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Abstract
Channel-forming colicins are bactericidal proteins that spontaneously insert into hydrophobic lipid bilayers. We have
used magic-angle spinning solid-state nuclear magnetic resonance spectroscopy to examine the conformational differences
between the water-soluble and the membrane-bound states of colicin Ia channel domain, and to study the effect of bound
colicin on lipid bilayer structure and dynamics. We detected 13 C and 15 N isotropic chemical shift differences between the
two forms of the protein, which indicate structural changes of the protein due to membrane binding. The Val CK signal,
unambiguously assigned by double-quantum experiments, gave a 0.6 ppm downfield shift in the isotropic position and a
4 ppm reduction in the anisotropic chemical shift span after membrane binding. These suggest that the K-helices in the
membrane-bound colicin adopt more ideal helical torsion angles as they spread onto the membrane. Colicin binding
significantly reduced the lipid chain order, as manifested by 2 H quadrupolar couplings. These results are consistent with the
model that colicin Ia channel domain forms an extended helical array at the membrane^water interface upon membrane
binding. ß 2002 Elsevier Science B.V. All rights reserved.
Keywords: Membrane protein; Chemical shift change; K-Helix ¢lter; Magic angle spinning nuclear magnetic resonance; Resonance
assignment

1. Introduction
Channel-forming colicins are plasmid-encoded
bacterial toxins that are initially secreted as soluble
proteins but later spontaneously partition into the
inner membrane of susceptible bacteria [1]. Upon
insertion and voltage activation, they form monomeric, non-selective channels that destroy the membrane potential of the target cell [2]. Thus, the con* Corresponding author. Fax: +1-515-294-0105.
E-mail address: mhong@iastate.edu (M. Hong).
1
Present address: Institute of Medical Physics and Biophysics,
University of Leipzig, Liebigstrasse 27, 04103 Leipzig, Germany.

formational changes preceding channel formation
and accompanying membrane insertion are crucial
to colicin function. Such conformational changes
are quite common among bacterial toxins such as
the diphtheria toxin [3].
The soluble states of the colicin channel-forming
domains are highly helical according to several crysî crystal
tal structures [4^7]. For example, the 3-A
structure of the soluble form of colicin Ia channel
domain [4] shows a globule of ten K-helices: two
helices (C8 and C9) are hydrophobic and are sequestered in the interior of the molecule, while the remaining eight helices are largely amphipathic [8]
and reside on the surface of the protein.
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Membrane binding of colicins is thought to be
initiated by both electrostatic and hydrophobic interactions with negatively charged lipid bilayers [9].
This binding process triggers the colicin channel domain to refold to a conformation that has been
postulated to resemble either an ‘umbrella’ or a ‘penknife’ [10]. These models di¡er in the orientation of a
hydrophobic helical hairpin formed by C8 and C9 in
the bilayer, but both support the view that most
residues are located at the membrane^water interface
[11^14]. Moreover, a common implication of these
structural models is that membrane binding causes
large changes in the tertiary structure, but little or
no change in the secondary structure of colicin channel domains.
A number of studies have been conducted to address the secondary structures of membrane-bound
colicins, but gave ambiguous results. Fourier transform infrared experiments of colicins A, E1, and Ia
reported that membrane binding caused the K-helical
content to increase by 5^10% [15], by 30% [16], to
remain constant [17,18], and even to decrease [19].
Far-UV circular dichroism (CD) experiments gave
similarly divergent results on the helical content,
ranging from a 25% increase [16] to being unperturbed [17,20]. These discrepancies may in part result
from di¡erent lipid compositions and pH used in
these experiments, and in part from di¡erent helical
contents in the soluble state of the various colicins
[2]. For colicin Ia, CD experiments detected little
secondary structure change within the pH range
7.3^3.1. Only by a combination of a hydrophobic
solvent (detergent octyl-L-D-glucopyranoside) and a
strongly acidic pH was a small secondary structure
alteration observed in the CD spectra [17]. On the
other hand, evidence for tertiary structure changes
was obtained from tryptophan £uorescence spectra
of colicin Ia in the detergent.
To further elucidate the mechanism of the remarkable conformational rearrangement of colicins associated with the spontaneous membrane insertion, we
carried out a solid-state nuclear magnetic resonance
(NMR) study of the colicin Ia channel-forming domain (residues 453^626) in both the soluble and
membrane-bound forms. Moreover, we investigated
the e¡ects of colicin Ia binding on the structure and
dynamics of the lipid bilayer. Solid-state NMR has
the advantage that relatively few constraints on

membrane^protein sample preparation apply. This
allows for the investigation of membrane proteins
reconstituted into synthetic phospholipid bilayers,
which simulate the biological membrane better than
detergents. Moreover, solid-state NMR can probe
the molecular structure and dynamics of membrane
proteins directly without bulky extrinsic probes, thus
minimizing perturbation to the native conformation
of the proteins [21^23].
In this paper, we present the measurement of isotropic and anisotropic 13 C chemical shifts to characterize the structural di¡erences between the soluble
state and the membrane-bound closed-channel state
of colicin Ia channel-forming domain. We also use
2
H and 31 P NMR to probe the lipid structure and
dynamics in the presence of colicin Ia channel domain. Since we previously detected a substantial mobility increase of colicin Ia upon membrane binding
[24], low-temperature experiments were conducted on
the membrane protein sample to freeze out motions.
This study was conducted on selectively and extensively 13 C-labeled protein samples, which provide
multiple 13 C-labeled sites in each molecule. While
the spectra do not have complete site resolution to
yield atomic-level structural information, the multiple isotopic labels have the advantage of providing a
global view of the e¡ect of membrane binding on
colicin structure.

2. Material and methods
1-Palmitoyl-d31 -2-oleoyl-sn-glycero-3-phosphocholine (POPC-d31 ) and 1-palmitoyl-2-oleoyl-sn-glycero3-phosphoglycerol (POPG) were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further puri¢cation. Colicin Ia channel-forming
domain was labeled selectively and extensively in 13 C
and uniformly in 15 N following the TEASE (ten amino acid selective and extensive labeling) labeling protocol [25]. 15 NH4 Cl, 15 N-Glu and [2-13 C]glycerol
were purchased from Cambridge Isotope Laboratories (Andover, MA). Unlabeled amino acids were
purchased from Sigma (St. Louis, MO).
2.1. Protein expression
Colicin Ia channel domain with an amino-terminal
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His6 tag, whose amino acid sequence is shown in Fig.
1a, was expressed from pKSJ120-containing Escherichia coli BL21(DE3). Cells were grown overnight at
37‡C in 100 ml of a modi¢ed M9 medium containing, per liter, 1 g NH4 Cl, 4 g glycerol, 3 g KH2 PO4 ,
6 g Na2 HPO4 , 0.5 g NaCl, 15 mg CaCl2 , 1 mM
MgSO4 , the unlabeled amino acids Asp, Asn, Arg,
Gln, Ile, Lys, Met, Pro, Thr and Glu at 150 Wg/ml
each, and 100 Wg/ml ampicillin. The cells were pelleted and resuspended in 10 ml of the same medium,
but containing 1.5 g 15 NH4 Cl, 4 g [2-13 C]glycerol,
and 150 Wg/ml 15 N-Glu instead of unlabeled Glu.
Those cells were used to inoculate 1 l of the stableisotope-containing medium. The culture was grown
at 37‡C to OD660 = 0.4 and then induced with 1 mM
isopropyl L-D-thiogalactopyranoside (IPTG). Cells
were harvested after 3 h of induction at 37‡C. The
soluble His-tagged colicin Ia channel domain was
puri¢ed on His-Bind metal chelation resin (Novagen,
Madison, WI) as speci¢ed in the Novagen pET System Manual, except that the wash step was performed at 40 mM imidazole. The yield of the pure
soluble protein was approximately 40 mg from 1 l
culture. A considerable amount of protein was unrecoverable from inclusion bodies. Puri¢ed protein
eluted from the His-Bind resin in 1 M imidazole bu¡er was dialyzed extensively against distilled water and
lyophilized.
The TEASE 13 C-labeled sites are listed in Fig. 1b.
Not all carbons were labeled by [2-13 C]glycerol due
to the speci¢city of the biosynthetic pathways. The
labeled amino acids are mostly hydrophobic residues
produced from the glycolysis pathway. Amino acids
with polar side chains were produced mostly from
the citric acid cycle, and were not labeled due to
feedback inhibition. Among the 13 C-labeled residues,
only valine and leucine have directly bonded 13 C
pairs. By creating many isolated 13 C spins and reducing the number of directly bonded 13 C pairs, we reduce the homonuclear 13 C^13 C dipolar and J-couplings, enhance the spectral resolution, and simplify
spectral assignment.
2.2. NMR sample preparation
About 5.5 mg of the soluble colicin sample (without lipids) was transferred into a 4-mm magic-angle
spinning (MAS) rotor with a spherical insert. The
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powder sample was hydrated with deionized and distilled water to a water content of 30 wt.% and sealed.
The membrane-bound colicin was prepared by
mixing POPC/POPG lipids with suitable amount of
the protein. POPC^d31 /POPG (3:1, mol/mol) lipids
were mixed in a chloroform solution, which was
then evaporated under a stream of nitrogen gas.
The resulting lipid ¢lm was redissolved in cyclohexane, frozen in liquid nitrogen and freeze-dried under
a vacuum of V50 Wbar. Next, 25 mg of the dried
lipid powder was hydrated in 1 ml of bu¡er solution
(10 mM KCl, 10 mM citrate, pH 4.8) prepared from
doubly deionized water. The lipid suspensions were
vortexed and submitted to ¢ve freeze^thaw cycles
[26] to equilibrate the suspension. Large unilamellar
vesicles were prepared by extruding [27] the lipid
suspension across polycarbonate ¢lter membranes
(¢ve times across a 200 nm ¢lter, and 11 times across
a 100 nm ¢lter) using a hand extruder (Avanti Polar
Lipids). Aliquots of the extruded lipid vesicles were
combined with the appropriate volume of the protein
solution to reach a ¢nal protein to lipid molar ratio
of 1:100. The mixture was then transferred into plastic Ultra-Clear centrifuge tubes and ultracentrifuged
at 150 000Ug for 2 h using a Beckman swingingbucket rotor (SW60 Ti, Beckman Coulter, Fullerton,
CA). The aqueous supernatant was analyzed by a
photometric protein assay [28]. The analysis revealed
that the supernatant contained only about 5% of the
initial concentration of colicin Ia channel domain;
thus 95% of the protein has been reconstituted into
the lipid membrane. Since the lipid pellet typically
contained about 80 wt.% water, the pellet was
lyophilized and then rehydrated to a ¢nal water content of 30 wt.% and transferred into a 4-mm MAS
rotor. The membrane-bound colicin sample contained approximately 8 mg protein and 24 mg lipid.
2.3. NMR spectroscopy
All NMR experiments were carried out on a
Bruker DSX-400 spectrometer (Karlsruhe, Germany)
operating at a resonance frequency of 400.49 MHz
for 1 H, 162.12 MHz for 31 P, 100.72 MHz for 13 C,
40.59 MHz for 15 N, and 61.48 MHz for 2 H. A tripleresonance MAS probe with a 4-mm spinning module
and a double-resonance static probe with a 5-mm
solenoid coil were used. The 1 H radiofrequency (rf)
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¢eld strengths for heteronuclear TPPM decoupling
[29] were 80^100 kHz. Carbon and nitrogen 90‡ pulse
lengths were typically 4.0 Ws and 5.6 Ws, respectively.
Cross polarization (CP) contact time was usually 0.7
ms for both the soluble and the membrane-bound
sample and 2 ms for the pure lipid sample. Spinning
speeds were regulated to þ 2 Hz by a pneumatic
control unit. A recycle delay of 2^3 s was used.
The experiments were carried out either at room temperature (T = 293 þ 1 K) or at 243.0 þ 0.2 K, as measured by the thermocouple in the probe next to the
MAS rotor. The low temperature was reached by
passing the MAS bearing air through a heat exchanger immersed in liquid nitrogen.
The static lipid 31 P spectra were acquired using a
single-pulse Hahn-echo sequence. A 31 P 90‡ pulse
length of 5 Ws, a Hahn-echo delay of 50 Ws, a spectral
width of 125 kHz, and a recycle delay of 2 s were
used. Continuous-wave proton decoupling was applied during signal acquisition.
2
H spectra of the sn-1 chain-perdeuterated POPC
in the presence and absence of colicin Ia channel
domain were acquired using a phase-cycled quadrupolar echo pulse sequence [30]. The 3.5-Ws 2 H 90‡
pulses were separated by a 50-Ws delay. A recycle
delay of 0.5 s and a spectral width of 200 kHz
were used. The measurements were carried out at
298.0 þ 0.1 K. The 2 H powder spectra were dePaked
[31] using the algorithm of McCabe and Wassall [32].
Details of the data analysis have been published previously [33]. Brie£y, the dePaked spectra were integrated over the peak areas of the methylene groups
to derive the order parameter for each carbon along
the chain. It is assumed that each methylene group
contributes equal intensity to the dePaked spectrum
and that the molecular order increases smoothly
from the chain terminus to the carbonyl group [34].
The methyl signal of the lipid chain terminus was
taken directly from the experimental spectrum since
its assignment is de¢nitive. The calculated quadrupolar splittings were converted into order parameters
according to vXQ = 3/4Ue2 qQ/hUS(x), where vXQ is
the measured quadrupolar splitting, e2 qQ/h is the
quadrupolar coupling constant, which is 167 kHz
for deuterons in C^2 H bonds, and S(x) is the chain
order parameter for site x in the acyl chains of the
phospholipids.
The 15 N^13 C two-dimensional (2D) heteronuclear

correlation (HETCOR) experiment [35,36] and the
13
C^13 C double-quantum (DQ) INADEQUATE experiment [37] were carried out using published sequences. The 13 C rf ¢eld strength was seven times
the spinning speed for CMR7 dipolar recoupling
[38] during the 13 C DQ excitation and reconversion
periods. One complete cycle of CMR7 (four rotor
periods) was used for excitation and reconversion
of the double quantum coherence, respectively. The
13
C and 15 N isotropic chemical shifts were externally
referenced to the Gly CO signal at 176.4 ppm (relative to TMS) and the N-acetyl-D,L-valine 15 N signal
at 122 ppm (relative to liquid NH3 ).
The 13 C chemical shift anisotropy (CSA) was measured by recoupling the CSA interaction using a
train of 180‡ pulses spaced half a rotor period apart
(Fig. 2) [39]. The second half of the 180‡-pulse train
was shifted relative to the ¢rst half by a delay d. The
13
C magnetization dephases under the recoupled
chemical shift interaction according to the magnitude
(vc) of CSA and the delay d. Larger CSAs induce
more dephasing. It has been shown that, for L-substituted amino acids, L-sheet conformation has larger
CK CSAs than K-helical structure [40,41]. Thus the
amount of dephasing correlates with secondary
structure [39]: K-helix signals are less attenuated
than L-sheet signals.
The original CSA ¢lter experiment detects singlequantum 13 C magnetization. Thus, lipid background
13
C signals will appear in the spectrum of the membrane protein sample. This is especially a problem
for Val CL, which overlaps with the main lipid acyl
CH2 peak. We suppressed the lipid background signals by inserting a 13 C double-quantum ¢lter before
the 180‡-pulse train (Fig. 2). Double-quantum ¢ltration (DQF) was accomplished using a CMR7 homonuclear recoupling sequence [38]. Experiments on
[2,3-13 C]-labeled Ala con¢rmed that the simple
CSA and DQF-CSA experiments yield identical dephasing curves. Typically, in the DQF-CSA experiment about 25^30% of the intensity is retained compared to the non-DQF CSA ¢lter experiment.
The CSA-¢lter experiments were carried out at a
spinning speed of 5.3 kHz with two rotor periods of
CSA recoupling. The 15 N decoupling ¢eld strength
during the CSA evolution period was about 25
kHz. At this spinning speed, the 13 C recoupling ¢eld
strength required for the CMR7 sequence is su⁄-
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ciently lower than the 1 H decoupling ¢eld strength,
so that a recoupling e⁄ciency of around 50% was
achieved.
2.4. Simulations
The CSA time evolution under the 180‡-pulse train
was simulated using a Fortran program described
previously [39]. Sixteen equal intervals of d were calculated for each CSA magnitude. Powder averaging
was carried out at 3‡ increments for the Euler angles
K and L, and 6‡ steps for the Euler angle Q. The ¢t
parameters are the principal values cii (i = 1, 2, 3) of
the chemical shift tensor, which are related to the
CSA span vc, asymmetry parameter R, and zero
isotropic chemical shift according to c33 3c11 = vc,
(c22 3c11 )/c33 = R, c11 +c22 +c33 = 0. In all simulations, an asymmetry parameter of R = 0 was assumed
[40].

3. Results
3.1. 2 H and

31

P NMR spectra of lipids

To verify that the membrane-bound colicin Ia
channel domain as prepared above interacts with
the lipids, we measured the 2 H NMR spectrum of
POPC^d31 /POPG (Fig. 3) in the absence and presence of the protein. In the absence of the protein, the
2
H spectrum shows a maximum quadrupolar splitting of 30.3 kHz (Fig. 3a). This corresponds to a
C^2 H bond order parameter of 0.24, which is typical
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for the relatively rigid upper part of the acyl chains.
The reduction from the rigid-limit coupling is due to
the uniaxial rotational di¡usion of the lipid molecules around the bilayer normal. A number of resolved quadrupolar splittings was detected; the
smallest among them was 3.1 kHz, which was attributed to the methyl deuterons of the acyl chain terminus.
After colicin Ia channel domain was incorporated
into the lipid bilayer, the 2 H quadrupolar splittings
(Fig. 3b) were signi¢cantly reduced for all sites along
the chain. The maximum quadrupolar splitting decreased to 25.5 kHz (SCD = 0.20) and the methyl
groups showed a splitting of only 2.1 kHz. Moreover, the spectral resolution deteriorated, manifested
by the disappearance of the sharp edges of the peaks.
This suggests intermediate-timescale motions of the
lipids induced by colicin Ia. The changes of the 2 H
quadrupolar splittings con¢rm that, under the sample preparation protocol used here, colicin Ia channel
domain interacts with the lipid bilayer on a molecular length scale rather than forming separate domains.
To further illustrate the large increase of lipid bilayer disorder due to colicin binding, we converted
the 2 H quadrupolar splittings to order parameters
(SCD ) for individual deuterons along the acyl chains
using the dePaking procedure. Smoothed order parameters were calculated from the integrated intensity of the dePaked spectrum [31,33,34]. These 2 H
order parameters and quadrupolar couplings were
plotted as a function of the acyl chain position in
Fig. 3d. A characteristic pro¢le of decreasing order

Fig. 1. (a) Amino acid sequence of the colicin Ia channel domain studied here. (b)
beling scheme [24].
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parameters with increasing distance from the glycerol
backbone was obtained [42,43] both for the pure
bilayer and for the colicin-bound bilayer. But the
latter showed reduced order parameters throughout
(Fig. 3d).
To assess how well the dePaking procedure reproduces the experimental spectrum, given the increased
linewidths of the protein^lipid mixture, we simulated
a 2 H spectrum using the order parameters for the
colicin-bound lipids (Fig. 3c). The simulated spectrum containing a superposition of ¢fteen Pake doublets shows satisfactory agreement with the experimental spectrum (Fig. 3b), indicating that the order
parameter pro¢le adequately describes the colicin^
lipid mixture. On average, the lipid 2 H quadrupolar
splittings were reduced by 23% upon colicin binding,
which represents a decrease in lipid chain length of
î . This can be converted to an increase in lipid
0.8 A
area per molecule, since chain order determines
cross-sectional area of each lipid molecule [44]. We
î2
found an increase in area per lipid molecule of 4.4 A
due to the binding of colicin Ia channel domain to
the lipid bilayer. A similar reduction of lipid chain
order was also observed for colicin A [45].
The static 31 P NMR spectra of the phospholipids
with and without colicin Ia channel domain are
shown in Fig. 4. The spectra consist of a superposition of two axially symmetric powder spectra. From
the PC/PG ratio one can conclude that the spectrum
with the smaller CSA represents the PG and the
spectrum with the larger CSA is due to PC. The
spectra in the presence and absence of colicin showed
similar powder lineshapes, both with R = 0. This indicates that the lipid bilayers remain in the liquidcrystalline LK phase after colicin binding, and do not
form isotropic or inverse hexagonal phases with high

Fig. 3. Static 2 H spectra of POPC^d31 /POPG lipids in the absence (a) and presence (b) of colicin. (c) Numerical simulation
of spectrum b using 15 Pake doublets with quadrupolar splittings calculated from the lower order parameter pro¢le in d.
Di¡erent exponential line broadening was applied for various
peaks of the simulated spectrum: 100 Hz for the methyl signal
(C16), 300 Hz for C15 and C14, 450 Hz for C13 and C12, and
500 Hz for C11^C2. (d) 2 H order parameters after dePaking.
Filled symbols, pure lipids; open symbols, colicin-bound lipids.
Number of scans (NS): 6400 for spectrum a (V10 mg total lipids) and 17 880 for spectrum b (1.5 mg colicin in 4.5 mg lipids).
The POPC/POPE molar ratio was 3:1, and the colicin/lipid molar ratio was 1:100.

curvatures. Thus, the reduced 2 H quadrupolar splittings do not result from protein-induced membrane
curvature. After colicin binding, the lipid 31 P spectrum shows increased intrinsic linewidth (decreased
T2 ), suggesting slower motions of the lipid molecules.
A somewhat smaller 31 P CSA is detected for the
membrane-bound sample, as seen from lineshape
simulations in Fig. 4c,d. This supports our 2 H results
and indicates that colicin Ia channel domain interacts
with the lipid headgroups.
3.2.

Fig. 2. Pulse sequence for measuring the chemical shift anisotropy of colicin Ia channel domain. An optional double-quantum ¢lter is applied before the CSA ¢lter to select 13 C^13 C spin
pairs. Filled and open rectangles represent 90‡ and 180‡ pulses,
respectively. DD, dipolar decoupling.

13

C isotropic chemical shifts of colicin Ia channel
domain

To compare the conformations of the two states of
colicin Ia channel domain, we examined the isotropic
chemical shift spectra of the soluble and the membrane-bound protein under MAS. Isotropic chemical
shifts of proteins re£ect the backbone conformation
[46^49]. For example, the CK chemical shifts in helix
and sheet residues are displaced by as much as 4 ppm
from the random coil frequency down¢eld and up-
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¢eld, respectively (helix: 65.3 ppm; sheet: 60.0 ppm;
random coil: 62.3 ppm) [49]. Other e¡ects such as
hydrogen bonding and side chain geometry cause
smaller chemical shift changes, mainly to the 15 N
and 13 CO spins [50]. Thus, the isotropic chemical
shifts should shed light on secondary structural differences between the two forms of colicin Ia channel
domain.
Fig. 5a shows 1 H-decoupled 13 C MAS spectrum of
the soluble colicin Ia channel domain at a temperature of 20‡C. The CK region shows a number of
resolved peaks with linewidths of 1.2^1.5 ppm. Tentative assignments, based on the 13 C labeling scheme
and the characteristic chemical shifts [51] of amino
acids, are given in the ¢gure. The assignments for
Val, Gly, and Leu sites are con¢rmed by 2D correlation experiments shown below.
In comparison, the spectrum of the membranebound colicin, also acquired at room temperature,
shows a noticeable redistribution of spectral intensity
(Fig. 5b). Most prominently, the intensities around
57 ppm decreased while the 59.6-ppm peak increased
in intensity, creating a valley-like region in the spectrum. The resolution of the membrane-protein spectrum is reduced compared to the soluble sample,

Fig. 4. 31 P spectra of static POPC^d31 /POPG bilayers without
(a) and with (b) colicin Ia channel domain. The spectra consist
of a superposition of two axially symmetric powder patterns for
POPC and POPG, respectively. From the intensities of the up¢eld peaks of the spectra and the 1:3 molar ratio of PC and
PG lipids, it is concluded that the smaller powder pattern corresponds to POPG and the larger powder pattern to POPC. Simulated 31 P NMR spectra are shown in the absence (c) and presence (d) of colicin Ia channel domain. Spectra were simulated
by the superposition of two axially symmetric tensors with
vc1 = 44.3 ppm and vc2 = 34.5 ppm for c, and vc1 = 39.8 ppm
and vc2 = 29.3 ppm for d, at a 3:1 intensity ratio.
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Fig. 5. 13 C CP-MAS spectra of the (a) soluble and (b) membrane-bound colicin Ia channel domain. NS = 1024 for each
spectrum. (c) 13 C spectrum of pure POPC:POPG. NS = 4392.
All spectra were acquired at room temperature (20‡C). CP contact time was 0.7 ms for the colicin samples and 2 ms for the
lipid. Spinning speed: 7 kHz.

analogous to the 2 H and 31 P spectra. A number of
additional weak and sharp signals were observed that
can be attributed to the lipid 13 C signals at natural
abundance. This is veri¢ed by the 13 C CP spectrum
of a pure POPC^d31 /POPG sample in the liquid-crystalline phase state at 20‡C (Fig. 5c) [52]. In the following experiments, these lipid background signals
were removed either by passing through the 15 N coherence or by a 13 C^13 C double-quantum ¢lter.
A representative 13 C^13 C DQ spectrum of the
membrane-bound colicin at T = 243 K is shown in
Fig. 6a. At the short coherence transfer time of
four rotor periods (0.57 and 0.67 ms for 7 and 6
kHz spinning speed, respectively) used, the experiment detects only the directly bonded 13 C spin pairs
[37,53]. The [2-13 C]glycerol TEASE 13 C-labeling
scheme provides two pairs of directly bonded 13 C
sites, Val CK^CL and Leu CL^CQ. Thus, the 13 C
DQF spectrum is greatly simpli¢ed compared to
the CP spectrum, and all four peaks are assigned
unambiguously. The identi¢cation of the Val CK
(65.0 ppm) and CL (29.6 ppm) peaks allow their
chemical shift analysis, as shown below.
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room temperature (Fig. 6d), indicating that the conformation of the Val residues are not signi¢cantly
altered by lipid motions. The low temperature does
induce larger linewidths, indicating faster relaxation
of the immobilized protein.
The 13 CK isotropic chemical shifts were further
resolved by 2D 15 N^13 C correlation spectra (Fig.
7). Several type assignments are made, although detailed analysis and sequence-speci¢c assignment are
not possible at this time due to the lack of complete
site resolution. In the soluble protein spectrum (Fig.
7a), the most down¢eld 13 CK peaks at around 65
ppm can be unambiguously assigned to Val residues
based on the DQ spectra. The amide 15 N chemical
shifts of these Val residues helped resolve many of
these Val peaks. In comparison, the spectrum of the
membrane-bound colicin (Fig. 7b) shows clear intensity redistribution and peak shifts. For example, a

Fig. 6. 13 C DQ spectra of colicin, acquired at 7 kHz for soluble
and 6 kHz for membrane-bound sample. (a) 2D DQ spectrum
of membrane-bound colicin at 243 K. NS per t1 slice : 224.
(b) Projection of the 2D spectrum of soluble colicin onto the
single-quantum dimension. NS per t1 slice : 288. (c) Projection
of the 2D spectrum of membrane protein (shown in a) at 243
K. On the left-hand side, the Val CK signals have been expanded. Dashed vertical line guides the eye for the di¡erent isotropic shifts of the Val CK. (d) Projection of the 2D spectrum
of membrane-bound colicin at 293 K. NS per t1 slice: 192.

The 2D DQ spectra of the two states of colicin
show small isotropic shift di¡erences, which are
best examined by comparing the 1D projections of
the 2D spectra onto the directly detected dimension
(Fig. 6b,c). It can be seen that the maximum of the
Val CK signal is shifted down¢eld by 0.6 ppm in the
membrane-bound state (see extended CK region on
the left hand side of Fig. 6), From the peak shape it
can be rationalized that some of the Val CK signals
have shifted down¢eld. This small down¢eld shift
persists even when the membrane protein was at

Fig. 7. 15 N^13 C 2D correlation spectra of the soluble (a) and
membrane-bound (b) colicin Ia channel domain, acquired at
293 K for (a) and 243 K for (b). NS per t1 slice : 576 for (a)
and 416 for (b). Spinning speed: 7 kHz for (a) and 6 kHz for
(b). Lines guide the eye for di¡erences between the two spectra.
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Fig. 8. CSA ¢lter spectra of soluble (a,b) and membrane-bound
(c,d) colicin. Spectra (c,d) were acquired with DQF to suppress
the lipid signals. CSA evolution times: d = 0 for a,c and d = dr /2
for b,d. Arrows indicate the Val CK and CL signals for which
CSA evolution was analyzed below. Spectra were acquired with
2048 (a), 8192 (b), 5120 (c), and 12 800 (d) scans at 243 K and
5.3 kHz spinning. (e) Val CK CSA dephasing curves. (f) Val CL
CSA dephasing curves. Weaker dephasing is observed for the
membrane protein (open symbols) than for the soluble colicin
(¢lled symbols). Dashed (solid) lines: simulated CSA decay
curves for the soluble (membrane-bound) colicin.

strong peak at (62 ppm, 122 ppm) (marked by X) in
the soluble spectrum became unresolved in the membrane sample spectrum. The Val cluster showed a
small down¢eld shift, consistent with the DQF spectra. Overall, the membrane protein spectrum is
broadened in both the 13 C and 15 N dimensions compared to the soluble colicin spectrum.
3.3.

titative decay curves for the resolved and assigned
Val CK and CL signals are shown in Fig. 8e,f.
Both CK and CL sites exhibit reduced CSAs in the
membrane-bound state than the soluble state. Based
on the intensities at the half rotor period, the Val CK
CSA span is 21 þ 1 ppm in the membrane-bound
state and 25 þ 1 ppm in the soluble state (Table 1).
The Val CL CSA span is 14 þ 1 ppm for the membrane sample and 19 þ 1 ppm for the soluble protein.
These values fall into the general range expected for
the K-helical conformation, as predicted by quantum
chemical calculations [40]. Depending on the M1 angle, these calculations have found Val CK vc values
of 32^37 ppm for L sheet and 15^29 ppm for K helix.
We have also measured the CSA values for soluble
and membrane-bound colicin at room temperature
(see Table 1). Due to molecular motions at room
temperature, the CSA tensors are scaled and need
to be corrected to obtain the full CSA value. In a
previous study, we have measured the segmental order parameters for all resolved signals of colicin [24].
The full span of the CSA tensor is obtained by dividing the room-temperature values by these order parameters. Similar to the results at low temperature,
the CSA value for the Val residues increases upon
membrane binding. In other words, the CSA gap
between the two forms of the protein persists at
both room temperature and low temperature, with
the membrane-bound colicin having smaller CSAs.
Table 1
Comparison of the 13 C CSA spans (vc) for Val CK and CL of
the soluble and the membrane-bound (MB) states of colicin Ia
channel domain
Peaks

Temperature
(K)

13

C anisotropic chemical shifts of colicin Ia
channel domain

Fig. 8a^d shows the aliphatic region of the CSA
¢lter spectra of the soluble and membrane-bound
colicin Ia channel domain. CSA evolution times of
zero (top row) and half a rotor period (bottom row)
are shown. DQ ¢ltration was applied to the membrane protein sample to remove the lipid background
signals. All spectra were acquired at 243 K to freeze
out motions and obtain the rigid-limit CSAs. Quan-
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Val
Val
Val
Val

CK
CL
CK
CL

a

243
243
293
293

vc (ppm)a

v(vc) (ppm)

Soluble MBb

vc(MB)3vc(sol)

25 þ 1
19 þ 1
23 þ 1c
18 þ 1c

34
35
32
32

21 þ 1
14 þ 1
21 þ 1c
16 þ 1c

vc determined from the best ¢t of experimental data to simulations of CSA dephasing curves calculated with an asymmetry
parameter of R = 0.
b
Obtained from the DQF-CSA experiment.
c
Values were corrected for mobility using the order parameters
for Val CK and CL obtained from C^H dipolar coupling measurements (soluble colicin : SCK = 1.00, SCL = 0.88; membrane
bound colicin: SCK = 0.90, SCL = 0.75) [24].
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The experimental decay intensities at dr /8 and dr /4
are lower than in the simulated curves. This may
result from the CK^CL dipolar couplings, which are
not fully compensated by the CSA ¢lter sequence
except for evolution times of d = 0, dr /2, and dr . The
e¡ect of the homonuclear coupling is strongest at
d = dr /4. Therefore, simulations were optimized to ¢t
the data at dr /2. Nevertheless, this imperfection does
not a¡ect the empirical observation that the membrane-bound colicin has smaller CSAs than the soluble colicin, since the one-bond 13 C^13 C homonuclear
coupling is identical for the two samples at this low
temperature.
We also measured the 13 C CSAs at room temperature (293 K) for both samples (Table 1) to probe the
biologically relevant state of the protein. To take
into account the e¡ect of motion, we scaled up the
CSA values by the inverse of the C^H order parameters for the corresponding sites obtained from separate experiments [24]. These mobility-corrected CSA
values agreed well with the low-temperature results
for the membrane protein (Table 1).

4. Discussion
Colicin Ia channel domain is particularly amenable
to solid-state NMR studies. It is soluble in water,
and reconstitution of the protein into lipid bilayers
is straightforward since the molecule inserts spontaneously into membranes. When preparing the membrane protein sample, we ¢rst mixed colicin with
unilamellar lipid vesicles to maximize the protein^
lipid interaction. Then the amount of water was reduced to make the sample suitable for solid-state
NMR. Thus, the colicin-containing bilayers were ¢nally arranged in membrane stacks (multilamellar
vesicles) at a lower hydration level. However, this
lower hydration level is still su⁄cient for this membrane protein, as supported by our recent investigation of the dynamics of membrane-bound colicin
[24]. In that study, we showed that colicin Ia channel
domain is much more mobile than other membrane
proteins of similar or even smaller molecular masses.
Therefore, the somewhat restricted water space between bilayers should not compromise the study of
conformational changes of membrane-bound colicin
Ia channel domain.

The measured 13 C isotropic chemical shifts of colicin Ia channel domain indicate that the secondary
structure of the protein, to ¢rst order, is similar and
highly helical in the soluble and the membranebound states. The Val CK and CL isotropic shifts,
which are resolved and de¢nitively assigned, are
broadly consistent with those expected for the helical
conformation. The persistence of the helical structure
after membrane binding is not surprising, since the
soluble state of colicin Ia channel domain is already
78% helical [4], and membrane binding, while known
to promote helix formation, is unlikely to increase
the helical content much further.
Despite this overall similarity, careful examination
shows that the Val CK isotropic shift increased by 0.6
ppm upon membrane binding. Corroborating this result we have measured a decrease in Val CK and Cb
CSA. These results suggest an ordering of the helical
structure due to membrane binding. While most
(eight out of nine) Val residues reside in helices in
the soluble protein, not all these residues adopt ideal
helical torsion angles according to the crystal structure. The residues located at the edges of the helices
such as V490 (P = 346‡, i = 369‡) and V559
(P = 373‡, i = 321‡) have torsion angles that deviate
signi¢cantly from those of ideal K-helices (P = 357‡,
i = 347‡). Based on the statistical analysis of protein
chemical shifts from empirical databases [50], these
torsion angles would yield a down¢eld shift of 2 ^
2.5 ppm from the random coil values. This is smaller
than the isotropic shifts expected for six other Val
residues (V463, V569, V584, V587, V607 and V617)
that have more ideal helical torsion angles (about
3 ppm). In other words, the Val CK sites in the soluble state of colicin would have less than maximal
secondary shifts due to slight distortions of the helical
structure. These distortions may result from interhelical loops and tertiary contacts in the compact protein. As the protein spreads out onto the membrane
surface, however, the distorted helices may become
more ordered and closer to ideal, thus the Val CK
sites exhibit more down¢eld-shifted isotropic peaks.
The 15 N^13 C 2D spectra are consistent with the
conclusions from the 13 C chemical shifts. It can be
appreciated, even without full assignment, that the
two conformations of the proteins yield spectra
with the same overall frequency ranges, but with different intensity distributions. Thus, large changes of
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the helical content are unlikely, but the helices existing in the soluble form may be re¢ned due to membrane binding.
The hypothesis of helix ordering is consistent with
a recent £uorescence study of colicin E1 channel domain [16,54], which shows that the protein forms an
extended helical array on the membrane surface, a
very di¡erent tertiary structure from its soluble state.
In this model, the densely packed colicin channel
domain in solution becomes much more open and
£exible upon membrane binding: the helices drift
apart, and eventually occupy a large area, about
î 2 for colicin E1, in the membrane [16,54].
4200 A
This extended helical array model is also consistent
with the reduced 2 H quadrupolar couplings of the
colicin-bound lipids: if colicin Ia channel domain
predominantly binds at the lipid^water interface,
then it should cause lateral expansion of the bilayer
and permit increased motional freedom in the acyl
chains. Through the partial unfolding of the tertiary
structure of membrane-bound colicin Ia channel domain, more lipid molecules interact with the protein
and become disordered. The degree of observed 2 H
order parameter reduction also appears to be indicative of an extended colicin at the bilayer^water interface. This is inferred from comparison with a previous study of a 21-residue surface-bound singlehelix peptide, which shows a similar amount of 2 H
order parameter reduction [55]. In that study, the
peptide/lipid molar ratio was 1:10, compared to the
molar ratio of 1:100 used here. However, if all ten
helices in colicin Ia channel domain become exposed
to the lipids due to the partial unfolding and extension, then the e¡ective helix/lipid molar ratio becomes comparable to that of the previous study. In
other words, the similar mass concentration of the
surface-bound peptide in both studies induces a similar increase in the lipid chain disorder.
The reduced Val CK and CL CSAs are consistent
with the isotropic chemical shift data in supporting
our conclusion that membrane binding makes the
helices more ordered and ideal. The somewhat larger
changes in the CSA span than the isotropic shift are
possible, since quantum chemical calculations have
shown that the outer two principal values of the
chemical shift tensor can move in opposite directions, thus changing the anisotropic span but not
the isotropic shift. For example, the Val CK isotropic
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shielding di¡ers by 5^7 ppm between sheet and helix,
but its CSA span changes by 8^22 ppm, depending
on the side chain torsion angle, M1 [40].

5. Conclusion
We have measured the 13 C isotropic and anisotropic chemical shifts of the water-soluble and membrane-bound states of colicin Ia channel domain, and
the e¡ect of colicin binding on lipid bilayers by 2 H
and 31 P NMR. The Val 13 CK and 13 CL isotropic
shifts are only moderately di¡erent between the two
states, indicating that the helical content of the protein is overall comparable between the two states, in
agreement with optical measurements [17]. The small
isotropic chemical shift increase (0.6 ppm) and the 4ppm anisotropic chemical shift decrease of Val CK in
the membrane-bound colicin compared to the soluble
state suggest that the helices become more ideal and
ordered upon membrane binding. This happens if
colicin Ia channel domain extends itself onto the
membrane surface, forming an open tertiary structure, in contrast to the compact globular shape of
the soluble protein. Colicin binding signi¢cantly increases the lipid chain disorder, as manifested by the
reduced 2 H quadrupolar couplings of the perdeuterated POPC chains. This increased bilayer disorder is
also consistent with a model of a loosely packed
colicin Ia channel domain predominantly associated
with the bilayer surface [16,54]. Our results would be
in agreement both with the umbrella and the penknife model of membrane bound colicin if the arrangement in an extended helical array is incorporated into these models. The distinction between
these two models can be made by 1 H spin di¡usion
experiments, which are presented elsewhere [56].
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