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ABSTRACT: The interaction of the 20-kDa pore-forming domain of colicin A with phospholipid vesicles was 
investigated by gel permeation chromatography, analytical centrifugation, and electron microscopy. Under 
the experimental conditions of this study, this peptide was found to interact only with vesicles containing 
negatively charged phospholipids. It forms a well-defined disklike complex with phosphatidylglycerols with 
a preference for those containing 12-14 atoms of carbon in their fatty acid chain. This complex has a diameter 
of 120 A and is about one bilayer thick. I t  contains nine molecules of peptide and is formed both a t  acidic 
p H  (pH 5.0) and a t  neutral p H  (pH 7.2). 

C o l i c i n s  are bactericidal proteins which kill sensitive Es- 
cherichia coli cells. Colicin A belongs to the group of colicins 
which collapse the membrane potential, presumably by forming 
ionic channels [Tokuda & Konisky, 1979; for a review, see 
Lazdunski et al. (1988)l. These colicins, although water- 
soluble, can form voltage-gated ionic channels in artificial 
membranes (Shein et al., 1978; Collarini et al., 1987). They 
provide a very interesting model system for studying protein 
insertion into membranes and for studying channel voltage- 
gating. The C-terminal domain of colicin A, isolated after 
thermolysin digestion, carries the pore-forming activity 
(Martinez et al., 1983). It has been crystallized (Tucker et 
al., 1986) and the structure of the water-soluble form recently 
solved (Parker et al., 1989). A tentative model of the mech- 
anism of membrane insertion of the pore-forming domain of 
colicin A, based on this soluble structure, has been proposed. 
This model implies, first, electrostatic interaction with nega- 
tively charged lipids in the membrane and then insertion of 
the hydrophobic helical hairpin initially buried in the soluble 
structure (Parker et al., 1989). Although previous studies have 
shown that colicin A interacts preferentially with negatively 
charged phospholipids (Pattus et al., 1983), quantitative data 
on the influence of the polar headgroup and acyl chain length 
of the interaction of the C-terminal domain of colicin A with 
phospholipid membranes are still lacking. There is, also, little 
direct information regarding the secondary, tertiary, and 
quaternary structures of the membrane-bound forms of colicin 
A and its C-terminal peptide. 

In the present study, we have investigated, by gel filtration, 
electron microscopy, and analytical centrifugation, the in- 
teraction of the pore-forming domain of colicin A with lipid 
vesicles of defined composition. We have found that this 
domain binds exclusively to negatively charged phospholipid 
vesicles and forms a well-defined complex with various 
phosphatidylglycerols, especially those having only 12-1 4 
carbon atoms in their fatty acid chains. 

MATERIALS AND METHODS 
Dimyristoylphosphatidylglycerol (DMPG) and dilauroyl- 

phosphatidylglycerol (DLPG) were purchased from Avanti 
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Polar Lipids Inc., dipalmitoylphosphatidylglycerol (DPPG), 
dioleoylphosphatidylglycerol (DOPG), and dimyristoyl- 
phosphatidylcholine (DMPC) were obtained from Sigma, and 
[14C]dipalmitoylphosphatidylethanolamine (DPPE) was from 
New England Nuclear. They were used without further pu- 
rification. DLPG and DMPG gave a single spot by thin-layer 
chromatography and underwent a phase transition at  the ex- 
pected transition temperature (T,) as judged by fluorescence 
polarization of diphenylhexatriene embeded in unsonicated 
dispersions of the lipids (Dasseux et al., 1984). 

Cell Growth and Protein Purification. Colicin A was pu- 
rified from Citrobacter freundii strain CA31 and was con- 
verted into its thermolytic fragment as described previously 
(Cavard & Lazdunski, 1979; Tucker et al., 1986). The C- 
terminal peptide was purified by filtration on a Sephadex G50 
column, dialyzed against water, and lyophilized. The lyo- 
philized peptide was dissolved in the desired buffer, and the 
solution was spun in an airfuge to remove suspended particles 
before use. Protein concentrations were measured with the 
interference optics of the Model E ultracentrifuge according 
to Babul and Stellwagen (1969), by using a capillary-type 
synthetic boundary centerpiece. Equation 1 was used for 

J, = (dn/dc)ec/X (1) 

calculation, where J,  is the number of displaced fringes, dn/dc 
the specific refractive increment, e the thickness of the dou- 
ble-sector centerpiece, c the solute concentration, and X the 
wavelength of monochromatic light. The molar extinction 
coefficient (E280 = 2.43 X M-' cm-' ) at 280 nm of the 
thermolytic fragment found by this method is higher than the 
theoretical coefficient based on the content of aromatic amino 

Twenty milligrams of 
phospholipid was labeled with 0.1% (w/w) [I4C]DPPE by 
mixing in methanol/benzene (1 :6 v/v) followed by lyophili- 
zation. Sonication was performed with a sonication probe (B12 
sonifier, Bransonic Co.) in 1 mL of Hepes (50 mM)/NaN, 
( 3  mM) adjusted to pH 7.2 with NaOH (buffer A) or in 1 
mL of Tris (50 mM)/EDTA (7.5 mM)/EGTA (7.5 mM)/ 
NaN, (3 mM) adjusted to pH 5.0 with acetic acid (buffer B). 
The vesicle suspension was then centrifuged in a bench cen- 
trifuge for 5 min. 

Gel Filtration Chromatography. Gel filtration experiments 
were carried out at 37 OC with a Sepharose CL 6B column 
(1.6 X 83 cm) equilibrated in buffer A (pH 7.2) or B (pH 5) .  
In order to prevent aspecific adsorption of protein and lipids 

acids (E280 = 2.03 X M-' cm-' >. 
Preparation of Lipid Vesicles. 
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on the gel matrix, peptide and lipid mixtures were passed twice 
through the column. The recovery yields were then higher than 
7040%. Phospholipids and thermolytic fragment were mixed 
together at the desired mole/mole ratio (RJ in a final volume 
of 300 pL and incubated for 10 min at 37 "C (except for 
DPPG, 42 "C). The sample was then loaded on the column. 
Fractions of 1 mL were collected, and lipid content was es- 
timated by counting radioactivity. Protein concentration was 
determined by the Bio-Rad assay. 

Column calibration with proteins of known Stokes radii was 
done according to le Maire et al. (1987) using the partition 
coefficient, K,, defined as 
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KD = (Ve - vo)/(Vt - VO) 

where Ve is the elution volume of the protein, Vo is the void 
volume, and V, is the total volume of the column. 

Electron Microscopy. Negatively stained specimens were 
prepared by using the Valentine technique (Valentine et al., 
1968). Thin carbon films were prepared by evaporation onto 
freshly cleaved mica. The films were floated off the mica onto 
a small volume of sample for 10 s and then onto a solution 
of stain (1% aqueous uranyl acetate, pH 5.5) for 10 s and then 
picked up on a copper 600-mesh grid and blotted dry. Images 
were made in a Philips EM 400T electron microscope oper- 
ating at 80 kV and 3 6 0 0 0 ~  magnification. Vitrified lipid- 
protein complexes were prepared as described by Adrian et 
al. (1968). A drop of suspension was deposited on a perforated 
carbon film treated by glow discharge in air. While keeping 
a humid environment to prevent water evaporation, the grid 
was mounted on a guillotine-like frame. Excess liquid was 
removed with filter paper and the guillotine released imme- 
diately, plunging the grid into a cryostat of liquid ethane. The 
electron microscope (Philips EM400 operated at 80 kV) was 
fitted with an improved blade-type anticontamination device 
(Homo et al., 1984). Frozen specimens were inserted into the 
cryo-specimen holder (Gatan Model 626) under liquid nitrogen 
and rapidly inserted into the electron microscope. 

Analytical Centrifugation. In all experiments, glass-distilled 
water was used. Standard buffer solutions contained 50 mM 
Tris-acetate/lS mM EDTA at pH (or pH#)' 5.0. The partial 
specific volume of the protein, Vp = 0.718 f 0.0004 cm3/g, 
was measured in an Anton Paar Model DMA 02c precision 
densimeter. The partial specific volume was in good agreement 
with the partial specific volume, Vp = 0.707 cm3/g, calculated 
from the amino acid composition using the amino acid partial 
specific volumes determined by Bull and Breese (1974) but 
was somewhat lower than with the commonly used data from 
Cohn and Edsall (1943), Vp = 0.747 cm3/g. The partial 
specific volume of DMPG measured in the Anton Paar den- 
simeter at 25 "C was & = 0.914 cm3/g. 

The ultracentrifugation studies were performed with a 
Beckman-Spinco AE analytical centrifuge equipped with an 
RITC temperature control unit and an electronic speed control 
system. Prior to the experiments, the samples were dialyzed 
to equilibrium against standard buffer. Sedimentation velocity 
experiments were conducted at 25 OC, at 58083 rpm, in 
aluminum-filled Epon double-sector cells having 12-mm cen- 
terpieces with sapphire windows. The schlieren optical system 
was used. Samples (400-pL solutions of protein, lipid, or 
lipid-protein complex) were placed in one side of the 12-mm 
double-sector cell, and dialysis buffer was in the other sector. 
After a constant rotor speed was reached, pictures of schlieren 
patterns were taken at 4-min intervals (10 pictures), and the 
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' pH#: uncorrected pH meter reading in 2 H 2 0 / H 2 0  mixtures. 

images were traced at 1OX magnification using a Priox pro- 
jector. The apparent sedimentation coefficients determined 
in their respective solutions ( s ~ ~ )  were calculated from 

(2) 

where x is the distance of the sedimentation boundary from 
the axis of rotation and w is the angular velocity in radians 
per second. These ~ 2 5  values were then corrected for the 
viscosity and the density of buffer relative to water to give s25,w. 
The protein concentration used was 5 mg/mL and the lipid 
concentration adjusted to obtain the desired protein/lipid molar 
ratio (RJ .  Meniscus depletion, sedimentation equilibrium 
experiments (Yphantis, 1964) were carried out in a 12-mm 
double-sector cell with an aluminum-filled epon centerpiece 
using interference optics. Samples (100-pL solutions of the 
lipid-protein complex) were equilibrated for at least 48 h 
against buffer a t  25 OC and placed in one sector, and the 
dialysis buffer was in the other sector. Protein concentration 
was 1.5 mg/mL. The equilibrium studies were carried out 
at 14000-250000 rpm for the protein-lipid complex and at 
42000 rpm for the thermolytic fragment alone at 25 OC. 
Images were recorded after 24 and 30 h. The interference 
patterns on the photographic plates were magnified, and the 
vertical fringe deplacement (Y - Yo) was measured with a 
Nikon Model 6C T2 profile projector. The conversion factor 
used for fringes to thermolytic fragment concentration was 
4.0 fringes L-l g-l (Babul & Stellwagen, 1969). 

The apparent molecular weight ( M * )  was calculated ac- 
cording to 

d In x / d t  = s25w2 

d In ( Y -  Yo) M*(l  - @'p)w2 
(3) dr2 RT 

where @'is the partial specific volume, p is the density of the 
solvent, R is the gas constant, and w is the angular rotor 
velocity. In the case of the lipid-protein complexes, where M* 
is the mean molecular weight of the entire complex [M* = 
M(1 + ti,)], M is the protein molecular weight and 61 the 
fraction of bound lipids ( W,/ W,). @', the corresponding partial 
specific volume, was calculated according to Tanford et al. 
(1974): 

(4) 

where Vp and 7, are the partial specific volumes of protein and 
lipid, respectively. 61 was determined as described below. 

Determination of the Molecular Weight of the Protein 
Moiety in Protein-Lipid Complexes. The sedimentation 
equilibrium experiments for complex formation between the 
thermolytic fragment and DMPG were done by the method 
of Reynolds and Tanford (1976). With this method, it is 
possible to determine the molecular weight of the protein 
moiety in a lipid-protein complex by masking the lipid part 
at a solvent density p = 1 / 7, (V, is the partial specific volume 
of the lipid), using different 2H20/H20 mixtures. In eq 5 ,  
derived by Casassa and Eisenberg (1964): 

- - 

@' = (Vp + 6]&)/(1 + 6,) 

M(1 - 4%) = M[(1 - t',P) + 61(1 - &PI1 ( 5 )  

where M is the molecular weight of the protein (excluding 
bound lipid), @'is the apparent partial specific volume of the 
protein bound to lipid, Vp is the true specific volume of the 
protein, and fil is the binding ratio ( Wl/ Wp) .  The second term 
in the right-hand vanishes at this density, and @'equals Vp. 

RESULTS 
Evidence for  the Formation of a Well-Defined Complex 

with DMPG. Incubation of the thermolytic fragment of colicin 
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A with DMPG vesicles at pH 5.0 below the phase transition 
of DMPG (T, = 20 "C) produces a dramatic increase in the 
turbidity and formation of a heavy precipitate. Upon raising 
the temperature above T,, the suspension undergoes complete 
clarification, indicating complete reorganization of the lipid 
structure. Cooling down the mixture below T. again did not 
cause further 'precipitation. The cryoelectron micrographs 
shown in Figure IA,B were taken from samples maintained 
before vitrification below and above the phase transition 
temperature, respectively. The aggregates at low temperature 
consist of stacked membranes with a repeating unit of 92 * 
17 A (Figure IA). Above T,, only dispersed small particles 
(60-A diameter) are seen (Figure 19). Note that no lipid 
bilayer structures are visible. 

In order to characterize the nature of the particle observed 
under the microsmpe, the thermolytic fragment mixed together 
with DMPG vesicles at various lipids/protein molar ratios was 
incubated and eluted on Sepharose CL 6 9  at 37 "C, The 
experiments were performed both in neutral (pH 7.2) and in 
acidic (pH 5 )  conditions. DMPG vesicles elute as a homo- 
geneous peak at a position close to the void volume of the 
column (Figure 2A). The thermolytic fragment elutes as a 
single symmetrical peak at the elution volume of aldolase from 
rabbit muscle, a protein with a radius of gyration (R,) of 4.6 
nm. This abnormal elution volume does not mean that, in 
solution, the peptide is an oligomer but reflects either the 
elongated shape of the peptide or an unusual permeation be- 
havior. Analytical centrifugation analysis clearly shows that 
the thermolytic fragment is monomeric in solution in a wide 
range of pH values and concentrations (see below) as shown 
with colicin A previously (Cavard et al., 1988). 

The elution diagram of various DMPG/protein mixtures 
at pH 7.2 is shown in Figure 2 B E .  At an R, = 33, the protein 
elutes as a single symmetrical lipoprotein peak. This lipid- 
protein complex is characterized by an R, of about 55 A and 
an equivalent molecular weight of 280000, as estimated from 
the column calibration (Table I). At lower R,'s, the elution 
diagram from Figure 2 shows two peaks: one corresponds to 
free peptide while the other elutes at a similar position to the 
complex at Ri = 33. Above the molar ratio of 33, the complex 
is enriched in lipids as seen from its size increase (Table I). 
Vesicles containing proteins appear at ratios as high as 130 

Table 1 Size of the Complex Formed by rhe Colicin A Thermolytic 
Fragment and Phmphatidylglyccral of Various Chain Lengths at pH -. 
,.L 

lipid Cx:u R, R,'(A) no.ofpeaksb 
DLPG 120 5 3 3  51 2 

>33 54 I 

>33 69 3 
DOPG 1 8 1  5 3 3  61 3 ~~ 

OR,, radius of gyration estimated from column calibration. 
'Number of peaks eluted from the Sepharase CL 6B column. 

(Figure 2E). Previous experiments with colicin A and the 
thermolytic fragment with lipid monolayers (Pattus et al., 
1983; Frenette et al., 1989) have shown that the affinity of 
the proteins increases drastically at acidic pH. We therefore 
compared the elution profile of DMPGJpeptide mixtures a t  
pH 7.2 and 5.0. Surprisingly, almost identical results were 
obtained at pH 5.0. The elution profiles obtained a t  pH 5.0 
were surimposable onto those obtained at pH 7.2 shown in 
Figure 2. A single complex elutes a t  R, = 25 with an R, = 
55 A. This complex partially dissociates at lower R, values. 
The only difference found is that at pH 5.0 at R, = 3, the 
thermolytic fragment precipitates heavily. Increasing the 
molar ratio up to R, = 9 redissolves the precipitate, indicating 
some reversibility in the process. 

To learn more about the size and the composition of the 
complex formed by the C-terminal domain of colicin A with 
DMPG and to confirm the gel permeation liquid chroma- 
tography results by an independent method, we investigated 
the sedimentation velocity behavior of colicin A thermolytic 
fragment/DMPG mixtures a t  pH 5.0 and the equilibrium 
sedimentation of the complex a t  R, = 26 at different solvent 
densities in an analytical ultracentrifuge. Typical sedimen- 
tation patterns of the thermolytic fragment at a DMPG/ 
protein ratio ranging from R, = 0 to Ri = 50 (pH 5.0) are 
shown in Figure 3. At Ri = 26, one sharp and symmetrical 
peak was obtained after 16 and 24 min a t  58000 rpm, indi- 
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FIGURE 2: Sepharose CL 6B elution profiles of DMPG unilamellar 
vesicles incubated with colicin A pre-forming fragment. (A) Lipid 
vesicles or peptide alone. (B-E) correspond to Ri = 8, 17, 33, and 
130, respectively. ( 0 )  I4C radioactivity of lipids; (+) protein con- 
centration. Buffer A, pH 7.2. 

cating a substantial homogeneous complex with a sedimen- 
tation coefficient ~ 2 5 , ~  = 8.6 S .  At Ri = 12, two peaks are 
clearly resolved: one corresponding to the front of free peptide 
monomers ( ~ 2 5 , ~  = 2.3 S) and one to the front of the lipid- 
protein complex (s25,w = 10.0 s). There is a complete cor- 
relation between the analytical centrifugation data and those 
obtained from gel filtration experiments. Both methods show 
that for Ri 5 26, there is an equilibrium between monomeric 
peptide and a complex with an s25,w = 8.4 and R, = 55 A. 
Increasing Ri above 26 results in an increase in both the ~ 2 5 , ~  

and R, of the complex (s25,w = 13.8 S and R, = 57 A for Ri 

= 50 a t  pH 5.0; see also Table I). 
Equilibrium sedimentation experiments were conducted for 

Ri = 0 and for Ri = 26, 1, and 1.5 mg/mL protein concen- 
tration, a t  42500 and 14000 rpm, respectively. For both Ri 
values, the plot of the logarithm of the protein concentration 
versus the square of the distance from the center of rotation 
( r2)  was linear, indicating homogeneity of the sedimented 
particle. The apparent molecular weight calculated from eq 
3 was 18 900 f 300 for Ri = 0 and 320 300 f 4500 for the 
whole complex a t  Ri = 26. The value for the free peptide in 
solution (18 900), which is consistent with the molecular weight 
calculated from its amino acid sequence (21 790), shows that 
the thermolytic fragment is monomeric at this concentration. 
As discussed above, the much higher molecular weight found 
by gel filtration is probably due to nonideal behavior in the 
column. 

Determination of the Composition of the Lipid-Protein 
Complex by Sedimentation Equilibrium Studies. The sedi- 
mentation equilibrium measurements, to determine the com- 
position of the complex formed by the C-terminal peptide of 
colicin A and DMPG, were done at 25 "C a t  different solvent 
densities by varying the 2H20/H20 ratio (Reynolds & Tan- 
ford, 1976). At each density, a t  the slowest possible speed, 
the overall In c vs r2 plot, where c is the protein concentration 
a t  the radial position r, showed no significant upward curva- 
ture, and therefore the value for M( 1 - $5) was calculated 
by using the least squares of the entire plot. All measurements 
were done at Ri = 26 where no more free thermolytic fragment 
could be detected by gel filtration chromatography and where 
the complex sediments as one homogeneous entity (see above). 
The apparent molecular weights for the protein part of the 
complex as a function of the density are shown in Figure 4. 
The graph is linear with a correlation coefficient r = 0.995. 
The solid lines indicate the point where p = l / K ,  that is, the 
point where lipids do not contribute to the molecular weight 
of the particle. The corresponding molecular weight for the 
protein part of the complex is 201 000 f 7000. From the 
molecular weight of the colicin A thermolytic fragment being 
21 790, it can be concluded that there are nine molecules in 
the complex ( N  = 9.2 f 0.3). From the slope which is equal 
to d[M( 1 - $'p)]dp = -M( Vp + S,K), the binding ratio 6, or 
the mass of bound lipids M6, and thus the number of lipid 
monomers in the complex can be obtained. This yields a 
number of bound lipids of 203 f 28 in the complex. This 
corresponds to a true lipid/protein molar ratio of 22 f 4, which 
is, within experimental error, similar to the Ri of the sample 
used. This indicates that most of the colicin A thermolytic 
fragment is in its lipid-bound form a t  this lipid/protein ratio. 

To get a better idea of its size and shape, we looked a t  this 
complex under the electron microscope. Because of lack of 
contrast, cryoelectron microscopy of unstained specimens did 
not produce well-defined pictures of the complex (see Figure 
1B). However, by negative staining using the Valentine me- 
thod, the size and the shape of the complex could be clearly 
resolved. The lipid-protein complex as seen by negative 
staining is shown in Figure 4. In accordance with gel filtration 
and analytical centrifugation, the size distribution of the 
particles at Ri = 25 is quite narrow. The complex is a disklike 
particle 60 A thick and 120 8, in diameter, which is also in 
good agreement with the R, of 55 A found by gel filtration. 
No substructures can be resolved on these images apart from 
the darker center of the disk. This darker center may be a 
hole or positive staining of lipid. 

Influence of the Fatty Acid Chain Length and the Nature 
of the Phospholipid Headgroup. Phosphatidylglycerols with 
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FIGURE 4 Plot of M(l - "p) for the complex formed between the 
colicin A C-terminal 20-kDa fragment and dimyristoyl- 
phosphatidylglycerol (R, = 26) versus solvent density ( 0 )  at 25 OC. 
M is the molecular weight of the protein part of the complex. All 
solutions were standard buffer, 1.5 mg/mL protein, and varying 
'H20/H10 prcentages. The lines correspond to thedensity ofsolvent 
matching the density of lipids. 

saturated fatty acyl chains between 12 (DLPG) and 16 
(DPPG) carbon atoms long, together with an 18-carbon singly 
unsaturated version (DOPG), were used to determine the 
influence of chain length on lipid-protein complex formation 
at 37 OC. 

Quite similar gel filtration profiles to those shown with 
DMPG in Figure 2 were obtained with the shorter chain 
DLPG. At pH 7.2 and R, 5 33, a lipid complex with an R, 
of approximately 51 A is in equilibrium with peptide mono- 
mers. The size of this complex increases as R, increases above 
33 (Table I). At acidic pH in DLPG (pH 5.0), the elution 
profiles are similar to those observed at pH 7.2 (R, = 52 A 
for Ri C 33, R, = 60 A for R, = 6 3 ,  except that a single peak, 
with an R, of 52 A, is already observed at Ri = 17, indicating 
a better affinity of the peptide for lipids at acidic pH and for 
DLPG as compared to DMPG. 

The stability of the DLPG complex was tested by incubating 
preformed complex with DLPG vesicles. At pH 7.2, if DLPG 
is added to a DLPG-protein complex at R, = 33 to reach a 
DLPG/protein ratio of 65 and the new mixture incubated for 
IO min, the elution profile shows a single peak eluting at the 
expected position for a complex with a molar ratio of 65. This 
indicates that additional lipids are incorporated in the pre- 
formed complex. This, together with the occurrence of distinct 
protein and lipid-protein peaks at lower R,, suggests a re- 
versible and dynamic character of the association of the 
fragment with lipids. 

At pH 7.2 with the longer chain DPPG, a weaker interaction 
with the peptide was observed. Although a complex is formed, 

m 
t 

6 
! 
1 

F I C U ~ E  5: Image of thc  negatively staincd DMPG-thermolytic 
fragment complex: R, = 25;  buffer A, pH 1.2. The complex appears 
rather homogeneous in size [low magnification (A)]. The particles 
show two different views, one circular and one rodlike [high mag- 
nification (B)]. These two views are wnsisfent with the complex having 
a disklike shape (60 A thick, 120 A in diameter). The bar represents 
200 and 40 nm in (A) and (B),  respectively. 

the peak of free protein never disappears, and above R, = 33, 
a small amount of lipid vesicles free of peptide appears (Figure 
6A-C). This elution pattern is even more pronounced with 
DOPG? a lipid with 18 carbon atoms and I unsaturated bond 
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according to electron microscopy. 
The finding of one type of complex containing the C-ter- 

minal peptide molecules should not be interpreted as indicating 
that the ionic channel is formed by a nonamer of this peptide. 
The size of the complex may reflect the properties of the lipid 
more than those of the protein. Preliminary cross-linking 
experiments did not show any evidence of protein oligomers 
within the complex (data not shown). Colicin A also is mo- 
nomeric when bound to neutral micelles of phosphatidylcholine 
analogues (Cavard et al., 1988). However, a rough calculation, 
using the lipid/protein ratio, the stochiometry of the complex, 
and the structure of the peptide in solution (Parker et al., 
1989), shows that protein/protein contacts may occur within 
the complex. Assuming that the C-terminal colicin A peptide 
covers, within the complex, the same area as the surface of 
the soluble structure proposed to interact with negatively 
charged lipids (assumed to be a disk 35 hi in diameter; Parker 
et al., in press), one can calculate that more than 16 lipids are 
required to form 1 monomolecular layer around 1 monomer. 
According to electron microscopy, the complex is a disklike 
particle 60 ?, thick (the thickness of a lipid bilayer). Assuming 
that lipid molecules are arranged in a bilayer structure, more 
than 32 lipids are required to form a concentric bilayer around 
the peptide. This rough calculation shows that just the amount 
of lipids required to form an annulus around each monomer 
is actually present in the thermolytic fragment-DMPG com- 
plex. Moreover, in the DLPG-protein complex a t  pH 5.0 at 
an Ri of 17, there are clearly not enough lipids to isolate each 
monomer. This implies that protein/protein contacts occur 
within this lipid complex. This is also supported by the con- 
tinuous increase in size of the complex when the lipid/protein 
molar ratio is raised from Ri = 6 to Ri = 33 (Table I). The 
number of peptide molecules remains constant within the 
complex, but its lipid content increases with the lipid/protein 
ratio. This result indicates that the protein moiety may play 
a major role in determining the structure of the complex. 

The similarity of the results obtained a t  neutral and acidic 
pH contrasts, with previous studies showing that both colicin 
A and its C-terminal fragment display much stronger lipid 
affinity in lipid monolayer and vesicles a t  acidic pH (Pattus 
et al., 1983; Frenette et al., submitted for publication). The 
origin of these discrepancies lies in the difference of the ionic 
strength of the buffer used in these studies. At pH 7, 0.1 M 
NaCl is sufficient to inhibit complex formation while a t  pH 
5.0 it has no effect (data not shown). Ionic strength has a dual 
effect on the binding and insertion of the peptide to mem- 
branes: a decrease in the ionic interactions between the protein 
and lipids and a stabilization of the soluble structure of the 
peptide, increasing the energy costs of unfolding which pre- 
cedes membrane insertion. This dual effect of ionic strength 
may amplify the effect of pH on peptide-lipid affinity. 

The influence of the nature of the phospholipid headgroup 
on the protein/lipid interaction demonstrates that, as with 
colicin A, the C-terminal domain needs negatively charged 
headgroups to bind and insert into the membrane. They do 
not contradict the previous study showing that colicin A binds 
to micelles of neutral lecithin analogues (Cavard et al., 1988). 
Negative charges on the membrane surface may be required 
only for binding and insertion into well-packed bilayers and 
not in lipid micelles. These results support the model of in- 
teraction proposed by Parker et al. (1989), based on the crystal 
structure of the peptide. The peptide in solution contains a 
hydrophobic hairpin initially buried inside the protein. It is 
thought that binding to the negatively charged lipid interface 
through the positively charged face of the structure orients 
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FIGURE 6: Sepharose CL 6B elution profiles of DPPG (A-C) or 
DOPG (D-F) unilamellar vesicles incubated with colicin A pore- 
forming fragment at Ri = 17 (A, D), R, = 33 (B, E), and Ri = 65 
(C, F). Same conditions as for Figure 2. 

in each of its fatty acid chains (Figure 6D-F). At all ratios 
tested (from 17 to 100 M/M), the elution profiles show three 
peaks corresponding to (i) free vesicles, (ii) a complex (R, = 
61 hi),  and (iii) free protein. At acidic pH, a t  the “magic” 
Ri = 33, both lipids lead to a single lipid-protein complex. 
However, at a low ratio, protein precipitation occurs as found 
with DMPG a t  R, < 6. At ratios above 33, aggregated lipid 
vesicles are observed. 

The influence of the polar headgroup was investigated by 
incubating the thermolytic fragment at pH 7.2 with DMPC 
and DMPE vesicles a t  various lipid/protein ratios and with 
DMPC/DMPG vesicles a t  different DMPC/DMPG ratios at 
Ri = 33. No interaction was found between the thermolytic 
fragment and the neutral lipids. With DMPC, the column 
elution profiles were in all cases similar to Figure 2A. Incu- 
bation with DMPC/DMPG mixtures showed that, a t  a 
DMPC/DMPG ratio of 1 /3  M / M  and Ri = 33, 50% of the 
protein is in the complex form. At a DMPC/DMPG ratio 
of 1/1 M/M, only free vesicles and free protein peaks are 
observed. This does not exclude peptide binding to the vesicles 
a t  these ratios because we are not performing equilibrium gel 
filtration experiments. Dissociation of weak complexes may 
thus occur during filtration. 
DISCUSSION 

The results presented in this study show quite clearly that 
the pore-forming 20-kDa C-terminal domain of colicin A, 
monomeric and soluble in water, forms a well-defined oli- 
gomeric complex with the negatively charged phospholipid 
DMPG. The presence of a single peak in the gel filtration 
profile and a single sedimenting particle in the analytical 
centrifuge a t  Ri = 26 demonstrates the high affinity of the 
protein for this lipid. There is an excellent correlation between 
gel filtration and analytical centrifugation experiments. The 
complex dissociates at R, below 26 and increases in size at Ri 
values above 33. This complex contains nine peptide mono- 
mers and has a disklike shape (60 ?, thick, 120 ?, in diameter) 

DOPG was chosen instead of its saturated homologue because of its 
lower phase transition temperature. 
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the hydrophobic hairpin perpendicular to the plane of the 
membrane. This hairpin would then provide the driving force 
to insert the protein into the lipid bilayer and to stabilize the 
lipid-protein complex. The remaining amphipatic helices 
would remain at the surface on one side of the bilayer. This 
model may explain why this peptide interacts better with 
short-chain lipids. The hydrophobic hairpin is only 16-17 
residues long and thus shorter than a bilayer formed by 
phospholipid molecules such as DOPG or DPPG. The 
short-chain DLPG and DMPG would accommodate better the 
length of the hairpin. 

Similar discoidal lipid-peptide or detergent-lipid complexes 
have been observed with bile salt-lipid complexes (Small, 1967; 
Mazer et al., 1980) and surface-active peptides such as apo- 
lipoproteins from human serum, mellitin, calcitonin, and 
glucagon and leader peptides from imported mitochondrial 
proteins [see Segrest (1977), Dasseux et al. (1984), Dufourcq 
et al. (1986), and Epand et al. (1983, 1986) and references 
cited therein]. It was proposed that these discoidal micelles 
consist of a lipid bilayer stabilized on its edges by a ring of 
bile salt molecules or amphipathic helices. By analogy, the 
amphipathic helices of the pore-forming domain of colicin A 
may stabilize similarly discoidal lipid-protein complexes. 
However, analysis of the distribution of positively charged 
residues and the presence of the hydrophobic hairpin in the 
thermolytic fragment structure (Parker et al., 1989) suggest 
a different mechanism of initial interaction with the membrane. 
These positively charged residues belong to the extremities of 
different amphipatic helices and form a ring around the 
hairpin. In this initial interaction, the amphipathic helices 
would not lie parallel to the plane of the membrane. In ad- 
dition, as suggested for the first time by Engelman and Steitz 
(1981), the hydrophobic hairpin may provide most of the 
energy for membrane insertion of the colicin fragment. 

The results of the present study do not indicate whether the 
lipid molecules are arranged as a bilayer and whether the 
“bicycle tyre” model from Segrest (1977) applies to the 
thermolytic fragment-lipid complex. We are currently in- 
vestigating these points by applying spectroscopic and bio- 
chemical methods to the study of this complex. 
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