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Abstract

To explore the structure of the pore-forming fragment of colicin E1 in membranes, a series of 23 consecutive single
cysteine substitution mutants was prepared in the sequence 402–424. Each mutant was reacted with a sulfhydryl-specific
reagent to generate a nitroxide labeled side chain, and the mobility of the side chain and its accessibility to collision with
paramagnetic reagents was determined from the electron paramagnetic resonance spectrum. Individual values of these
quantities were used to identify tertiary contact sites and the nature of the surrounding solvent, while their periodic
dependence on sequence position was used to identify secondary structure. In solution, the data revealed a regular helix
of 11 residues in the region 406–416, consistent with helix IV of the crystal structure. Upon binding to negatively
charged membranes at pH 4.0, helix IV apparently grows to a length of 19 residues, extending from 402–420. One face
of the helix is solvated by the lipid bilayer, and the other by an environment of a polar nature. Surprisingly, a conserved
charged pair, D408–R409, is located on the lipid-exposed face. Evidence is presented to suggest a transmembrane
orientation of this new helix, although other topographies may exist in equilibrium.
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The channel-forming colicins~A, B, E1, Ia, Ib, and N! are bacte-
riocins that kill sensitive bacterial strains by the formation of voltage-
gated ion channels in the cytoplasmic membrane of the target cells.
The functional mechanism of killing involves three distinct steps:
binding of the toxin to a surface receptor, translocation across the
outer membrane, and the insertion of a portion of the toxin in the
cytoplasmic membrane to form the ion channel. These three steps
are reflected in the tripartate structure of the toxin: the N-terminal
domain mediates translocation of the toxin across the outer mem-
brane, the central domain is responsible for receptor binding, and
the C-terminal domain is responsible for ion channel formation.
Whereas all three domains are required for the toxic activity in
vivo, the isolated C-terminal domain retains its channel-forming

properties~Dankert et al., 1982! and can be used for in vitro
studies of pore formation.

The crystal structure of the soluble form of the entire colicin Ia
molecule~Wiener et al., 1997! and of the isolated channel-forming
domains of colicins A~Parker et al., 1992!, E1 ~Elkins et al.,
1997!, and N~Vetter et al., 1998! have been reported. In all three
cases the pore forming domain is composed of 10a-helices ar-
ranged in three layers. Two of the helices of the central layer,
composed almost exclusively of hydrophobic residues, form a hair-
pin buried within the protein interior. The remaining eight amphi-
pathic helices surround this hydrophobic core and protect it from
the contact with solvent~Fig. 1A!.

Low pH triggers the insertion of the C-terminal domain into
phospholipid bilayers, a process accompanied by a conformational
change that can be detected at the level of both secondary and
tertiary structure~Zakharov et al., 1998!. An increasing body of
evidence suggests that the hydrophobic hairpin spans the mem-
brane~Song et al., 1991; Kienker et al., 1997; Kim et al., 1998;
Lambotte et al., 1998!, whereas the remaining amphipathic helices
are thought to be spread out on the membrane surface~Parker
et al., 1992; Zhang & Cramer, 1992; Elkins et al., 1997; Zakharov
et al., 1998!. The structure of the protein undergoes further changes
upon application of a transmembrane potential, and additional re-
gions of the protein are inserted into the lipid bilayer to form an
open, functional channel~Merrill & Cramer, 1990; Slatin et al.,
1994; Qiu et al., 1996!.

Reprint requests to: Wayne L. Hubbell, Jules Stein Eye Institute,
UCLA School of Medicine, Los Angeles, California 90095-7008; e-mail:
hubbellw@wlheye.jsei.ucla.edu.

1Present address: UCLA-DOE Laboratory of Structural Biology and
Molecular Medicine, University of California, Los Angeles, Los Angeles,
California 90095-1570.

Abbreviations: EPR, electron paramagnetic resonance; SDSL, site-
directed spin labeling; NiEDDA, Ni~II !ethylenediaminediacetate; NiAA,
Ni ~II ! acetonylacetone;b-ME, b-mercaptoethanol; MES, 2-~4-morpholino!-
ethane sulfonic acid; MOPS, morpholinopropane sulfonic acid; EDTA,
ethylenediaminotetraacetic acid; DTT, dithiothreitol; SLPC-n, palmitoyl-
stearoyln-~2,2-dimethyloxazolidinyl-1-oxy!-phosphatidylcholine~n 5 7,
10, 12!; POPC, palmitoyl-oleoyl-phosphatidylserine; POPG, palmitoyl-
oleoyl-phosphatidylglycerol; TPX, polymethylpentene; T4L, T4 lysozyme.

Protein Science~1999!, 8:562–572. Cambridge University Press. Printed in the USA.
Copyright © 1999 The Protein Society

562



In spite of the wealth of biochemical and functional data~see
Cramer et al., 1995; Stroud, 1995 for recent reviews!, the struc-
tures of the membrane bound forms of colicins remain largely
unknown. Apart from the hydrophobic hairpin believed to span
the thickness of the membrane, neither the extent nor mem-
brane localization of other secondary structure elements have been
established. The crystal structures of the soluble forms of the
channel-forming domains provide little insight into possible
membrane-bound structures, other than the necessity of a second-
ary structure rearrangement, because the majority of helices ob-
served are too short to span a lipid bilayer.

The goal of the current study is to examine the secondary struc-
ture and membrane topology of the 402–424 region in the C-terminal
domain of colicin E1. This sequence lies adjacent to the segment
that is apparently inserted into the lipid bilayer during voltage-
gating ~Merrill & Cramer, 1990!, and within the larger domain
believed to be translocated across the membrane during channel
formation in the homologous colicin Ia~Slatin et al., 1994; Qiu
et al., 1996!.

The experimental approach is SDSL, which has proven effective
in analyzing structural and dynamic features of both soluble and
membrane-bound proteins of arbitrary size~for recent reviews see
Hubbell & Altenbach, 1994; Feix & Klug, 1998; Hubbell et al.,
1998!. The strategy is based on the introduction of a single cys-
teine residue into a cysteine-less background, followed by modi-
fication of the unique sulfhydryl with a selective nitroxide reagent.
In the present studies the methanethiosulfonate reagent~I ! is em-
ployed to introduce the nitroxide side chain designated R1.

Two features are derived from the EPR spectra of R1 that char-
acterize the protein structure:~1! the mobility of the nitroxide and
~2! the accessibility of the nitroxide to collisions~Heisenberg ex-
change! with paramagnetic reagents in solution.

The term “mobility” is a qualitative descriptor of the motional
state of the nitroxide, and includes both frequency and amplitude

effects as reflected in the breadth of EPR spectral features. At
X-band microwave frequencies, the spectrum of the nitroxide is
highly sensitive to motion characterized by correlation times in the
range 1028–10211 s. The upper limit in this range approximately
corresponds to rotational correlation times of proteins around
20 kD, such as the C-terminal fragment of colicin E1 studied here
~t ' 8 ns!. Hence, the EPR spectra will reflect rotational motion of
the protein as a whole in addition to the motion of the side chain
relative to the protein. To eliminate effects from the rotational
motion of the protein, the viscosity of the solution is increased by
the addition of sucrose or glycerol~Mchaourab et al., 1996!.

In principle, a detailed motional model for the side chain can be
deduced by simulation of the EPR spectrum~Freed, 1989; Timo-
feev & Samarianov, 1993!. However, in the absence of sufficient
experimental constraints, the large number of parameters involved
limit the utility of this approach at the present time. As an alter-
native, the inverse spectral second moment~^H 2&21! and the in-
verse central linewidth~DH0

21! are used as coarse measures of
side-chain mobility~Mchaourab et al., 1996!. In a comprehensive
study in T4L, it was shown that side-chain mobility measured by
these parameters alone is often sufficient to classify a site as be-
longing to one of four topographical categories: solvent-exposed
helix surface sites, loop sites, buried sites, or tertiary contact sites
~Mchaourab et al., 1996!.

The accessibility of an R1 side chain to collisions with a para-
magnetic reagent is directly related to the solvent accessibility of
side chain, and is measured by the experimental “accessibility
parameter,”P, determined from the shift in spin lattice relaxation
time of the nitroxide~Farahbakhsh et al., 1992!. For membrane
proteins, both polar and nonpolar paramagnetic reagents are needed
to explore the side-chain topography. Metal ion complexes such as
NiEDDA, NiAA, and chromium~III ! oxalate are common choices
for a polar reagent insoluble in the membrane interior, while O2 is
the preferred choice as a relatively nonpolar reagent, soluble both
in water and the membrane interior.

Systematic “nitroxide scanning” experiments yield sequence-
correlated side-chain mobility and accessibility data that can be
interpreted in terms of both secondary and tertiary structure. For
example, periodic variation in mobility orP along a sequence can
serve to identify regular secondary structure, and botha-helical
and b structures have been analyzed~Hubbell et al., 1996!. In

B

Fig. 1. A: Crystal structure of the colicin E1 tryptic fragment showing the location of residues 402–424.B: Helical wheel represen-
tation of the 406–416 sequence, corresponding to Helix IV in the crystal structure. The arrows indicate the direction of the moments
~Eisenberg et al., 1984! for P~O2!, DH0

21, andAsc, the solvent accessible surface area~Bowie et al., 1991! calculated from the crystal
structure for an alanine residue substituted at the indicated position.
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addition, the orientation of the structure in the protein can be
determined, because the surface facing the solvent has the highest
mobility and solvent accessibility.

For membrane proteins, analysis of the relative accessibility of
the R1 side chain to polar and nonpolar reagents reveals additional
information on protein topography. For example, a helical segment
adsorbed on the surface of a membrane will show a periodic de-
pendence ofP with sequence position for both polar and nonpolar
reagents due to differential solubilities in the membrane and aque-
ous phases. However, the periodic functions will be 1808 out of
phase. This situation is diagnostic for asymmetric solvation of a
periodic structure~Oh et al., 1996!. In addition, differential acces-
sibilities to polar and nonpolar reagents may be used to determine
the depth of immersion of a labeled site in the membrane~Alten-
bach et al., 1994!. Within the membrane interior,P values for both
polar and nonpolar reagents depend on the depth of the nitroxide
from the membrane0aqueous interface as a result of gradients in
the concentration-diffusion coefficient product along the mem-
brane normal. In studies on bacteriorhodopsin and spin-labeled
phospholipids, it has been found that the quantityF,

F 5 lnS P~O2!

P~polar!D ~1!

is a linear function of depth in the membrane, measured from the
nearest membrane0aqueous interface. Thus,

d 5 aF 1 b ~2!

whered is the depth in angstroms, anda andb are constants to be
determined from an appropriate calibration. This relationship has
been verified for both NiAA and NiEDDA as polar reagents~Al-
tenbach et al., 1994!.

In the present work, the mobility,P~NiEDDA!, andP~O2! have
been determined for an R1 side chain introduced at each site from
402 to 424 in the C-terminal domain of colicin E1, both in solution
and the membrane bound state. Analysis of the periodicity of mo-
bility and P values along the sequence in solution reveals a well-
defined helical structure from 406–416, in close agreement with
the crystal structure. In the membrane-bound state, a continuous
helical structure extends from 402–420, representing an increase
in helical length by eight residues. Moreover, an out-of-phase pe-
riodicity in P~NiEDDA! andP~O2! indicates asymmetric solva-
tion of the helical segment in the membrane. Finally, the dependence
of F on sequence position suggests a transmembrane orientation of
the elongated helical segment.

Results

Protein expression and labeling

All single cysteine mutants in the 402–424 series were expressed
at a level of 25–40 mg of protein0liter of culture, and purified to
95–99% homogeneity as determined by SDS-PAGE. All mutants
were active to at least 54x dilution of a OD2805 0.1 stock solution
as determined by an in vivo activity test~Table 1!.

Trypsin digestion of the colicin E1 mutants resulted in a frag-
ment smaller than previously reported, presumably due to differ-
ences in the digestion conditions. By sequencing 5–6 residues of
its N-terminus, the product was identified as starting at posi-

tion 347, rather than at position 336 as reported earlier~Dankert
et al., 1982!. No contamination of the tryptic fragment was de-
tected by SDS-PAGE after the final cation-exchange purification
step. Reaction of the unique cysteine in each purified fragment
with the methanethiosulfonate~I ! was essentially quantitative. No
reaction was detected with the cysteine-less derivative.

Structure of the 402–424 sequence in solution

The location of the 402–424 sequence in the crystal structure of
colicin E1 is shown in Figure 1A. The EPR spectra of colicin E1
in solution and its C-terminal fragment bearing R1 residues at each
of these sites are shown in Figures 2 and 3, respectively. Sharp
features visible in some spectra of the intact colicin E1~Fig. 2,
arrows! correspond to 1–5% background spin label population
attached to a contaminating protein. Those features are virtually
nonexistent in the spectra of the tryptic fragment, consistent with
its higher degree of purity.

Apart from the sharp component, the spectra of the intact colicin
E1 molecule are generally broader than their fragment counterparts
~Fig. 3!. The difference between the spectra, reflecting increased
mobility of the spin label attached to the tryptic fragment, could be
a result of a change in the domain structure after trypsin digestion,
or simply a consequence of the reduction in protein size and con-
comitant decrease in the rotational correlation time~tR!. In the
intact molecule~MW 5 56 kD!, rotational diffusion is slow, and

Table 1. In vivo activity of colicin E1 single cysteine mutants

Mutant Dilution from OD280 5 0.1a

K402C 1 102 2 2
K403C 1 102 2 2
F404C 1 1 2 2
S405C 1 1 102 2
K406C 1 1 2 2
A407C 1 1 2 2
D408C 1 1 2 2
D408Cb 1 2 2 2
R409C 1 102 2 2
R409Cc 1 102 2 2
D410C 1 1 2 2
A411C 1 1 2 2
I412C 1 1 2 2
F413C 1 1 2 2
N414C 1 1 1 2
A415C 1 1 1 2
L416C 1 1 1 2
A417C 1 1 1 1
S418C 1 1 1 2
V419C 1 1 1 2
K420C 1 1 1 2
Y421C 1 1 1 2
D422C 1 1 1 2
D423C 1 1 1 2
W424C 1 1 1 2

aActivity measured as described in Materials and methods.1, Positive
activity—a clear no-growth zone around the filter;102, intermediate
activity—distinct but opaque zone around the filter;2, no activity.

bD408C, R409S charge compensation mutant.
cR409C, D408S charge compensation mutant.
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does not average the nitroxide magnetic anisotropies. Hence the
EPR spectra reflect motion of the side chain relative to the protein.
However, for the fragment~MW 5 20 kD! in water,tR ' 8 ns and
rotational diffusion has a significant contribution to spectral aver-
aging. Rotational diffusion effects can be reduced by recording the
spectra of spin labeled fragments in 38%~w0w! sucrose, where
tR ' 40 ns, out of the range of maximum sensitivity of lineshape
to motion. Figure 4 compares representative spectra of spin-
labeled intact molecules in water with the corresponding tryptic
fragment in 38% sucrose. As can be seen, the increased viscosity
compensates for the decrease of the size of the protein molecule,
and restores the line shapes to those of the intact molecule. This
result indicates that the structure of the C-terminal fragment in the
sequence 402–424 remains intact after trypsin digestion. More-
over, the similarity of the spectra of the intact molecule in water
and the fragment in high viscosity suggests that direct contacts
between the C-terminal domain and other parts of the protein, if
present, are limited to regions outside of the 402–424 segment.
Otherwise, changes in side-chain mobility should be detected due
to the elimination of contact interactions.

Analysis of R1 side-chain accessibility leads to similar conclu-
sions. As shown in Figure 5B, the pattern ofP~O2! for the intact
molecule~open symbols! and tryptic fragment~solid symbols! is
similar, with significant differences only in the region 421–423,
indicating again that the overall structure of the C-terminal frag-
ment is similar in the two cases. The differences in collision rates,
but not in line shape observed in 421–423 may indicate that an-
other part of the protein, removed by proteolysis, is nearby but not
in contact with these residues in the intact molecule.

Variations of R1 mobility andP values between individual sites
reflect differences in the local environment at the labeled sites.
Figure 5 shows the sequence dependence of R1 mobility~mea-
sured byDH0

21! and P~NiEDDA! in addition to P~O2! in the
region 402–424. As is evident, there are in-phase oscillations in all
three quantities in the range 406–416 that are well described by a
function of period 3.6, suggesting that the region isa-helical. R1
residues at 409, 412, 413, and 416 have low mobility, lowP~O2!,
and lowP~NiEDDA! values indicating that they reside on the face
of the helix buried within the protein interior~Mchaourab et al.,
1996!. R1 residues at 407, 411, 414, and 415 have a high mobility
with spectral line shapes indicative of solvent-exposed helical sites
~Mchaourab et al., 1996!, and P values consistent with solvent-
exposed sites~Hubbell et al., 1996!. R1 at site 407 has a distinctive
two-component lineshape similar to that observed at N-terminal
helical locations, and R1 at other sites in the sequence have inter-
mediate values of mobility and accessibility indicating sites of
tertiary interactions~Mchaourab et al., 1996!.

The periodic pattern is broken outside of the 406–416 stretch,
effectively setting limits on the extent of the regular helix. How-
ever, this could be an overestimation of the actual helix length as
defined by a more strict backbone hydrogen bonding pattern and
C,F angle criteria, and the helix could be shorter by 1 or 2 residues
at each end.

Spin labels attached to sites directly flanking the 406–416 helix,
especially at positions 417, 418, and 420, have high mobility
~Figs. 2, 5B! and relatively high exposure to both NiEDDA and
O2 ~Fig. 5B,C!, indicating that they are localized within a less
ordered, solvent exposed region possibly corresponding to an in-
terhelical loop. R1 side chains within the four-residue stretch 421–

Fig. 2. EPR spectra of intact colicin E1 bearing the nitroxide side chain R1
at the indicated positions. Spectra were recorded at ambient temperature in
HS buffer ~see Materials and methods! at protein concentrations between
100 and 300mM. The sharp features visible in some spectra~arrows! are
the result of a small amounts of contaminating proteins.

Fig. 3. EPR spectra of the tryptic fragment of colicin E1 bearing the ni-
troxide side chain R1 at the indicated positions. Spectra were recorded
under the same conditions as in Figure 2.
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424 also have properties periodic in sequence position that might
suggest the beginning of another helical segment, but the region is
too short to permit a definitive conclusion.

An examination of Figure 1 reveals that the above interpretation
of the spin labeling data from colicin E1 in solution is in excellent
agreement with the crystal structure~Elkins et al., 1997!. In that
structure, ana-helix ~Helix IV ! extends from 406–416, coinciding
with the assignment based on the periodicity inP values and
side-chain mobility for the fragment in solution. The orientation of
the helical segment within the structure is defined by the direction
of the P~O2! ~or P~NiEDDA!! and DH0

21 moments shown in
Figure 1B. These vectors point in the direction of maximum ac-
cessibility and mobility, and identify the solvent exposed surface
of the helix. As seen in Figure 2B, these moments point to the same
face of the helix as the moment of side-chain solvent accessibility
Asc computed from the crystal structure~see Fig. 1 caption!. The
small angular difference of;208 betweenAsc andP~O2! moments
could be due to a difference between the structure in the crystal and
solution, but could also be a result of the conformational flexibility
of the R1 side chain.

Structure in the membrane-bound state at pH 4

Figure 6 shows the EPR spectra of the spin labeled colicin E1
tryptic fragment bound to phospholipid vesicles at pH 4. To ap-
preciate the dramatic structural changes from the solution state,
these spectra should be compared with those for the intact colicin
E1 of Figure 2, which are equivalent to the spectra of the tryptic
fragment in the absence of rotational motion of the protein. This is
a valid comparison, because the membrane bound species has very
slow rotational diffusion. R1 residues at 409, 412, and 416, which
are immobilized due to strong interactions within the core of the

soluble protein, now have spectra reflecting a high mobility, con-
sistent with sites on the exposed surface of ana-helix ~Mchaourab
et al., 1996!. On the other hand, mobile R1 residues at 405, 415,
417, and 423, located at solvent exposed sites in the solution
structure, have drastically reduced mobility. This pattern of mo-
bility changes suggests an effective inversion of the local structure
upon membrane binding.

Figure 7 shows the variation ofP~O2! and P~NiEDDA! with
sequence position in the membrane bound state in the region 402–
424. Although the dynamic range of the values is smaller than
those in the solution structure, there is a discernable periodic vari-
ation in bothP~O2! andP~NiEDDA! that extends from approxi-
mately 402 to 420, suggesting a structure with the period of an
a-helix. If this is indeed the case, the helix length increases by at
least two turns upon membrane binding. Moreover, oscillations in
P~O2! and P~NiEDDA! are approximately 1808 out of phase,
characteristic of an asymmetrically solvated structure localized at
a water-lipid interface~Oh et al., 1996!. This is to be compared
with the solution structure, whereP~O2! andP~NiEDDA! are in
phase with one another~Fig. 5B,C!, as expected for a protein
molecule surrounded by a single, homogeneous solvent.

Fig. 4. Comparison of the EPR spectra of the indicated spin-labeled col-
icin E1 fragments in 38%~w0w! sucrose in HS buffer~lower traces!, and
the corresponding spectra of the intact protein in the same buffer~upper
traces!. Protein concentrations were between 100 and 300mM.

Fig. 5. Mobility and accessibility of the R1 side chain as a function of
sequence position in the region 402–424 for colicin E1 in solution. The
shaded zones mark the locations of Helices IV and Va observed in the
crystal structure.A: Mobility as measured by the inverse central line width
~DH0

21!. B: P~O2! for colicin in HS buffer in equilibrium with air. The
solid symbols~n! are for the trypic fragment and the open symbols~▫! for
the intact molecule. The dashed line is a function of period 3.6 in residue
position.C: P~NiEDDA! for NiEDDA at 10 mM in HS buffer.
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The periodicity throughout the 402–420 sequence in the
membrane-bound state is more clearly illustrated by theF function
~Equation 1!, which enhances the contrast betweenP~O2! and
P~NiEDDA!, and partially corrects for local structural effects,
which modulate theP values~Altenbach et al., 1994!. F is largest
for sites with a higher accessibility to O2 compared with NiEDDA.
A plot of F vs. sequence position is shown in Figure 8A, where the
helix periodicity is easily recognized. The local maxima and min-
ima in F identify the lipid exposed and aqueous exposed surfaces
of the helix, respectively. Indeed, when the sequence is mapped on
a helical wheel representation~Fig. 8B!, the residues apparently
most exposed to lipid~402, 405, 409, 412, 416, and 420! are
closely grouped on one face of the putative helix. The mobility of
R1 side chains at these sites is relatively high~Fig. 6!, consistent
with a location on the exposed surface of a helix~Mchaourab et al.,
1996!. Surprisingly, the predicted lipid-exposed face is quite polar,
with the positively charged residue R409 directly facing the hy-
drophobic interior of the bilayer, and K402 and K420, at the ter-
mini of the helix, at one edge. As discussed below, the residues
D408 and R409 may form an ion pair in the bilayer.

Sites localized on the face of the helix pointing away from the
lipid bilayer have various levels of spin label immobilization and
limited collisions with both oxygen and NiEDDA, indicating that
this surface remains in contact with other parts of the molecule.
However, the presence of relatively mobile R1 side chains on this
face ~403, 404, 407, 408, 411, and 415! suggest a loose protein–
protein packing with cavities that permit motion of the side chains.
These cavities are likely to be solvated by water, judging from the
relatively high accessibility to NiEDDA compared to O2, a situa-
tion giving rise to the out-of-phase periodicity in these quantities.

Two alternative arrangements of the helix might account for the
data. The helix could lie parallel to the membrane surface, with one

face directly exposed to the bilayer interior and the opposing face
in contact with other parts of the protein at the aqueous0bilayer
interface. Alternatively, the helix may span the membrane thick-
ness with one surface directed toward the bilayer interior and the
other involved in limited protein–protein contacts and in at least
partial contact with solvent.

To distinguish between these possible topologies, the immersion
depth of the residues exposed on the hydrophobic face of the helix
was estimated from theF function ~Altenbach et al., 1994!. The
calibration curve~d 5 5.5F 1 8.1! was obtained with the use of
phospholipids spin-labeled at different positions along the hydro-
carbon chain in bilayers containing colicin~see Materials and meth-
ods!. Only residues on the exposed surface of the helix are used for
depth estimation to eliminate steric exclusion effects due to the
difference in size between O2 and NiEDDA ~Altenbach et al.,
1994!. For ana-helix lying on the surface, the lipid exposed res-
idues are predicted to vary in depth from site-to-site, but not in a
regular fashion. For a transmembrane configuration, successive
lipid-exposed residues along the sequence should show a regular
increase in depth from the membrane0aqueous interface to the
center of the bilayer, and then decrease in depth to the opposing
bilayer surface. As shown in Figure 8A, the immersion depth for
the most exposed residues~maxima in theF function, solid circles!
is greatest for R1 at 412, and decreases in a roughly linear fashion
~dashed line!, as predicted by Equation 2, when R1 is moved in

Fig. 6. EPR spectra of spin labeled colicin E1 tryptic fragment bound to
POPC:POPG~2:1 w0w! vesicles~pH 5 4.0! at room temperature.

Fig. 7. Accessibility of the R1 side chain as a function of position in the
sequence 402–424 for membrane-bound colicin E1 tryptic fragment at
pH 4.A: P~O2!—the concentration of O2 was that in equilibrium with air.
B: P~NiEDDA!—the concentration of NiEDDA was 150 mM. Closed
symbols denote charge-compensated mutants D408R10R409S and D408S0
R409R1.
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either direction along the helix. Residue 412 is at a depth consis-
tent with the center of the bilayer. Note that R1 residues at 422 and
424 also fall on the regular depth progression, although these
residues are not formally part of the helical structure. However,
nitroxides at these sites are mobile and face the lipid bilayer, and
the depth measurement is expected to be valid. Among the lipid
exposed residues, R409R1 is shallower than expected. Introduc-
tion of a spin label at this site is accompanied by removal of only
one of the charges involved in the formation of a putative salt
bridge between D408 and R409. As a result, an isolated, poten-
tially charged, glutamate residue is created on the lipid-exposed
face of the helix. Although at pH 4.0 the energetic cost of neutral-
izing this residue by protonation is relatively low, its presence may
effect the position of the helix in the bilayer. To examine this
potential source of labeling artifact, D408S0R409R1, lacking both
charges, was examined. Introduction of the additional mutation
resulted in a decrease of the trypsin resistance of the C-terminal
fragment, but no change of the solution EPR spectral line shape
relative to R409R1 was observed~data not shown!, indicating that
the additional mutation had little or no effect on the protein fold in
solution around the labeled site.

The EPR spectrum of the membrane bound form of D408S0
R409R1 shows a significant decrease in the population of a
more immobilized component relative to that of R409R1 alone
~Fig. 9A!, showing that removal of the glutamate at 408 results in
structural rearrangement of the protein in the vicinity of the labeled
site. As shown in Figure 7~solid symbols!, the nitroxide in the
charge-compensated mutant D408S0R409R1 shows an increase in
accessibility to O2, but no measurable difference in accessibility to
NiEDDA relative to R409R1 alone. The observed change inP~O2!
is in the direction expected for a deeper location in the bilayer for
the nitroxide in the charge-compensated double mutant. It is not
obvious why there is no difference in the accessibility to NiEDDA
between D408S0R409R1 and R409R1, but this could be due to the
inherent problem associated with detecting differences in a very
small values of P~NiEDDA!. Nevertheless, the estimated depth of
immersion is greater for the charge compensated mutant, and the
value for the lipid-exposed surface residue in D408S0R409R1 now

falls more in line with the approximately linear depth-dependent
profile of the other lipid-exposed residues~solid square, Fig. 8A!.

The mutation D408R1 also leaves a net charge~409R! that
would be expected to effect the position of the putative helix in the
membrane. Although it is not among the set selected for depth
estimation, the comparative effect of the charge compensating mu-
tation D408R10R409S was also examined. The EPR spectrum of
D408R10R409S was essentially identical to that of D408R1 alone
in solution ~data not shown! and in the membrane bound state
~Fig. 9B!. However, the accessibility to O2 and NiEDDA increased
and decreased slightly, respectively, relative to D408R1 alone
~Fig. 7!, consistent with a deeper location in the membrane for the
charge-compensated double mutant~Fig. 8, solid symbols!.

pH-Dependent structure in the membrane-bound state

Earlier studies reported effects of pH changes attributable to struc-
tural rearrangements in membrane-bound colicins~Collarini et al.,

A B

Fig. 8. A: F as a function of R1 position in the sequence 402–424 for membrane-bound colicin E1 tryptic fragment at pH 4.F was
computed from the data of Figure 7, and the immersion depth was computed as described in the text. Solid symbols identify local
maxima inF that were used for immersion depth calculations. Horizontal lines marked SLPC-7, SLPC-10, and SLPC-12 indicate the
depths of the nitroxides in these reference spin-labeled phosphatidylcholine lipids~see Materials and methods!. The width of the
vertical bars~3.6 residues! corresponds toa-helix periodicity.B: A helical wheel representation of the 402–420 sequence. Black letters
indicate residues corresponding to maxima inF function. The square symbols refer to data obtained with the corresponding charge-
compensated mutant~see text!.

A B

Fig. 9. A comparison of the EPR spectra of~A! R409R1,~B! D408R1, and
the corresponding charge compensated mutants D408R10R409S, D408S0
R409R1 in the membrane bound state of the colicin E1 tryptic fragment at
pH 5 4.0.

568 L/ . Salwiński and W.L. Hubbell



1987; Xu et al., 1988; Geli et al., 1992!. To examine this possi-
bility, colicin E1 mutants I412R1 and A417R1 were selected for an
initial investigation. Figure 10 shows the EPR spectra of these
mutants bound to vesicles at pH5 4.0 and after a pH shift to pH5
7.1. At pH 4.0, the spectrum of the nitroxide in I412R1 reveals two
components, consistent with a helix surface site with possible ter-
tiary interaction~Mchaourab et al., 1996!. A shift to pH 7.1 results
in a decrease in the population of the more mobile component with
a concomitant increase in the population of the more immobile
component. In A417R1 at pH 4.0, the nitroxide is strongly immo-
bilized due to an interaction with other parts of the protein. A shift
to pH 7.1 results in a dramatic increase in the mobility of the
nitroxide, indicating that a pH induced conformational change oc-
curs that involves a significant rearrangement of the tertiary fold of
the protein. These effects are entirely reversible~data not shown!.
A detailed study of the pH-dependent conformational switch
throughout the 402–424 region will be published elsewhere, but
these two examples serve to indicate the existence of pH depen-
dent conformational equilibria in the membrane-bound colicin E1
C-terminal domain.

Discussion

The SDSL analysis presented above for the C-terminal domain of
colicin E1 in solution reveals a structure in the 402–424 region
compatible with that of the recently reported crystal structure~El-
kins et al., 1997!. In particular, the periodic variation of side chain
mobility and accessibility to both O2 and NiEDDA clearly reveals
the existence of the regulara-helix in the sequence 406–416
~Fig. 1!, corresponding to helix IV in the crystal structure. This
result adds to the growing body of evidence from proteins of
known structure that the R1 side chain produces little structural
perturbation at the level of the backbone fold, and that nitroxide
scanning is a viable method for determination of sequence-correlated
secondary structure in proteins~Altenbach et al., 1990; Mchaourab
et al., 1996; Oh et al., 1996; Klug et al., 1997; Voss et al., 1997;
Koteiche et al., 1998; Perozo et al., 1998!. Moreover, comparison
of data from the intact molecule and the isolated C-terminal do-
main show the structure of the domain to be similar in the region
investigated in both preparations.

Figure 11 compares the EPR spectral line shapes of R1 side
chains on solvent-exposed surface sites of Helix IV in colicin E1
~411, 414; Fig. 1! with those of similar sites in T4L~65, 131;
Mchaourab et al., 1996!. The sites compared are at locations where
the nitroxide is unlikely to experience tertiary interactions with

other parts of the structures. As can be seen, the EPR spectral line
shapes of the R1 side chains in colicin E1 are narrower than those
in T4L, suggesting that the mobility of the R1 side chain is higher
in colicin, even though site 131 in T4L is located in a short two-
turn helix and is among the most mobile of the helix surface sites
in that molecule. The difference in mobility between the helix
surface sites in T4L and colicin E1 is unlikely to be due to differ-
ences in rotational motions of the proteins as a whole, because the
mobility of buried sites in the two proteins is similar, based on the
line shapes and separation of the outer hyperfine extrema. Rather,
the difference is likely to be due to thermal activation of internal
modes in the colicin molecule. This is consistent with the subopti-
mal packing in the colicin E1 tryptic fragment, and the generally
higher thermal factors compared to T4L~Alber et al., 1987; Elkins
et al., 1997!.

Comparison of the data obtained for the soluble and membrane
bound forms of the colicin fragment reveals dramatic differences at
the levels of both secondary and tertiary structure. For example,
Helix IV increases in length from approximately 11 residues in the
solution structure to 19 residues in the membrane-bound state to
provide a helix sufficiently long to span the hydrophobic thickness
of the bilayer. This change is apparently accompanied by concom-
itant disassembly of Helix Va~residues 421–425; Fig. 1! as sug-
gested by the irregular variation inP~O2! andP~NiEDDA! ~see
Figs. 5, 7!. The net result of these transformations is an overall
increase in the helicity of the region, consistent with circular di-
chroism studies that reveal a net increase in helicity of the entire
molecule upon membrane association~Zakharov et al., 1998!. How-
ever, the results presented here show that helices existing in the
solution state may be destroyed upon membrane binding, an event
that could not be appreciated from the circular dichroism studies.

In the membrane bound state, the helical segment from 402–420
is asymmetrically solvated, with one face in contact with the lipid
bilayer, and the remaining surface involved in either protein–
protein contacts or directly solvated with water. As noted above,
this may result from either of two possible topographies of the
helix: one in which the helix lies parallel to the membrane surface,
and the other in which the helix is transmembrane. The data of
Figure 8 favor a transmembrane orientation, but there is a caveat,
namely that the slope of the linear relationship between estimated
depth and residue number is approximately 0.8 Å0residue rather
than the expected 1.5 Å0residue for a transmembrane helical seg-

A B

Fig. 10. EPR spectra of membrane bound colicin E1 tryptic fragments
~A! I412R1 and~B! A417R1 at pH 4.0 and pH 7.1.

A B

Fig. 11. EPR spectra of R1 at helix surface sites.~A! Sites 65 and 131 in
T4 lysozyme~Mchaourab et al., 1996!; ~B! sites 411 and 414 in colicin.
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ment. One possible explanation is that colicin E1 exists in multiple
conformations in equilibrium. For example, an equilibrium be-
tween a state with the helix parallel to the membrane and a state
with the helix in a transmembrane orientation could give rise to a
shallow depth profile of the type observed with the maximum
depth near the center of the bilayer. That such an equilibrium could
exist is suggested by the reversible pH dependent structural reor-
ganization involving the 402–420 helical segment~Fig. 10!. The
influence of such equilibria on the apparent depth will be explored
in future experiments. Another possibility is a tilted transmem-
brane helix, but in this configuration, the 402–420 segment would
not reach across the thickness of the bilayer.

In any model for the structure consistent with the data, it is
surprising that charged residue R409 is localized close to the center
of the lipid exposed face. The adjacent residue, D408, may form an
ion pair with R409. Complete conservation of charge, but not
residue type, is found at these positions in all membrane-associated
colicins. The reason for this strict conservation is not obvious in
the solution structure, because D408 and R409 residues are not
positioned to form a salt bridge with each other or any other
residues in the structure. However, in the low dielectric interior of
the bilayer, ion-pair formation would be strongly favored. Model-
ing of residuesi andi 1 1 on a helix surface suggest that a 2–3 Å
separated ion pair could be formed with conformations of Arg
and Glu side chains that are observed to occur in known protein
structures.

The presence of a lipid-exposed salt bridge on a helix surface is
not without precedent, and has been observed in a transmembrane
helix of the chlorophyll antenna complex between residues ati and
i 1 3 ~McDermott et al., 1995!. Theoretical estimates of the free
energy required for burying an ion pair lie in the range of 10–15
kcal0mol ~Honig et al., 1986!. However, this unfavorable contri-
bution is offset by the favorable energy of insertion of an entire
transmembrane segment, which has been estimated to be as low as
230 kcal0mol ~Jahnig, 1983; Engelman et al., 1986!. Of course
this may be lowered further by interaction of the helix with other
parts of the protein. Under any condition, the increase in free
energy of helix insertion due to a lipid-exposed ion pair would
limit the stability of the transmembrane conformation, a feature
essential for reversible molecular gating under the influence of
transmembrane potential~Slatin et al., 1994!.

Despite the large energetic consequences associated with intro-
duction of charged residues on the lipid-exposed surface of trans-
membrane helices, only small differences in local structure, depth
of immersion, and functional activity~Table 1! were observed
between R409R1 and the charge compensated mutation D408S0
R409R1. As noted above, this may be due to the relatively low free
energy associated with neutralization of D408 by protonation at
pH 4.0~'1–2 kcal0mol for 90% protonation!. Similarly, relatively
small differences in local structure and functional activity were
noted between D408R1 that leaves an isolate Arg residue at 409,
and the charge compensated mutation D408R10R409S. In this
case, neutralization of the Arg by deprotonation at pH 4.0 is high
~'14 kcal0mol for 90% deprotonation!, and large effects on struc-
ture and function would be expected in the D408R1 mutant. A
possible explanation for the absence of such effects is the presence
of a Glu residue at position 410, which may form an alternate ion
pair with R409 in the absence of D408.

The charged residues K402 and K420 are also located at one
edge of the lipid exposed helix face. However, these residues
mark the ends of the helix, and are sufficiently close to the polar0

nonpolar boundary of the bilayer that the length of the lysine side
chain would permit them to reach an environment where favorable
solvation could be achieved.

The insertion of residues 402–420 in the bilayer as a transmem-
brane helix is in accord with the nearly complete protection of the
membrane bound form of colicin from proteases demonstrated for
colicin E1 ~Zhang & Cramer, 1992! and Ia ~Mel et al., 1993!.
However, it should be noted that current models for these colicins
bound to membranes at zero transmembrane potential place helices
other than VIII and IX parallel to the bilayer surface, with a tran-
sition of some or all helices to a transmembrane configuration
upon application of a transnegative potential~Stroud, 1995; Qiu
et al., 1996; Elkins et al., 1997!. The data presented here suggest
that Helix IV may populate a transmembrane configuration even at
zero transmembrane potential, although this state may well be in
equilibrium with one in which the helix lies parallel to the bilayer.

In summary, the SDSL0nitroxide scanning analysis of region
402–424 in colicin E1 in solution yields a structure entirely com-
patible with that determined for the crystal state of the C-terminal
domain. In particular, both mobility and accessibility data reveal
the presence of a regular helical structure from 406–416, corre-
sponding to Helix IV in the crystal. Upon membrane binding,
dramatic rearrangements in structure occur leading to a growth of
Helix IV to include residues from 402–420 and disappearance of
Helix Va. Concomitantly, the structure undergoes an effective in-
version, with sites previously buried in the protein interior now
exposed to the interior of the lipid bilayer on one face of the helix.
The opposing face of the new helix is involved in interactions with
the remainder of the protein, but in a manner that permits signif-
icant motion of side chains and apparently penetration of water at
the contact sites. Depth analysis of the spin labeled side chains on
the lipid-exposed surface of the helix favor a transmembrane ori-
entation of the helix, at least for some fraction of the population.
However, reversible pH dependent changes in the membrane bound
structure raise the possibility that this state may be but one in a
manifold of equilibrium states. Future SDSL studies of pH and
voltage-dependent effects will be undertaken to characterize such
equilibria, and elucidate the reversible channel gating event.

Materials and methods

Preparation of colicin E1 mutants

Constructs expressing mutant colicin E1 were prepared using PCR
methods. An initial construct was prepared by subcloning a frag-
ment of Col E1 Amp plasmid~Sigma, St. Louis, Missouri!, cor-
responding to positions 4760–507~NCBI ID 144307!, into the
multicloning site of the pUC18 plasmid utilizing SacI and HindIII
restriction sites introduced within 59 and 39 PCR primers, respec-
tively. To prepare an initial cysteine-less pseudo-wild-type mutant,
the single native Cys505 was replaced by alanine. Additionally,
silent mutations were introduced to create unique restriction sites
NheI, NsiI and XbaI overlapping Leu374, Ala415, and Leu428
codons, respectively.

Single cysteines were introduced sequentially at positions 402 to
424. Mutations localized close to the one of restriction sites were
introduced using synthetic oligonucleotides overlapping both mu-
tation and restriction sites. Otherwise the “splicing by overlap
extension” procedure was used as described by Horton and Pease
~Horton & Pease, 1991!. Amplified portions of the gene encoding
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the C-terminal domain of the protein were sequenced to confirm
introduction of the cysteine codon and to avoid errors introduced
by Taq polymerase.

Expression and purification of col E1 mutants

The protein was expressed inEscherichia coliJC103 cells. Cul-
tures were grown in LB medium~10 g tryptone, 5 g yeast extract,
5 g NaCl01 L! enriched with 5 mL of 20% glucose and containing
50 mg0L ampicillin. Thirty milliliters of an overnight culture were
used to inoculate 1 L of LB medium at 378C. Colicin production
was induced in the late log phase by addition of 250mg0L mito-
mycin D. Cells were harvested by centrifugation 3–4 h after in-
duction and resuspended in 30 mL of ice cold buffer B~50 mM
sodium borate, 50 mM NaCl, 80mL 0L b-ME, pH 9.5!. The cells
were disrupted in a French press and the insoluble debris removed
by centrifugation~27,000g, 10 min!. The supernatant was diluted
to 80 mL with ice cold buffer B and loaded on a CM Sephadex
C-50 ~Pharmacia, Uppsala, Sweden! column ~2.5 x 16 cm! equil-
ibrated with buffer B. After extensive washing with the same buffer,
the protein was step-eluted with 300 mM NaCl. Fractions contain-
ing colicin E1, identified by UV absorbance~OD280 .. 1.0!, were
pooled, dialyzed overnight against buffer M~50 mM MOPS pH
7.0, 50 mM NaCl, 80mL b-ME!, and stored at2208C.

In vivo activity test

An overnight culture~2.5 mL! of colicin E1–sensitiveE. coli 514
cells was mixed with 40 mL of soft LB agar, and 3 mL of the
mixture were plated on LB plates. Aliquots~5 mL! of 5x serial
dilutions made from a stock containing 13mg0mL of colicin E1
were spotted on 4 mm filter paper disks placed on the surface of
the agar. Activity of the colicin was defined as highest dilution
resulting in a clear zone around a disk after 4 h incubation at 378C.

Preparation of the colicin E1 tryptic fragment

Freshly prepared trypsin solution~1 mg0mL, type XIII, Sigma,
St. Louis, Missouri! was added to a colicin solution~typically
2.5 mL0mL in 10 mM MOPS, 1 M NaCl, pH 7.0! at a final
colicin:trypsin ratio of 50:1~w0w!. The reaction was terminated
after 5–8 h of incubation at room temperature by addition of
0.1 mg of immobilized trypsin inhibitor~Sigma, St. Louis, Mis-
souri!. The reaction mixture was concentrated to less than 0.5 mL
on Microsep-10~Filtron, Northborough, Massachusetts! concen-
trator and than diluted to 20 mL with 50 mM MES, pH 5.5 buffer
containing 80mL 0mL b-ME and loaded on a ResourceS column
~Pharmacia! equilibrated with the same buffer. The major product
of proteolysis was eluted with a 5–200 mM NaCl gradient and
identified by sequencing the first 5–6 N-terminal aminoacids~UCLA
microsequencing facility!.

Spin labeling of colicin E1

The cysteine substitution mutants of the colicin E1 tryptic frag-
ment were modified with~1-oxyl-2,2,5,5 tetramethylpyrroline-3-
methyl! methanethiosulfonate~I ! using a modification of procedure
described by Todd~Todd et al., 1989!. Briefly, the protein was
incubated for at least 3 h with 10 mM DTT. Excess DTT was

removed on a PD-10 size exclusion column~Pharmacia!, equili-
brated with LS buffer~10 mM MOPS, 10 mM NaCl, 1 mM EDTA,
0.2% sodium azide, pH 7.0!, and a 20x molar excess of~I ! added.
After an overnight incubation, the protein was separated from
unreacted~I ! on a PD-10 column equilibrated with HS buffer
~10 mM MOPS, 150 mM NaCl, 1 mM EDTA, 0.2% sodium azide,
pH 7.0!, and the eluant concentrated on a Microsep-10 microcon-
centrator to a final protein concentration of 100–300mM. The
concentration of nitroxide in a sample was determined by double
integration of the EPR spectrum using an aqueous nitroxide solu-
tion of known concentration as a standard. The concentration of
colicin E1 fragment was determined from the UV absorbance at
280 nm ~E280 5 1.43 ~mg0mL!21 cm21!. The extent of spin la-
beling was computed from these values.

Preparation of liposomes

POPC, POPG, and SLPC-n~n 5 7, 10, 12! were obtained from
Avanti Polar Lipids~Alabaster, Alabama! and used without puri-
fication. A mixture of 50 mg of POPC and 25 mg of POPG in
chloroform was purged with nitrogen until dry. If required, SLPC-n
was added at this step at 500:1~mol lipid:mol SLPC-n! ratio.
Residual chloroform was removed by overnight incubation under
vacuum. Dried lipids were hydrated with 350mL of 50 mM formic
acid buffer ~pH 5 3.5! containing 150 mM NaCl. Unilamellar
liposomes were prepared by extrusion through 100 nm polycar-
bonate filters using LiposoFast extruder~Avestin, Ottawa, Canada!.

Preparation of membrane bound colicin E1 tryptic fragment

The membrane bound colicin E1 fragment was prepared by mixing
equal volumes of the above liposome suspension and colicin frag-
ment~100–300mM ! in HS buffer. The final pH was 4.06 0.1 and
lipid:protein ratio was at least 500:1~mol:mol!.

To investigate the effect of pH changes on the membrane bound
tryptic fragment, the sample prepared as above was mixed at 3:1
~vol:vol! ratio with 150 mM, MOPS 150 mM NaCl, pH5 7.6
buffer. The final pH was 7.1.

EPR measurements

Samples of 5mL were loaded in a gas permeable TPX capillaries.
All spectra were recorded at room temperature on Varian E-109
X-band spectrometer fitted with loop gap resonator~Hubbell &
Hyde, 1987! using 2 mW incident microwave power and ca. 1 G
modulation. Power saturation analysis under a nitrogen atmo-
sphere, in the presence of O2 in equilibrium with air and in the
presence of NiEDDA~10 mM for colicin in solution and 150 mM
for colicin bound to vesicles!, was carried out as described previ-
ously ~Altenbach et al., 1989!.

Depth calibration

Depth calibration equation~Equation 2! was obtained using phos-
phatidylcholine having a spin label located at positions 7, 10, 12
along the sn-2 fatty acyl~SLPC-n, n5 7,10, 12!. F values were
measured for samples containing unlabeled colicin E1 and plotted
against known immersion depth of the spin labels~Dalton et al.,
1987!. Parametersa andb of Equation 2 were obtained by linear
regression.
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