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Colicins are plasmid-encoded bacterial toxins that are released
into the environment under stress situations. Several members
of the family are membrane-active and carry a pore-forming
domain at their C terminus.[1–3] The C-terminal domains of coli-
cins have been shown to insert into bilayers and to form volt-
age-gated channels in black lipid membranes, a process that
involves significant structural transitions of the protein.[4,5] To
better understand membrane insertion and permeation, sever-
al colicins and their channel-forming domains have been stud-
ied by X-ray crystallography, and the structures of the soluble
states have been determined (e.g. , refs. [3, 6]). The three-di-
mensional folds of the channel domains closely resemble each
other, and in addition they share structural similarities with the
Bcl-2 family of proteins that are involved in apoptosis, and
other bacterial toxins such as proteins that are secreted by
diphtheria, tetanus, and botulinum, as well as the Bacillus thur-
ingiensis d toxin. The colicins therefore provide interesting
model systems to study the structures as well as the biophysi-
cal interactions that govern protein insertion and pore forma-
tion.

In aqueous solution or in the crystals, the pore-forming coli-
cin domains adopt globular folds that are characterized by ten
a-helices that are arranged in a three-layered structure.[3,6] The
hydrophobic core consists of a hairpin of helices 8 and 9,
which is surrounded by amphipathic and hydrophilic regions.
To match the interfacial properties of the lipid bilayers, mem-
brane insertion is associated with pronounced changes in the
tertiary arrangement of the colicin channel domains, and two
models have been suggested to describe the membrane-asso-
ciated structures of the closed colicin channels. The first is the
umbrella model in which the two hydrophobic helices are ar-
ranged in a transmembrane orientation, and the amphipathic
helices intercalate into the interface;[7] this model was later re-

fined to be a dynamic array of loosely connected helices, in
which the large protein surface allows close interactions with
the lipid environment.[8] The second model is the pen-knife
model in which the helices all orient approximately parallel to
the surface and form tightly packed structures.[9] Whereas ex-
perimental evidence has been collected in support of the um-
brella model for colicin E1[3] or colicin Ia,[10] data in support of
the pen-knife model exist for the colicin A channel,[2] which
shares close sequence homology to the colicin B C-terminal
domain (Figure 1). Both membrane structural arrangements of
the protein helices agree with a model in which the lipids are
part of the channel lining,[8] which is analogous to the proposi-
tions that have been made for antibiotic peptides.[11] Interest-
ingly, during voltage gating the colicin A or colicin Ia channel
domains are capable of translocating large hydrophilic protein
domains across the membrane.[12] To understand the mecha-
nisms of pore formation and immunity, a description of the
topological arrangements and their dynamic properties in
membranes is necessary. For example, the question remains

An approach is presented to selectively label the methionines of
the colicin E1 and B channel domains, each about 200 residues
in size, and use them for oriented solid-state NMR investigations.
By combining site-directed mutagenesis, bacterial overexpression
in a methionine auxotroph E. coli strain and biochemical purifi-
cation, quantitative amounts of the proteins for NMR structural
investigations were obtained. The proteins were selectively la-
beled with 15N at only one, or at a few, selected sites. Multidimen-
sional heteronuclear correlation high-resolution NMR spectrosco-
py and mass spectrometry were used to monitor the quality of
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mations.
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whether, despite their functional relationship and the similarity
of their structures in solution, the various colicins indeed
adopt different topologies in membrane environments, such as
those that are described by the umbrella and pen-knife
models.

Solid-state NMR spectroscopy has proven to be a valuable
method for the investigation of membrane-associated poly-
peptides (for reviews see refs. [13–15]). By using this technique,
the first structures of bilayer-inserted peptides[16] or of mem-
brane receptor-associated peptides have been determined.[17]

Furthermore the tilt angles of the helices with respect to the
bilayer normal are accessible by using this method.[18–23] In con-
trast to diffraction or solution NMR methods, the structural
analysis of biological macromolecules by solid-state NMR spec-
troscopy does not require the formation of crystals or the fast
reorientation of molecules, and therefore allows for the investi-
gation of polypeptides in their natural bilayer environment.
Solid-state NMR spectroscopy is also sensitive to the aggrega-
tion, dynamics and orientational mosaic spread of the mem-
brane-associated molecules.[15,24,25] However, the strong de-
pendence of the spectral line shapes on dynamical interchange
can be detrimental to high-resolution structural investigations
when conformational equilibria occur on intermediate or slow
timescales because the spectral lines are too broad. In the
past, solid-state NMR spectroscopy has often only realized its
full potential when isotopic labels were introduced at specific
sites. The preparation of samples for this type of investigation
has taken advantage of the versatility of solid-phase peptide
synthesis and the availability of a large number of amino acid
building blocks that are labeled with stable isotopes.

By using single-site-labeled peptides it has thus been possi-
ble to analyze their secondary structure when associated with
uniaxially oriented membranes,[16,26] and to investigate the
alignment of a-helical domains with respect to the membrane
surface.[10,21,27] The 15N chemical shift information from 15N-la-
beled amide bonds has proven particularly useful because it
provides a direct indicator of the approximate helix-tilt angles
of peptides that are reconstituted into oriented membranes.[14]

Whereas transmembrane helices resonate at about 200 ppm,
those that are aligned parallel to the membrane surface are
found at <100 ppm. Therefore, the method seems particularly
well suited to investigate the helix topologies of membrane-
bound colicins, and to distinguish between the umbrella and
the pen-knife model.

To prepare proteins in the quantities that are necessary for
structural studies, strategies of bacterial overexpression and
biochemical purification have been developed. Early on, these
were used to prepare and uniformly 15N label colicin channel
domains or proteins of the Bcl-2 family, which were thereafter
reconstituted into oriented phospholipid bilayers and investi-
gated by solid-state NMR spectroscopy. By using this approach
the helices of membrane-associated Bcl-xL and t-Bid, two pro-
teins of the Bcl-2 family, were found to be oriented approxi-
mately parallel to the membrane surface.[28, 29] In contrast, the
15N solid-state NMR spectra of oriented colicin channel do-
mains are characteristic for the presence of a wide range of dif-
ferent alignments.[30,31] Although these latter spectra have pro-
vided a first global view on the orientational distribution of
the peptide bonds and concomitantly of the helices of mem-
brane-associated colicins, specific assignments are needed to
provide a clearer interpretation of the spectral intensities. Strat-
egies are therefore required that allow one to label only one
or a few residues of membrane-inserted proteins at a time,
and thereby to investigate selectively their local structure and
dynamics by NMR spectroscopy.

In order to monitor the alignments and topological changes
of helical domains in membrane proteins of the size of colicin
channel domains or Bcl-2 proteins, we optimized biochemical
labeling schemes and produced protein samples in quantita-
tive amounts. The colicin E1 and B channel domains carry only
a reduced number of methionines that can be moved by site-
directed mutagenesis without changing the functionality of
the protein (Figure 1). It was essential to optimize the fermen-
tation conditions so that we could label the remaining methio-
nine/s in the sequence without extensive dilution or scram-
bling. Finally, proton-decoupled solid-state 15N NMR spectros-

Figure 1. The alignment of the C-terminal sequences of colicin A, B and E1. The numbers represent the amino acid positions in the full-length protein se-
quence. a-Helical structures of colicin A[68] and colicin E1[69] are indicated by the bars above or below the protein sequences, respectively. The 310-helical struc-
tures in colicin A are indicated by a double bar (= ) and the extended hydrophobic regions around helices 8 and 9 are shown in bold. Whereas the colicin E1
sites that were modified by site-directed mutagenesis and labeled with 15N methionine are indicated by a gray background, methionine residues in the wild-
type sequences of colicin E1 and B are shown in white on black. For the constructs shown in this paper, M370 of colicin E1 has been replaced by leucine. The
wild-type (5 Met) and the M354L mutant (4 Met) of colicin B have been investigated.
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copy of the membrane-associated colicin E1 thermolytic frag-
ment directly reveals the coexistence of several conformers
and/or alignments; this is suggestive of conformational flexibil-
ity of the membrane-inserted protein.

Results

By using site-directed mutagenesis in combination with an op-
timized fermentation protocol, it was possible to obtain coli-
cin E1 and colicin B thermolytic fragments that were labeled at
a single or a few selected sites. The fermentation medium con-
sisted of a minimal medium that was complemented by the 20
common l-amino acids: 19 of them nonlabeled, and the 15N-la-
beled analogue of methionine. To reduce the dilution of the
label, it was essential to inoculate the fermentor with a bac-
ACHTUNGTRENNUNGterial culture that had been already grown in this medium.
ACHTUNGTRENNUNGFurthermore the scrambling of methionine by transaminase
ACHTUNGTRENNUNGreactions could be avoided by using a methionine auxotroph
E. coli strain for the expression of the proteins.

Selective labeling was verified by recording the 2D HSQC
spectra of the purified products. Indeed, when the above-de-
scribed considerations were observed, the spectra were charac-
terized by a number of peaks that correspond exactly to the
number of methionines in the sequence (Figure 2). One peak is
observed for each of the colicin E1 mutants L452M, part of
helix 6 (Figure 2A), L467M (helix 7, Figure 2B), or L483M (helix
8, Figure 2C), V500M (helix 9, Figure 2D) or 516M (helix 10, Fig-
ure 2E). Furthermore Figure 2G and H are characterized by
four and five intensities as expected for the colicin B wild-type
protein and its M454L mutant, respectively. The high degree of
methionine labeling and the limited amount of scrambling is
further supported by HPLC-ESI-MS when at the same time Cys,
Ser, Asp and Asn exhibit molecular weights predominantly at
m/z ratios of the naturally abundant compound (not shown).

After the labeling protocol had been established, Val500 was
converted into a methionine. In the crystal structure of coli-
cin E1, which is thought to represent the globular conforma-
tion in aqueous environments, this site is located within helix
9, that is, within the predominantly hydrophobic helix–loop–
helix region (Figure 1). The alignment of this loop constitutes
the main difference between the umbrella model, in which
helices 8 and 9 are transmembrane, and the pen-knife model,
in which all helical domains are aligned approximately parallel
to the membrane surface. After site-directed mutagenesis,
single-methionine labeling with 15N during bacterial overex-
pression, preparation of the thermolytic fragment, and recon-
stitution into oriented phospholipid bilayers at a protein-to-
lipid ratio of 0.4 mol% (19.4 mg of protein), the sample was in-
serted into the magnetic field of a 9.4 Tesla solid-state NMR
spectrometer with the membrane normal parallel to the mag-
netic field direction. Notably, the label concentration was quite
low because the protein was “diluted” by the presence of
lipids, water and glass plates. As a consequence, several days
were required to record the spectra, that is, a time period simi-
lar to that necessary for acquisition of multidimensional solid-
state NMR spectra.[30–32] However when the sample was frozen,
a predominant peak at 85 ppm was obtained; this indicates

that the protein is macroscopically well aligned, and that in
the gel state the 15N–1H vector (helix 9) is oriented approxi-
mately parallel to the membrane surface (Figure 3B). In con-
trast, signal intensities between 70 and 220 ppm are observed
at room temperature that therefore cover most of the chemi-
cal shift range. The chemical shift anisotropy indicates that the
protein is immobilized by the membrane, and reveals the exis-
tence of a distribution of conformations and/or helix align-
ments (Figure 3A). The oriented spectrum of the cold sample
that is shown in Figure 3A was obtained after the room tem-
perature measurement (Figure 3B), and it excludes the possi-
bility that the membrane alignment had degraded much
during the acquisition period at ambient temperatures. Fur-
thermore, the proton-decoupled 31P NMR spectra from before
and after acquisition of the 15N spectra that are shown in

Figure 2. HSQC spectra of thermolytic fragments of colicin E1 (A–F) or coli-
cin B (G, H) that had been labeled with 15N at methionine positions (A–E, G,
H) or uniformly (F). A) colicin E1 L452M, B) L467M, C) L483M, D) V500M,
E) 516M, F) uniformly labeled thermolytic fragment of colicin E1; G) thermo-
lytic fragment of colicin B and H) M454L. A comparison of G and H provides
the assignment of L454.
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Figure 3 are indicative of a constant quality of sample align-
ment and the absence of extensive lipid degradation during
this time period (Figure S1). When other single-site labeled
proteins were investigated, the signal intensities were too low
to be analyzed in further detail (not shown).

Discussion

The preparation of oriented membrane samples for solid-state
15N NMR spectroscopy required the production of several milli-
grams of pure thermolytic colicin fragments that were labeled
at a single site. In our hands, it has proven important to define
conditions that avoid scrambling or dilution of the isotopic
label by transaminase reactions. The experimental require-
ments are more stringent than for example, those for solution
NMR experiments as, due to the exchange broadening and the
correspondingly lower resolution in the solid-state, it is more
difficult to separate background signals from the methionine
resonances. Furthermore, the low protein concentration results
in low signal intensities that require several days of data
ACHTUNGTRENNUNGacquisition; this defines the limits of what can reasonably be
achieved with a 9.4 Tesla solid-state NMR spectrometer. The

ACHTUNGTRENNUNGrecording of the solid-state NMR spectra that is shown was,
therefore, only possible after the fermentation conditions had
been optimized.

The oriented membrane samples encompass approximately
0.5–1 mmol (10–20 mg) of protein. Although it has been possi-
ble to record solution NMR spectra of considerably less pro-
tein, or MAS solid-state NMR spectra of as little as 20 nmol of
receptor-associated ligand,[33,34] the signal intensities of the
membrane proteins that are investigated here are diminished
due to the inherent mobility and the orientational heterogene-
ity. Whereas an isotropic line width in the range of a few ppm
or less is typically observed under MAS conditions, the aniso-
tropy of the 15N chemical shift interaction is about 170 ppm
and depends on the detailed properties of the labeled site.
Therefore the line width of these oriented membrane samples
can be rather broad (cf. Figure 3A). However, because this re-
flects the dynamics, mosaic spread and topological heteroge-
neity of the protein in the membrane, these spectra provide
important information about the proteins’ structure and func-
tioning.[35] Indeed, at room temperature the hydrophobic
domain of colicin E1 that encompasses helix 9 exhibits a broad
range of orientations, topologies and/or conformations (Fig-
ure 3A), but a more homogenous in-plane alignment upon
freezing the sample is observed (Figure 3B). These tempera-
ture-related differences could be due to a more superficial as-
sociation of the protein with the bilayer at low temperature.
Furthermore, the signal intensities of more hydrophilic helices,
which are probably only loosely or not at all membrane associ-
ated, remained too weak to be analyzed. Previously we and
others have observed a large decrease in the 15N solid-state
NMR signal intensities of 15N-labeled amides that are located
within mobile loop regions,[35] or when part of helices that ex-
hibit motions on an intermediate timescale.[24,36–38] It has been
suggested that this is due to motional averaging of the 1H–15N
dipolar couplings, which interferes with efficient cross-polariza-
tion.[39]

In previous investigations, 1D and 2D proton-decoupled
solid-state 15N NMR spectra of membrane-associated colicin E1
and B channel domains, in which all nitrogen atoms have been
labeled uniformly with 15N, indicated that approximately one
fourth of the 15N amides resonate at 15N chemical shift frequen-
cies �180 ppm, which is a chemical shift that is indicative of
NH vectors that are aligned approximately parallel to the
membrane normal.[30,31] Although this intensity distribution is
suggestive of the presence of a transmembrane helical hairpin,
and therefore the umbrella model, this interpretation remains
speculative in the absence of more detailed spectral assign-
ments. In particular, it is difficult to unambiguously discern on
these previous spectra[30,31] two “helical wheels”[19,20] that en-
compass about 30–40 residues; this would provide a more reli-
able indication of a stable transmembrane helical loop. Signal
intensities at about 200 ppm could also arise from residues
that are in nonhelical conformations,[40] or helices other than
helices 8 and 9 (Figure 1). Furthermore, signals from side-chain
nitrogen atoms might be present in the spectra, but because
their size and position strongly depend on their motions and
alignments, they remain difficult to assess in a quantitative

Figure 3. Proton-decoupled solid-state 15N NMR spectra of 0.4 mol% colicin
E1 thermolytic fragment labeled at a single 15N methionine position (V500M)
after reconstitution into oriented POPC/POPS (3:2) membranes. The mem-
brane normal is oriented parallel to the magnetic field direction, A) at 25 8C
and B) at �7 8C. The number of acquisitions were A) 110000 and B) 60000.
The spectral intensities at 40–50 ppm arise from the phosphatidylcholine
headgroups. The correlation between helix alignment and 15N chemical shift
is sketched on top of panel A; the arrow indicates the direction of the mem-
brane normal/magnetic field direction.
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manner. Most importantly, however, the data that are shown in
Figure 3A indicate that at room temperature the conformation
of the colicin E1 pore-forming domain is characterized by the
coexistence of several orientational, topological and/or confor-
mational states at the site of residue 500. The orientational dis-
tribution relative to the glass plates/Bo field can be explained
by the presence of a variety of conformations, and the spec-
trum is consistent with, for example, the coexistence of both
the umbrella and the pen-knife model. In addition, the
31P NMR spectra of the same sample (Figure S1) are indicative
of protein-induced distortions in lipid alignment; this thereby
suggests that changes in membrane curvature in the proximity
of the colicin E1 channel domain have occurred that are con-
comitant with possible modulations of the protein orientation
relative to the magnetic field direction. These observations
have consequences also for the interpretation of the spectra
from the uniformly labeled samples because the simultaneous
presence of different topological/conformational states results
in the 15N signals of many, if not all, of the labeled sites being
spread over a wide chemical shift region.

Here we have shown that the V500M site (helix 9 in the X-
ray structure, Figure 4) exhibits a distribution of orientational

and/or conformational states in a temperature-dependent
manner. It remains possible that other environmental factors
such as the lipid composition, interactions with other proteins
such as TolA, or transmembrane electric fields have an effect
on the membrane helical topologies of the colicin E1 pore
domain. Our data are in agreement with fluorescence spectros-
copy investigations on single-tryptophan mutants that are indi-
cative of equilibria between at least two helix topologies of
this protein.[41–43] In these experiments, the colicin E1 channel

domain was inserted at 0.6 mol% into POPC/POPG (3:2) large
unilamellar vesicles in aqueous buffer, at pH 4 and 100 mm

NaCl.[42] Whereas the solid-state NMR experiments that are pre-
sented in Figure 3 were performed at neutral pH and in the
presence of supported bilayers, the acidic conditions that were
used in the fluorescence experiments also ensure colicin E1–
membrane association in more dilute suspensions. By studying
a number of tryptophan mutants, the combination of acryl-
ACHTUNGTRENNUNGamide quenching, fluorescence quantum yield, fluorescence
decay times and red-edge excitation shift lead to a model
where the helix 8–loop–helix 9 loop exchanges between differ-
ent conformations.[41–43] The data suggest that an in-planar
alignment is in equilibrium with a more membrane-inserted
configuration, the latter being characterized by helices that are
tilted with respect to the membrane normal. In particular, the
fluorescence spectroscopy experiments position the loop
region (residue 492) in the hydrophobic bilayer center; this is a
finding that excludes a stable transmembrane alignment of
helices 8 and 9 under the investigated conditions.[41]

In another series of experiments, the unfolding events of the
colicin E1 channel domain have been characterized by a stop-
ped-flow approach in which the protein and 100 nm vesicles
were mixed under acidic conditions.[8] FRET between a fluores-
cence dye that was attached to Cys509 and single tryptophans
was used to monitor the time-dependent changes in intramo-
lecular distances during membrane insertion. These experi-
ments indicate that unfolding, helix extension and membrane
insertion occur within about 500 ms, and result in a highly
mobile surface-associated state.[8] The solid-state experiments
that are presented here (Figure 3A) are indicative that, once
equilibrated, several topological states coexists that are in slow
exchange on the 10�4 s timescale. At least one reversible fold-
ing intermediate has been discernible also for colicin B by
using DSC, fluorescence and CD spectroscopies.[44,45]

The data that are presented in Figure 3 agree well with an
extended 2D helical array of colicin E1 in the membrane,[46]

where the interactions of individual helices are important de-
terminants for their membrane alignment.[47] Notably, the hy-
drophobic region of colicin E1 is too short to span the POPC
bilayer twice in a stable manner,[41,48] and the loop region that
connects helices 8 and 9 lacks residues that could stabilize a
transmembrane helical loop configuration (Figure 1). The re-
sulting conformational flexibility might help to readily respond
to external stimuli such as transmembrane electric fields, lipid
composition or interactions with other proteins. The functional
and structural data thereby reveal a flexible structure of the
colicin E1 channel domain in membrane environments.[49]

In previous studies, Kienker et al.[50] have been able to trap
individual states of the colicin Ia channel domain at both
pH 6.2 and 8, and have shown that the topology of the helical
hairpin loop 8–9 is in dynamic equilibrium, where its accessibil-
ity from the trans side of the membrane is a function of the
ACHTUNGTRENNUNGexperimental conditions (Figure 4). A number of other observa-
tions that are correlated with membrane insertion were ob-
served by solid-state NMR spectroscopy; these include a re-
duced number of interhelical contacts,[10] increased motional
amplitudes of the protein backbone and side chains, and aug-

Figure 4. Model of the membrane equilibria of colicin and colicin-like pro-
teins according to refs. [49] and [50] . The proteins adopt a globular structure
in solution, which partially or fully unfolds upon membrane insertion. De-
pending on the environmental conditions and interactions with other pro-
teins or with other colicin domains,[44] the hydrophobic helices 8 and 9 (in
red) are oriented parallel or perpendicular to the membrane surface. It re-
mains possible that other helices adopt transmembrane alignments for ex-
ample, due to transmembrane electric potentials. The enlargement shows
the PDB 2I88 structure[69] with the valine 500 site in blue.
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mented average correlation times; these dynamic features cor-
relate with optimal channel activity.[51,52] The timescales that
were tested by these experiments include microsecond mo-
tions such as small-amplitude reorientation of entire helices or
exchange between conformational substates[51] as well as co-
operative segmental motions (tens of ms).[52]

Whereas the authors of these former studies have elegantly
provided indirect evidence of the dynamic properties of colicin
channel domains, for example by exploring the channel prop-
erties of free and trapped intermediates of colicin Ia,[50] in the
present study a topological equilibrium of the colicin E1 helix 9
is directly visualized by the 15N solid-state NMR spectra. Al-
though variable alignments have also been observed when
ACHTUNGTRENNUNGinvestigating membrane-associated peptides[29,53] this concept
is less common for larger membrane proteins. However, it re-
mains possible that such loosely folded membrane structures
occur more often but escape our attention as such conforma-
tional flexibility is difficult to visualize by crystallographic tech-
niques. Detergents, on the other hand, are known to promote
the unfolding of tertiary structures, which leaves considerable
doubts about the validity of solution NMR structures of mem-
brane proteins that are obtained in micellar environments.[29,54]

Therefore, the strategy presented here, which uses solid-state
NMR spectroscopy of proteins that have been reconstituted
into lipid bilayers, can provide a valuable supplementary view
on the conformational heterogeneity and structural transitions
of these proteins.

Experimental Section

Genes and plasmids : The autotrophic strains E. coli JM101 that
bear the plasmid pColE1::Tn3M420/516[55] or pES3 that codes for
colicin B,[56] respectively, were used to overexpress the colicin pro-
teins. The pColE1 plasmid was a gift of Cheryl M. Hubbel, UCLA
and was originally developed in the Levinthal laboratory.[55] The se-
quence carried two additional methionines at positions 420 and
516, which were changed back to encode the wild-type lysine
(position 420) and isoleucine (position 516), respectively (Figure 1).
Site-directed mutagenesis was used to create sequences that carry
single methionines in the pore-forming domain at either L452M,
L467M, L483M, V501M or 516M. These modifications were under-
taken by using the site-directed mutagenesis kit from Stratagene.
The bacteria and plasmids were handled according to standard
protocols as described in ref. [57]. Oligonucleotide design and cy-
cling conditions followed the recommendation of the manufactur-
er. The quality and function of the mutation was evaluated by re-
striction analysis, double-strand sequencing and spot tests.[58] The
mutated clones showed the same lytic activities as the wild-type.

Preparation of the proteins : Overexpression and purification of
thermolytic fragments of colicin E1 (colE1) and colicin B (colB) were
based on published protocols.[7,56] Single colonies of the plasmid-
bearing cells were picked and transferred to 2 mL of LB media. Fur-
ther incubation was performed at 37 8C and by shaking at 250 rpm
for 10 h. To dilute 14N-methionine that was omnipresent in the LB
culture medium, this overnight culture (2 mL) was used to first
ACHTUNGTRENNUNGinoculate medium (100 mL) that had been selectively labeled with
15N-methionine.[59,60] The composition of the medium followed the
protocol of ref. [60] and contained sufficient concentrations of all
of the 20 most common l-amino acids at their natural isotopic

abundance, with the exception of methionine, which was replaced
by 50 mgL�1 15N-methionine (Promochem, Wesel, Germany). All
media were supplemented with 50 mgmL�1 ampicillin. The cells
were grown in Erlenmeyer flasks for 16 h under shaking at
250 rpm. Only then was the overnight culture used to inoculate a
BioFlo 3000 5-L fermentor (New Brunswick Scientific, New Jersey,
USA) with the same medium that had been selectively enriched
with 15N-methionine. The cells were grown at 37 8C, pH 7.4 and an
airflow of 3–4 Lmin�1 until an optical density at 600 nm of 1 was
reached. At that time, protein expression was induced by adding
mytomicin C (Sigma, Germany) to a final concentration of
0.26 mgL�1. The fermentation was stopped after 2.5 h or when the
optical density at 600 nm reached a plateau. The contents of the
fermentor were harvested and cooled on ice. Afterwards the cells
were concentrated and washed with low-salt TrisCl buffer (500 mL)
by centrifugation (30 min, 6000g). Cell lysis was performed by
using a French pressure cell at 6000 psi (Thermo, Electron Corpora-
tion, USA). Cell debris was removed by centrifugation at 10000g
for 1 h. The supernatants that contained the colE1 or colB proteins
were applied a CM Sephadex C-50 or SH Sephacryl R100 column
(Amersham Pharmacia Biotech), respectively. Proteins were eluted
by augmenting the salt concentration to 300 mm. Thereafter the
eluate was dialysed once against a 100-fold volume of 20 mm

TrisCl, 2 mm NaOAc, 6 mm b-mercaptoethanol at pH 7.8 by using a
SpectraPor MWCO 10 kDa membrane. The C-terminal domains of
colE1 or colB were obtained after incubation with 1% (w/w) ther-
molysin (Boehringer–Mannheim) for 2–4 h at 37 8C. The reaction
was stopped by the addition of 10 mm EDTA. After dialysis against
the same buffer, the proteins were applied on a Sephacryl-100 HR
gel filtration column (Amersham Pharmacia Biotech) by following
the protocol that was described by the manufacturer (“Gel Filtra-
tion, Principles and Methods”, Amersham Bioscience) and finally
concentrated with a Centricon3 system (Amicon–Millipore, Schwal-
bach, Germany). Most of the colicin proteins showed concentra-
tions in the range of 0.8–1 mm, which was well suited for the prep-
aration of NMR spectroscopy samples.

Mass spectrometric analysis of the hydrochloric acid hydroly-
sate : For mass spectrometric analysis 0.5–1 mg of pure protein
was decomposed into its amino acids by acidic hydrolysis.[61] The
proteins were dialyzed and lyophilized against double-distilled
water before adding the hydrolysis mixture that consisted of 6m

HCl (500 mL), liquid phenol (5 mL) and dodecanethiol (5 mL). This
mixture was frozen, and the glass container was sealed under
vacuum prior to incubation at 110 8C for 24 h. Thereafter, the solu-
tion was lyophilized, dissolved in a redry solution of ethanol/water/
triethylamine (2:2:1, v/v/v) and lyophilized again. The resulting
amino acid mixture was derivatized[62] for 20 min in ethanol/water/
triethylamine/phenylisothiocyanate (500 mL, 7:1:1:1, v/v). Before
measurements, the mixture was lyophilized and dissolved in 20%
acetonitrile (150 mL).

To determine the degree of 15N labeling, derivatized protein hydro-
lysates were subjected to LC–MS analysis. The experimental setup
consisted of a micro-HPLC pump (ABI140C), auto-sampler (PE200)
and UV detector (ABI785 A) in row with a single-quadrupole mass
spectrometer (ABI165, all from Applied Biosystems, Weiterstadt,
Germany). In each case, a sample (10 mL) was injected, and the
amino acids were separated on a reversed-phase HPLC column
(Nucleosil C8, 125O1 mm, 5u, 120 P, Macherey & Nagel, DQren,
Germany) with a flow of 40 mLmin�1. A linear gradient from 5% to
95% eluent B over 45 min was applied (eluent A: 0.1% TFA in H2O;
eluent B: 0.1% TFA in acetonitrile). For MS detection, an ESI source
was used in the positive ion mode with an ionization voltage of
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4700 V and an orifice voltage of 10 V. During the whole run, MS
full-scan spectra were recorded between m/z 100 and 1000 (2.7 s
per scan). For relative quantification of the corresponding 15N/14N
amino acid derivatives, ion chromatograms were extracted, and
the resulting peaks were integrated with the vendors “Biotoolbox”
software. The mass windows that were used for extraction (�
0.5 Da) were for methionine (15N: 286.1 Da, 14N: 285.1 Da), cysteine
(15N: 258.0 Da, 14N: 257.0 Da), serine (15N: 242.1 Da, 14N: 241.1 Da),
aspartic acid (15N: 270.1 Da, 14N: 269.1 Da) and asparagine (2O15N:
405.1 Da, 15N-14N: 404.1 Da, 2O 14N: 403.1 Da).

Multidimensional solution NMR spectroscopy : For heteronuclear
solution NMR spectroscopy, purified protein (2–4 mg) was dis-
solved in 10 mm citrate (400–550 mL) at pH 7.0 or 20 mm phos-
phate buffer at pH 7.5. HSQC spectra were recorded on an
Avance 500 NMR spectrometer by using a commercial triple-reso-
nance NMR probe (Bruker, Rheinstetten, Germany). The GARP de-
coupling sequence was used on the 15N channel during acquisition
to eliminate the 1H–15N couplings. The intense water signal was re-
duced by a WATERGATE sequence.[63] A matrix of 128 rows, each of
2048 data points was acquired by using 64 scans per t1 increment
and TPPI. The spectral widths in the t1 and t2 domains were typical-
ly 2500 Hz and 8800 Hz, respectively, and the processing matrix of
1024O256 points. Before Fourier transformation, QSIN apodization
functions were applied.

Solid-state NMR spectroscopy : To reconstitute the colicin thermo-
lytic fragments into membranes,[30] POPC or POPC/POPS small uni-
lamellar vesicles (Avanti Polar Lipids, Alabaster, AL) were prepared
by extrusion through 50 nm polycarbonate filters (Avestin, Ontario,
Canada). The protein was added to the appropriate amount of
small unilamellar vesicles (50 mg phospholipid per mL) and the
ACHTUNGTRENNUNGresulting dispersion was incubated at room temperature for 1 h.
Thereafter the samples were concentrated to a final volume of
about 1 mL by using centrifugal concentrators with a vertical
paddle (Macrosep, Pall Filtron, Northborough, MA). The lipid–
protein dispersion was evenly spread onto the center of 25 cover
glasses (9O22 mm), slowly dried and equilibrated in 93% relative
humidity before the glass plates were stacked on top of each
other.

For solid-state NMR measurements, the samples were tightly
sealed, inserted into flat coil NMR probes,[64] and introduced into
the spectrometer with the bilayer normal parallel to the magnetic
field direction. Proton-decoupled 15N NMR spectra were acquired
by using a Bruker Advance 400 spectrometer that was operating at
9.4 Tesla. A cross-polarization pulse sequence[65] was applied by
using experimental conditions that were identical to those that re-
sulted from the previous optimization of the spectral parameters,
to afford best signal intensity and low RF heating by using uni-
formly labeled colicin E1 and B samples.[30] Typically the following
parameters were used: 1H B1 field of approximately 40 kHz, 1.3 ms
contact time, 3 s recycle delay, spectral width: 40 kHz, 256 data
points. During acquisition the sample was cooled with a stream of
air at room temperature. An exponential apodization function that
corresponded to a line-broadening of 300 Hz was applied before
Fourier transformation. NH4Cl (41.5 ppm) was used as a reference,
and corresponded to 0 ppm for liquid NH3. To check the quality of
sample alignment and to ensure that the sample did not show
lipid degradation, proton-decoupled 31P NMR spectra[66,67] were
ACHTUNGTRENNUNGacquired before and after the multi-day solid-state 15N NMR acquis-
itions.

Abbreviations : DSC: differential scanning calorimetry, ESI : electro
spray ionization, FRET: fluorescence resonance energy transfer, MS:

mass spectrometry, NMR: nuclear magnetic resonance, PC: phos-
phatidylcholine, POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline, POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol,
POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine.
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