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Protein import in organelles and secretion from bacteria is carried
out by receptor complexes (‘translocons’) that have been described
structurally1–4. However, neither a high-resolution structure nor
evidence of structure changes caused by formation of the complex
between receptor and translocating protein has been provided for
any receptor component in these translocons. The receptor and
helper protein system that translocates cytotoxic colicins across the
cell envelope can provide information about the structural basis of
protein import. Colicins are translocated into the cytoplasmic
membrane or through the membrane to the cytoplasm by a
sequence of transfer steps carried out by a protein import network
that spans the E. coli cell envelope5,6. The initial step is binding to
one or more receptor(s) in the outer membrane. In contrast to the
description of protein translocation in the organelle and bacterial
systems enumerated above, the receptor for colicins in the outer
membrane is generally viewed as involving a single outer membrane
protein5,7,8, although the possible involvement of two receptors has
been noted6,9. The present study reports a new structure of the com-
plex of the integral outer membrane receptor, BtuB, andthe receptor-
binding domain of a colicin; this structure provides insights into the
structural basis of receptor-mediated colicin translocation across
the outer membrane and the issue of the translocon.

Colicins and phages are ‘opportunistic cargo’ for receptors in the
outer membrane whose physiological function is to bind and trans-
port metabolites (such as metals, sugars and vitamins). Colicin E3,
used in the present study, is a ribosomal endoribonuclease10. A promi-
nent feature of the colicin E3 structure is an elongate (100 Å) helical

coiled-coil receptor-binding domain (Fig. 1a). Residues 316–448 of
the coiled coil form an antiparallel ‘Alacoil’11 whose helical arms con-
taining residues 316–378 and 386–448 are connected by a seven-
residue loop10. It was proposed that the function of a similar extended
coiled coil in the structure of colicin Ia is to span the periplasmic space
between the inner and outer membranes12. We propose a different
function for the elongate coiled coil of colicin E3.

The E. coli outer membrane receptor(s) used by the E-group col-
icins, colicin A and phage BF23 is the 594-residue E. coli outer-mem-
brane cobalamin translocator BtuB13,14. Crystal structures of BtuB
have been obtained for (i) apo cobalamin (ii) Ca2+ and (iii) Ca2+-
cobalamin forms of BtuB15. The 22-strand antiparallel β-barrel
motif found for BtuB has been described for the Fe
siderophore–binding FepA16 and FhuA17, which are the receptors for
colicins B and M, respectively, and the ferric citrate–binding FecA18.
All of these outer-membrane receptor proteins contain an N-termi-
nal globular domain of 130–150 residues, 132 residues in BtuB,
which folds into the lumen of the barrel like a channel ‘cork.’ This
cork occludes the lumen of the β-barrel and shares an extensive
binding surface with the inside of the barrel16,17 so that it is difficult
to envision how these receptors translocate substrates without some
displacement of the cork. The problem of bypassing the cork domain
is even more formidable for translocation of a colicin polypeptide.
To obtain insight into the mechanism of translocation of colicin E3
across the outer membrane, BtuB was cocrystallized in detergent in
complex with the isolated coiled-coil receptor-binding domain,
R135, of colicin E3.
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The structure of BtuB with bound colicin E3 R-domain
implies a translocon
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Cellular import of colicin E3 is initiated by the Escherichia coli outer membrane cobalamin transporter, BtuB. The 135-residue 
100-Å coiled-coil receptor-binding domain (R135) of colicin E3 forms a 1:1 complex with BtuB whose structure at a resolution of
2.75 Å is reported. Binding of R135 to the BtuB extracellular surface (∆G° = –12 kcal mol–1) is mediated by 27 residues of R135
near the coiled-coil apex. Formation of the R135–BtuB complex results in unfolding of R135 N- and C-terminal ends, inferred to be
important for unfolding of the colicin T-domain. Small conformational changes occur in the BtuB cork and barrel domains but are
insufficient to form a translocation channel. The absence of a channel and the peripheral binding of R135 imply that BtuB serves to
bind the colicin, and that the coiled-coil delivers the colicin to a neighboring outer membrane protein for translocation, thus
forming a colicin translocon. The translocator was concluded to be OmpF from the occlusion of OmpF channels by colicin E3.
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RESULTS
Structure of BtuB–R135 complex
A 135-residue receptor-binding domain (R135, Thr313–Glu447) of
colicin E3 was cloned and expressed as a His-tagged protein (Fig. 1a).
The dissociation constant for R135 binding to BtuB, determined by
biosensor assay, and qualitatively confirmed by microbiological spot
tests19, is Kd = 0.9 ± 0.2 nM (ka = 4.5 ± 0.1 × 105 s–1 M–1; kd = 4.1 ±
0.5 × 10–4 s–1) at pH 8, 0.1 M ionic strength. This corresponds to a free
energy of binding of R135 of approximately –12 kcal mol–1. R135
competes efficiently for BtuB with colicin E3 in the spot test protection
assay, implying that its binding affinity for BtuB is comparable to that
of colicin E3. The secondary structure of the isolated R135 peptide was
highly (92%) α-helical. Because of the predominantly β-strand
structure of BtuB15, it was possible using far-UV circular dichroism
(CD) to measure the changes in helical content of R135, caused by
binding to BtuB (Fig. 2). Upon complex formation, the helical content
of R135 decreased by 12 ± 5%.

Conformational changes of R135
Crystals of the 1:1 complex of BtuB and R135 diffracted to 2.75 Å
(Table 1 and see Supplementary Fig. 1 online). The structure was

solved by molecular replacement using the apo BtuB structure15. It
shows BtuB in complex with the 116 ordered residues of R135 in a
coiled-coil conformation (Fig. 1b). Nineteen residues of R135, the 
N-terminal ten residues, Thr313–Asn322 and the C-terminal nine
residues, Lys439–Glu447, are disordered and not resolved in the struc-
ture. The disordered regions of R135 induced by binding to BtuB
account for 14% of the structure, which agrees with determination by
difference far-UV CD (Fig. 2). The crystal contacts in the unit cell were
formed mainly by Gln341 and Glu342 from R135. Thus, they do not
affect the extent of the unfolding of R135 upon binding to BtuB. The
consistent values of the extent of unfolding show that the N and C ter-
mini, with exception of C-terminal Glu(His)6, are in a helical confor-
mation in isolated R135. This is consistent with NMR data on the
folded state of the R76 peptide from the homologous R-domain of col-
icin E9 (ref. 20), which inhibits growth of a vitamin B12–dependent 
E. coli strain21. The systematic development of this disorder along the
coiled coil, induced by receptor binding, can be seen in the Cα dis-
placement of the residues of the bound R135 relative to those in colicin
E3 (ref. 10). The Cα displacement increases with increasing distance
from the tip region of R135 involved in binding (Fig. 1c). The dis-
placements of the last observable residues at the N and C termini of

R135 are 3.5 and 6 Å for Tyr323 and Lys438,
respectively. As discussed below, the function
of this unfolding, which is presumably driven
by the –12 kcal mol–1 of binding energy, may
be to trigger unfolding of the colicin that is
necessary for its passage across the outer
membrane. This binding energy is sufficient
to dissociate the T-domain from its interface
with immunity protein (Imm) (Fig. 1a), if it
can be transduced, as the binding energy
between these two domains is no more than
about –2.7 kcal mol–1, which is 15% of the
binding energy for Imm (2.7 kcal mol–1 out of a
total of 19 kcal mol–1; ref. 22).

A shorter R56 peptide of colicin E3 binds
somewhat more weakly to BtuB (Kd = 5.9 ±
1.1 nM; ka = 6.6 ± 0.2 × 105 s–1 M–1; kd = 3.8 ±
0.6 × 10–4 s–1). The helical content of R56,
detected by the decrease of molar ellipticity,
increased from 31% to 67% upon binding to
BtuB (Fig. 2). The entropy cost upon refold-
ing R56 is presumably the cause of its weaker
binding. The refolding upon binding to BtuB
demonstrates a preference of the BtuB bind-
ing niche for the coiled-coil conformation.

A major finding of the present work is that
only the region of the coiled coil near its tip is
involved in binding to BtuB. The buried sur-
face area of R135 bound to BtuB is 1,533 Å2 or
24% of the coiled-coil domain of colicin E3
(R135), and 6.3% of the surface area of BtuB.
The interaction surface between R135 and
BtuB, defined by a 4.5-Å van der Waals dis-
tance of closest approach of residue atoms on
R135 and BtuB, involves 27 residues of R135.
This corresponds to one-fifth of the molecule,
involving most of the resudues between
Ile369 and Thr402. These residues interact
with 29 residues of BtuB. R135 is bound
mostly within the folded loop region of BtuB,

a b

c

Figure 1  Structure of colicin E3 R-domain bound to BtuB. (a) The 551-residue colicin E3 (ribbon diagram)
showing the extended coiled-coil segment that includes the receptor-binding (R) domain (red), N-terminal
translocation (blue), C-terminal catalytic domain (magenta), and the bound immunity (Imm) protein
(yellow)10. The R135 (Thr313–Glu447) and R56 (Lys355–Ala410) peptides are marked on the coiled-coil
domain. (b) Structure of the complex between BtuB (barrel-cork in green-orange) and 116 residues
(Y323–K438) of the 135-residue (Val316–Lys450) coiled-coil domain (red). Two molecules of LPS are seen
and shown; seven bound LDAO molecules are not shown. Ten (Thr313–Asn322) N-terminal and nine
(Lys439–Glu447) C-terminal residues (19/135 of total = 14%) of R135 were disordered upon binding and
are not seen. (c) Conformational changes of bound R135. Displacement of α-carbon positions of R135
bound to BtuB relative to coordinates in the coiled coil of colicin E3 (ref. 10) Displacement is plotted as a
function of distance, in residues, from Met383 at the apex of R135 as the origin. The coordinate
displacement origin is defined by superposition of the BtuB-proximal 27 residues of R135 (Fig. 1b) with
the same residues in colicin E3 (ref. 10). Red, Tyr323–Lys363; blue, Asp403–Lys438.
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with the tip (Met383) of R135 extending to a quartet of residues,
Thr55, Asn57, Leu63 and Ser64, at the top of the cork domain (Fig.
3a). Ten R135–BtuB residue pairs that interact closely (<3.4 Å) are
(R135, BtuB): (Asn376, Tyr446), (His380, Asp448), (Asp381, Arg497),
(Met383, Asn57), (Arg388, Tyr229), (Arg388, Leu240), (Trp390,
Tyr405), (Gln398, Glu330), (Gln398, Tyr402) and (Thr402, Glu330).
Of these residues in R135, the double mutant M383A W390A, causes a
10–50-fold decrease in colicin cytotoxicity, but the single mutants have
no effect10. The mutant R399A of R135, which weakens binding to
BtuB (data not shown), is within 3.7 Å of the acidic Glu330 of BtuB.

The structure of the BtuB–R135 complex also contains (i) the partial
chain, including one sugar ring, of two bound lipopolysaccharide (LPS)
molecules, one on each side of the structure (Fig. 1b) and (ii) seven mol-
ecules of the lauryl-dimethylamine-oxide (LDAO) detergent used for
purification and crystallization (not shown). These molecules are
bound to the exterior of the BtuB barrel, and may be part of a more
complete detergent ring bound at the protein–detergent interface23.

Although there are small conformational changes in the cork
domain or β-strand region of BtuB caused by binding of R135, these
changes cannot account for passage of the colicin polypeptide (Fig.
3a). Parameters that describe conformational change in the cork
region caused by R135 binding are: (i) accessible surface area of the
cork domain upon association with the barrel, which increases slightly
upon binding (2,199 Å2 versus 2,244 Å2 for apo BtuB and R135–BtuB,
respectively); (ii) number of barrel β-strands that interact with the
cork (18 versus 16); (iii) number of hydrogen bonds between cork and
barrel (60 versus 56); and (iv) in the TonB box on the periplasmic side
of the cork domain24, binding of R135 causes an ordering of the 
N-terminal Ser4-Pro5 residues of the box (Fig. 3a). These changes 
do not define a colicin import pathway through BtuB.

Five of the thirteen BtuB residues implicated in the binding of
cobalamin15, Tyr229, Asn276, Thr289, Arg497 and Tyr579 in the loop
region, overlap the binding domain of R135 (Figs. 3c,d). The other
eight residues that bind cobalamin but not R135 are located on the
opposite side of the cobalamin (Fig. 3d). Overall, cobalamin is more
deeply buried in BtuB. Only one of the BtuB residues utilized for Ca2+

binding15, Tyr229, also interacts with R135. Ca2+ was not used during
BtuB purification or in R135 binding solution, and was not detected in
the R135–BtuB crystal structure.

Conformational changes in the extracellular loop region of BtuB
Binding of R135 to apo BtuB restores the order of loops 5–6 and 7–8 
(2 of the 11 extracellular loops) that are disordered and not seen in the
apo BtuB (Fig. 3b) structure. In addition, the position of loop 19–20 is
changed and the location of the partial order in loop 3–4 is altered in
R135–BtuB. There is a different pattern of loop order-disorder in the
cobalamin–BtuB structure, where loops 3–4, 5–6 and 7–8 are
reordered upon binding of the ligand, but loop 9–10 becomes disor-
dered15. In FepA, conformational changes associated with the binding
of colicin B have been detected in extracellular loop 5–6 (ref. 25).

A major problem addressed by the R135–BtuB structure is the path-
way and mechanism of the translocation of colicin E3 across the outer
membrane. A channel through the BtuB receptor would be a simple
use of the receptor for translocation. However, the structure of BtuB,
together with those of FepA, FhuA and FecA16,18,26 implies that the 
N-terminal cork is firmly anchored to the β-barrel and occludes any
large channel. Structurally defined conformational changes of the cork
domain of FhuA accompany binding of ferrichrome ligand, but such
changes are not sufficient to explain its transport17. These conforma-
tional changes are not sufficient to describe translocation of the 
60-kDa colicin polypeptide, even when unfolded. However, formation

in planar bilayers of large channels (∼ 1 nS at 0.1 M ionic strength) by
FhuA caused by addition of bacteriophage T5 suggested displacement
of the cork and unmasking of an inner channel by the bound phage27.
It has not been possible to observe such an effect caused by addition of
colicin E3 to BtuB incorporated into planar bilayers and no significant
channel activity is associated with BtuB (data not shown)28. The
absence of significant BtuB channel activity implies that the peripheral
and oblique binding of R135 to BtuB (Fig. 1b) does not characterize an
intermediate in the insertion of colicin into BtuB. Rather, the function
of peripheral binding of colicin E3 to BtuB is to initially concentrate
the colicin on the membrane surface, changing the colicin diffusion
from three to two dimensions. Through the extended coiled coil, the
colicin E3–BtuB complex may subsequently function to contact a sec-
ond outer-membrane protein that can act as a translocator9. Based on
mutant analysis showing that the nuclease-E colicins and colicin A
require the outer-membrane OmpF porin for cytotoxicity29, the large
ion channel conductance of OmpF30, and its 7 × 11 Å channel cross-
section that is sufficient for insertion of an unfolded polypeptide31,32,
it was hypothesized that the putative second receptor or translocator
would be OmpF33. A role for OmpF in colicin E9 cytotoxicity has been
shown in spot-test assays34, although the activity of BtuB in these
experiments was ∼ 1/1,000 that in the present studies and in Taylor 
et al19.

This hypothesis is supported in the present study by a specific occlu-
sion of OmpF channels in planar bilayers by colicin E3 added to the
trans-side (Fig. 4a,b) but not the cis-side (Fig. 4b) of the membrane
bilayer; a requirement is shown for the presence of a cis-negative
potential of ∼ 50 mV (Fig. 4a,b), but no effect with a cis-positive poten-
tial (Fig. 4a,b). With trans-side colicin added in the presence of a cis-
side negative potential, transient closing (flickering) of the channels
was observed for ∼ 10 s. Presumably, this shows the initial insertion

Figure 2 Secondary structure changes of R-peptides upon binding to BtuB.
Far-UV CD spectra of R135 (blue), R56 (red) and BtuB (black) at 25 °C. 
α-Helical contents of R135 and R56 are 83 ± 5 (93) and 31 ± 4 (42)%,
respectively. The helix content in parentheses is calculated without the 
N-terminal methionine, C-terminal (His)6 and the eight residues of the
apical loop and helical content of BtuB is <4% (ref. 15). Inset, CD spectra
of R135 (blue) and R56 (red) in solution (solid), and bound to BtuB
(dashed), were obtained by subtraction of the BtuB spectrum from that of
the complex of R-peptide–BtuB. Change in number of residues in α-helix
conformation upon binding to BtuB: R135, decrease from 118 ± 6 to 101 ±
3 residues; R56, increase from 20 ± 2 to 46 ± 4 residues.
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into the channels. Channel occlusion was
essentially complete after 10 s (Fig. 4b).
Channels stay blocked under cis-negative
potentials. Closing of only one to two chan-
nels of the tripartite OmpF can be observed
with a lower colicin concentration. Reversing
the potential to cis-positive opened the
occluded OmpF channels (data not shown).
Colicin E1 or the colicin E3 R135 peptide
added to the trans-side at a 100-fold greater
concentration did not cause occlusion of the
OmpF channels, although E1 occludes TolC
channels (data not shown). The colicin occlu-
sion effect is consistent with the cis-trans sides
of the planar membrane being analogous to
the periplasmic and extracellular sides of the
outer membrane in vivo. The requirement of
the cis-negative membrane potential implies
that the in vitro occlusion occurs by elec-
trophoretic insertion of part of the colicin.
Occlusion was not observed when an excess of
a proteolytic (thermolysin) fragment of col-
icin E3, from which the N-terminal 80
residues were removed, was added. This
implies that the OmpF-recognition site is
located in the glycine-rich disordered 
N-terminal segment of the T-domain.

DISCUSSION
The hypothesis for an interaction between
BtuB and OmpF that would be mediated by the
coiled coil bound to BtuB is described using a
model of intact colicin E3 bound to BtuB 
(Fig. 5). The model shows the extrapolation of
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Figure 3  Structure changes induced in BtuB by
binding of R135 or cobalamin. (a) Changes in
BtuB cork domain containing TonB site. The
binding site of the receptor-proximal region of
R135 (red) is superimposed on models of the
cork region of apo BtuB (blue) and BtuB with
bound R135 (orange). The staves of the BtuB 
β-barrel are green. The TonB box of BtuB is
marked at the bottom by the N-terminal Ser4-
Pro5 residues that are ordered upon R135
binding. (b) Changes in structures of barrel and
loop domains of BtuB. Divided superimposed
models of apo BtuB (blue) and R135–BtuB
(orange). The barrel structure, with cork domain
omitted, is divided for the sake of clarity; the left-
hand panel is in the same orientation as Figure 1b,
and the right-hand panel is rotated by 180°. The
number of the β-strand in the barrel is shown. (c)
Comparison of interaction between R135 or
cobalamin and BtuB. Stereo views of the residues
involved in interaction with R135 (red). The five
BtuB residues used in complex formation with both
R135 and cobalamin are yellow, and the BtuB
residues used exclusively to bind R135 are green.
(d) Stereo view of residues involved in interaction
with cobalamin (light purple). The orientation is
same as in c. The five residues that overlap with
R135 binding are yellow and the eight used solely
for cobalamin binding are purple.
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the structure shown in Figure 1b to the complete colicin E3 molecule10.
Using the R135–BtuB structure, we predict that the binding of colicin E3
to BtuB will place the translocation domain close to the membrane sur-
face, in a position where it can interact with another membrane protein,
such as OmpF. Interaction with OmpF is made more likely by its large
abundance, high surface density (∼ 105 OmpF per cell; ref. 35; ∼ 1 OmpF
per 5,000 Å2) and resulting close proximity (∼ 50–100 Å). Such an inter-
action is made more likely by the conformational flexibility of (i) the dis-
ordered N-terminal domain of the colicin36, (ii) the relatively weak
binding of the T-domain to immunity protein discussed above22 and (iii)
the extended coiled coil, which would allow the colicin to ‘scan’ the mem-
brane surface for the receptor binding site. In addition, the extended
coiled coil shown in Figures 1a,b and 5 is very flexible. If it is assumed to
be a cantilever with a Young’s modulus for bending similar to that of
other extended coiled-coil proteins37, little more than thermal energy
(∼ 10–20 pN m) is required for small (∼ 10°) angular deflections that would
allow sampling of the surface of the membrane and of the OmpF popula-
tion. Subsequent steps in the translocation process involve the interac-
tion of the N-terminal segment of the colicin T-domain with the OmpF
population, hypothetical threading of this segment through the OmpF
channel, and interactions with the TolB and Pal components in the
periplasm and peptidoblycan (PG) layer7 (Fig. 5).

Initial threading of the colicin through the 7 × 11 Å aperture of
OmpF31,32 would not require a large energy input other than that needed
for directionality because the T-domain is largely unfolded. No electron
density is seen for the disordered35 glycine-rich N-terminal 83 residues

that contain the Asp35–Trp39 recognition site
for the periplasmic TolB protein required for
translocation7. Imm is sandwiched between 
the T- and C-domains, with 38% of its buried
surface in contact with the T-domain10. The
subsequent translocation events that release the
tightly bound immunity protein before entry
into the periplasm8 and thereby trigger the
unfolding necessary for entry of the C-terminal
catalytic domain are unknown at present. They
must be related to the driving force for translo-
cation across the outer membrane and interac-
tion with the periplasmic Tol proteins7.

On the basis of the requirement of a mem-
brane potential across the planar membrane
bilayer for occlusion of the OmpF channels by
colicin E3 (Fig. 4a,b), we propose that this
potential constitutes part of the driving force.
The existence of an electrical potential across
the outer membrane in vivo has been debated
in the literature38,39. It has been argued that the
only potential that can exist across the outer
membrane is a Donnan potential, which does
not affect solute flow39. However, we note that
the asymmetric outer membrane implies an
asymmetry in the dipole potential that by itself

would create a transmembrane potential40.

METHODS
Purification and activity assay of colicin E3. The purification of colicin E3 was
modified from an existing protocol41. The colicin was expressed in E. coli C43
(pcolE3) (C43 provided by J. Walker, Cambridge, UK) induced with mitomycin
C. Crude colicin prepared by extraction from cells in high ionic strength and
subsequent (NH4)2SO4 precipitation was further purified on a DEAE-Sephadex
A50 column. Colicin concentrations were determined using its extinction coeffi-
cient, ε (280 nm) = 79 cm–1 mM–1. Colicin cytotoxicity was assayed by spot tests
of the colicin added in a 15 µl aliquot on a lawn of sensitive E. coli cells K17
spread on Petri plates containing ampicillin (100 µg ml–1).

Figure 4  Occlusion by colicin E3 of OmpF incorporated into planar bilayers. (a) Transmembrane
current across the planar bilayer with incorporated OmpF trimers in the absence (blue) or presence in
the trans-compartment of colicin E3 (red) at a transmembrane potential of 50 mV. (b) OmpF channel
conductance histogram for current in the absence or presence of colicin E3, recorded 10–30 s after the
potential was applied. Trimer conductance: (i) ∼ 900 pS with cis-negative potential in the absence of
colicin, or colicin added to cis-side (blue histogram); (ii) 770 pS with cis-positive potential, in the
absence of colicin, or in the presence of colicin added trans- or cis-side (green); (iii) occluded by
colicin added to trans-side only with cis-negative potential in the presence of colicin (red). For
conductance measurements, transmembrane current data measured 10–30 s after voltage application
were used. Single-channel conductances of OmpF without colicin are 310 and 260 pS at –50 mV and
+50 mV, respectively.

a b

OM

PG

Figure 5 A model for a two-receptor translocon used for import of intact
colicin E3. The colicin bound to BtuB shows the positions of the colicin
translocation (blue), catalytic (magenta) and immunity (yellow) domains
extrapolated from the structure of R135–BtuB (Fig. 1b), relative to a
neighboring OmpF trimer in the outer membrane bilayer (OM). A collision
with OmpF, hypothetical threading though OmpF of the colicin T-domain and
subsequent interactions with the TolB and Pal components in the periplasm
and peptidoglycan (PG) layer7 are shown.
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Purification of the colicin E3 coiled-coil domain (R135). The R135 coiled-coil
domain and R56 were obtained using E. coli strain BL21 (DE3) for overexpression
from plasmid pBluescriptKS (E3), cloned after Nde1 and Xho1 digestion into the
vector pET21b, which has a strong T7 polymerase promoter and a C-terminal
His6-tag. For R135, this resulted in a 142-residue peptide, which includes 135 col-
icin E3 residues (Thr313–Glu447), an N-terminal methionine, and a C-terminal
additional Glu-(His)6 sequence. R135 with the (His)6-tag was used in all experi-
ments including for crystallization of R135–BtuB complex. The broken cell super-
natant was purified by Ni-column chromatography (Novagen). R-peptide
concentrations were determined using extinction coefficients from ε (280 nm) =
8.25 cm–1 mM–1 for R135, and 5.69 for R56 (residues 355–410).

Purification of BtuB. BtuB was expressed in strain TNEO12 (pJC3) and purified
by a protocol similar to that described19. BtuB was extracted from outer mem-
branes by 1.5% (w/v) β-D-octyl-glucoside, 50 mM Tris-HCl, 5 mM EDTA,
PMSF/TPCK, pH 8.0, and purified by ion exchange chromatography in 0.1%
(w/v) LDAO, using a 0–0.8 M LiCl gradient in a DEAE FPLC column. BtuB-
enriched fractions were concentrated and further purified on Superdex 200HR in
10 mM Tris-HCl, 0.1 M NaCl, 0.1% (w/v) LDAO, pH 8.0. BtuB concentrations
were determined from ε (280 nm) = 137 cm–1 mM–1.

Activity of BtuB and R135 peptide. The activity of BtuB was assayed by its ability
to neutralize the cytotoxicity of colicin E3 assayed by the microbiological spot
test19. BtuB in detergent solution was mixed with the colicin at different molar
ratios before addition of a small aliquot to the Petri plate. The activity of the R135
peptide was assayed by its ability to prevent colicin neutralization by BtuB by effec-
tively competing for the colicin binding site on BtuB.

R-peptide–BtuB binding constants. Dissociation constants, Kd, of R-peptides
with BtuB were determined by surface plasmon resonance from the association
and dissociation rate constants of BtuB in detergent with surface-bound R-peptide
using a Biacore 3000. R-peptide was bound to a CM5 (carboxymethylated dex-
tran) chip using a sensor sandwich of His-tagged R-peptide bound to anti-His-tag
monoclonal antibody (Novagen) that was immobilized in 10 mM sodium acetate,
pH 4.0, on the chip, with a sandwich lacking antibody as the reference. R-peptide
(0.5 µM) was injected at a flow rate of 5 µl min–1 (20 min) and washed for ≥5 min
to reach a binding equilibrium, relative to which BtuB binding to R-peptide was
measured. BtuB (0.13 µM) was added (20 min) at a flow rate of 5 µl min–1 in 
10 mM Tris, 0.1 M NaCl, 0.1% (w/v) LDAO, pH 8.0. Dissociation was subse-
quently measured during flow of the same buffer without BtuB. No association or
dissociation was observed when purified FepA receptor (from P. Klebba,

University of Oklahoma, Norman, Oklahoma, USA) was added instead of BtuB.
Qualitative determination of Kd values for the colicin and R-peptides was carried
out by BtuB neutralization of colicin E3 cytotoxicity, and R-peptide neutralization
of BtuB, as described above.

Circular dichroism spectroscopy. Far-UV CD measurements were carried out
with a J-810 spectropolarimeter (JASCO) equipped with Peltier temperature con-
trol. Spectra were measured at 25 °C, using an optical path length, 0.1 mm, which
minimizes spectral interference from buffer components. The data were plotted
after application of the fast Fourier transform noise reduction algorithm. Molar
ellipticity values at 222 nm were used to calculate helix content based on the theo-
retical value (–39,500 deg cm2 dmol–1; ref. 42) for a helix of infinite length. The
secondary structure content of R-peptides in the presence of BtuB was derived
from the difference spectrum of R-peptide bound to BtuB from which that of
BtuB alone was subtracted. Buffer: 10 mM Tris-HCl, pH 8.0, 0.1 M NaCl, 0.1%
(w/v) LDAO; temperature, 25 °C.

Planar bilayer measurements. Planar bilayer lipid membranes were formed
using a 0.2-mm aperture in a teflon partition separating two compartments
of the experimental cell from a 20 mg ml–1 solution of DOPC and DOPE (1:1)
in n-decane. Only membranes with resistance higher than 100 GΩ were used.
The aqueous solutions were buffered by 5 mM potassium phosphate, pH 7.0,
0.1 M KCl, 23 °C. OmpF (1–5 µl) was added from a 1.5 ng ml–1 stock solution
containing 2% (w/v) octyl-glucoside. Colicin was added to the cis- or trans-
side of the membrane. Membrane current was measured with a pair of Ag and
AgCl electrodes connected to a Warner Instruments BC-525C amplifier. The
potential was applied to the electrode on the cis-side of the membrane.
Buffer: 5 mM potassium phosphate, pH 7.0, 0.1 M KCl. OmpF (0.3 pM) was
added to the cis-side of the planar bilayer and magnetically stirred until chan-
nels were detected. To prevent incorporation of new OmpF channels, the cis-
chamber was perfused before addition of colicin E3, 1.6 nM, into the trans- or
cis-chamber.

Crystallization of the R135–BtuB complex. Crystallization was achieved in hang-
ing drops at 20 °C using R135 and BtuB at a ratio (mol/mol) of 1.25:1 in 10 mM
MES, pH 6.5, 0.1 M NaCl, 0.1% (w/v) LDAO, mixed 1:1 with a reservoir solution
consisting of 0.1 M ADA buffer, pH 6.0, and 0.9 M (NH4)2SO4. Crystals of the
BtuB-R135 complex were visible after 2 weeks and reached a maximum size in ∼ 2
months.

Structure determination and refinement. X-ray diffraction data summarized in
Table 1 were collected at a wavelength of 0.92 Å at beamline 19BM on the SBC-
beam line (Advanced Photon Source, Argonne, Illinois, USA). Diffraction data to
2.75-Å resolution were collected at 100 K on a CCD-based SBC detector system,
and were processed with the program HKL2000 (ref. 43). Crystals belong to
orthorhombic space group P212121, with unit-cell parameters a = 76.93, b = 80.10
and c = 233.60 Å. The calculated solvent content is 71.4% (VM = 4.3 Å3 Da–1). The
structure was determined by molecular replacement using AMoRe44. Apo BtuB
coordinates (PDB entry 1NQE) were used as the search model. One BtuB–R135
complex in the asymmetric unit was refined with the program REFMAC5 in
CCP4. Figures 1a–c, 3 and 5 that describe the structure information were drawn
with BobScript45 and Raster3D46.

Coordinates. The atomic coordinates and structure factors have been deposited
with the Protein Data Bank (accession code 1UJW).

Note: Supplementary information is available on the Nature Structural Biology website.
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Table 1  Data collection and refinement statistics

Data collection

Resolution range (Å) 35.5–2.75 (2.85–2.75)

Rmerge
a,b 0.084 (0.295)

Completenessa 96.7 (91.1)

<I / σI>a 15.04 (2.90)

Number of reflections

Total 139,699

Unique 37,175

Redundancy 3.8

Refinement

Rcryst
c 0.244

Rfree
c 0.293

R.m.s. deviations

Bonds (Å) 0.016

Angles (°) 1.868

R.m.s. B-values (Å2) (Bonds/angles)

Main chain 0.50/0.97

Side chain 1.75/2.78

Mean B-values (Å2) 33.3

aValues in parentheses apply to the highest-resolution shell. bRmerge = Σh Σi Ii(h) – <I(h)> /
Σh Σi Ii(h) where Ii is the ith measurement of reflection h and <I(h)> is a weighted mean of all
measurements of h. cR = Σh  Fobs (h) – Fcalc (h)  / Σh  Fobs . Rcryst and Rfree were calculated
from the working and test reflection sets, respectively. The test set comprised 5% of the total
reflections not used in refinement.
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