in refs. 18 and
52.



Biophysics: Zakharov et al.

that the hydrocarbon side chains of Lys and Arg residues are long
enough to extend through a significant thickness of the interfacial
layer to a more polar environment.

Nonobservable Molten Globule Intermediate. An increase
of ellipticity in the far UV (14) and a loss of ellipticity in the
near UV CD spectrum on membrane binding (14, 15) were
observed previously for the channel domain of colicin A. These
data were interpreted as a conformational change associated
with reorientation of helix pairs that does not involve “drastic
unfolding” (14) and also as formation of a molten globule in
which there is no significant change of a-helical content (15).
The latter has been suggested as an intermediate in translo-
cation of membrane proteins (57). The significant increase in
helical content and the loss of the hydrophobic core do not fit
the criteria for a molten globule state associated with the
formation of P190,,. Thus, there does not appear to be any
observable membrane-bound intermediate that is spectro-
scopically consistent with a molten globule. However, we do
not preclude the possibility of a short-lived transient interme-
diate molten globule state in the pathway from P190; to P190y,,.

Consequences of P190,,-Like Structures for Membrane Infra-
structure: Mechanism of Some Antiapoptotic Proteins. The
surface structure of P190,, (Fig. 6) bears some qualitative resem-
blance to the “carpet-like” structures that result from adsorption
to membranes of high concentrations of charged or amphipathic
peptides like melittin (26 residues) or pardaxin (33 residues). It
has been proposed that a large surface density of these small
peptides, bound to the membrane surface or in the interfacial
layer, might exert a lytic effect (58). On the other hand, a
comparable density of tightly bound anchored multihelical mol-
ecules such as P190,, that occupy a significant fraction of the
surface area in the interfacial layer could stabilize the membrane,
as has been shown by differential scanning calorimetry for the
binding of surface-bound proteins to liposomes (59).

It should be emphasized that a high surface density of P190y,
is not required for toxic action of colicin E1, which is exerted by
a single molecule per cell and per liposome (60). It is suggested,
however, that a high density of extended 2D arrays may be
relevant to the function of certain antiapoptotic proteins. The
atomic structure of the antiapoptotic protein Bcl-Xy, in the Bcl-2
family, resembles the membrane insertion domain of diphtheria
toxin and the colicin A and E1 channel domains (61). Consistent
with this structural resemblance, the intriguing finding was re-
cently made that Bcl-X;, and Bcl-2 proteins have ion channel
activity (61, 62). However, it is presently not clear how this activity
can explain the ability to exert an antiapoptotic function of
preventing the permeability transition in the mitochondrial outer
membrane. We would hypothesize that (7) the structural similarity
between the soluble forms of Bel and P190 implies that the
structure of the surface-bound form of some Bcl proteins is
similar to P190,, (Fig. 6). Such a structure implies a tendency
toward channel formation that may not be an accurate indicator
of the real function of the Bcl proteins. Rather, Bcl proteins may
prevent a membrane permeability transition through the estab-
lishment of 2D arrays as shown in Fig. 6.
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