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Solution-stateNMR requires smallmembranemimetic systems to allow for acquiring high-resolution data. At the
same time these mimetics should faithfully mimic biological membranes. Here we characterized two novel
fast-tumbling bicelle systems with lipids from two Escherichia coli strains. While strain 1 (AD93WT) contains a
characteristic E. coli lipid composition, strain 2 (AD93-PE) is not capable of synthesizing the most abundant
lipid in E. coli, phosphatidylethanolamine. The lipid and acyl chain compositions were characterized by 31P and
13C NMR. Depending on growth temperature and phase, the lipid composition varies substantially, which
means that the bicelle composition can be tuned by using lipids from cells grown at different temperatures
and growth phases. The hydrodynamic radii of the bicelles were determined from translational diffusion
coefficients and NMR spin relaxation was measured to investigate lipid properties in the bicelles. We find that
the lipid dynamics are unaffected by variations in lipid composition, suggesting that the bilayer is in a fluid
phase under all conditions investigated here. Backbone glycerol carbons are the most rigid positions in all lipids,
while head-group carbons and the first carbons of the acyl chain are somewhat more flexible. The flexibility
increases down the acyl chain to almost unrestricted motion at its end. Carbons in double bonds and cyclopro-
pane moieties are substantially restricted in their motional freedom. The bicelle systems characterized here are
thus found to faithfullymimic E. coli innermembranes and are therefore useful for membrane interaction studies
of proteins with E. coli inner membranes by solution-state NMR.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Bacterial membranes are complex bilayers of lipids that form a
protective barrier for the cell against the fluctuating outer environment.
Beyondbeing a protective, semipermeable barrier, the lipids that consti-
tute membrane bilayers have functional roles [1,2]. It has for example
been shown that phosphatidylethanolamine (PE) is required for correct
membrane insertion of LacY [3]. Also, PE, phosphatidylglycerol (PG),
and cardiolipin (CL) are involved in membrane-related processes like
protein translocation and cell growth [1]. Moreover, the lipid bilayer
forms the matrix for integral membrane proteins and is sensed by pe-
ripheral membrane proteins. For instance, it has recently been shown
that the transmembrane protein proteorhodopsin requires lipids of a
specific acyl chain length for optimal function [4] and that the peripher-
al glycosyltransferases MGS [5–7] and WaaG [8] interact specifically
with anionic species of the membrane.
ted 1,2-dihexanoyl-sn-glycero-
-phosphocholine; DMPG, 1,2-
Overhauser enhancement; PC,
hatidylethanolamine; TLC, thin
The inner membrane of Escherichia coli consists mainly of three
types of phospholipids: PE (60–80 mol%), PG (15–30 mol%), and CL
(5–10 mol%) [2,9,10]. The lipid composition does not vary in response
to changes in growth temperature [11,12] but the ratio of CL increases
during the stationary phase [13]. Acyl chains can vary in length and de-
gree of unsaturation depending on growth conditions. Under typical
growth conditions, 16:0 acyl chains are the most abundant species
(~40%) and about 50% of the acyl chains are unsaturated [14,15]. At
the onset of the stationary phase a substantial fraction of double
bonds is converted into cyclopropanated species, which are believed
to increase the physical and chemical stability of cellular membranes
[16–18]. PG is a bilayer-forming lipid while PE is not. In the presence
of divalent ions, CL can form a hexagonal phase but it is bilayer-prone
otherwise [19]. Therefore, E. coli inner membranes maintain consider-
able curvature stress, which is required for cellular viability [15]. The
bilayer is maintained in a fluid, lamellar phase by modifications of the
acyl chain composition in response to temperature changes [11].

Solution-state NMR methods have contributed to a detailed under-
standing of protein-membrane interactions. To render experiments
interpretable, the size and complexity of biological membranes have
to be reduced due to methodological limitations of solution-state
NMR. Micelles and bicelles are membrane mimetic systems that are
routinely employed to mimic biological membranes in NMR studies
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[20,21]. Micelles are detergent aggregates that do not form bilayers and
have been shown to distort structure and function of some membrane
proteins [22–28]. In contrast, bicelles contain a lipid bilayer and there-
fore theymore closelymimic biological membranes as compared tomi-
celles [21,29]. They are thus widely used NMR-accessible membrane
mimetics.

Bicelles are characterized by their q-value, which is themolar ratio of
lipids to detergent. For q-values in the range 0.25 to 1 small, isotropic
bicelles are formed. In an idealized model isotropic bicelles are aggre-
gates inwhich lipids form a disk-shaped bilayer stabilized by detergents
in the rim [30]. For q b 0.25 the spatial segregation of detergents and
lipids is most likely lost [31,32], while for q≫ 1 large bilayer structures
are formed, which under appropriate conditions orient in magnetic
fields [33–35]. The simplest bicelles consist of a single bilayer-forming
lipid type, e.g. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
and a detergent-like molecule, e.g. 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC), which has shorter acyl chains than DMPC
[36,37]. In order to emulate specific properties of natural membranes
other lipid species can readily be introduced into bicelles. For instance,
to simulate the characteristic negative charge of bacterial membranes,
fast-tumbling as well as high q-value bicelles have been enriched with
anionic lipids such as 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol
(DMPG) or 1,2-dimyristoyl-sn-glycero-3-phosphoserine (DMPS)
[38–42]. Using synthetic lipids, up to around 40% DMPG has been
introduced into fast-tumbling bicelles with q = 0.5. Moreover,
bicelles that contain glycolipids abundant in plant membranes can
also be produced and it was shown that up to 30% of either mono- or
digalactosyl-diacylglycerol could be incorporated into fast-tumbling
bicelles while maintaining the bicelle morphology [43]. Finally, the
chain length and degree of unsaturation of lipids in bicelles can be
varied [4,31,44], also in aligned bicelles with high q-values [45].

It is not possible to prepare fast-tumbling bicelles (with q-values of
0.5 or lower) with high anionic surface charge density or head-group
compositions similar to that of E. coli of purely synthetic lipids com-
posed of one single type of acyl chain. Therefore, natural lipids extracted
directly from E. coli provide a means to fine-tune the lipid composition
for studies of peptides and proteins in a realistic lipid environment.
Here, we present an in-depth analysis of the dynamics and composition
of lipids that were extracted from two strains of E. coli membranes in
small isotropic bicelles. These new types of bicelles are sufficiently
small to conduct solution-state NMR experiments while they at the
same time provide a natural environment to investigate protein-
membrane interactions [7,40,46]. While the inner membrane of strain
1 (AD93WT) has a typical E. coli inner membrane composition (~75%
PE, 20% PG, 5% CL), strain 2 (AD93-PE) cannot synthesize PE and its
inner membrane consists of about 80% PG and 20% CL [15]. The latter
construct can be of specific interest when investigating the role of PE
in protein-membrane interactions.Moreover, we investigated the effect
of growth temperature on the lipid composition and on the dynamic
properties of the corresponding lipid mixtures in bicelles.

2. Experimental procedures

2.1. Materials

Tail-deuterated 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC-d22) was purchased from Avanti Polar Lipids (Alabaster, AL).

2.2. Purification of lipids from AD93WT and AD93-PE

Lipids were purified from AD93WT and AD93-PE strains according
to the protocol described earlier [7,15]. AD93WT and AD93-PE strains
were grown at 30 °C from an overnight culture for 24 h in 2× LB with
appropriate antibiotics (25 μg/ml kanamycin and 34 μg/ml chloram-
phenicol for AD93WT and 25 μg/ml kanamycin for AD93-PE) and
20mMMgCl2 in the case of AD93-PE. Cells were subsequently collected
and re-suspended in 20 mM PIPES, 1 mM EDTA, 150 mM NaCl, and
0.0002% NaN3 buffer at pH 7.4. Lipids were extracted with
chloroform:methanol 2:1 (v/v) and were subsequently washed in the
aforementioned buffer to remove divalent ions (in particular Mg2+).
The chloroform phase was then collected and purified with adsorption
chromatography on a silica gel column. Diacylglycerol and fatty acids
were eluted with chloroform and phospholipids were subsequently
eluted with methanol. All lipid fractions were concentrated to about
20 mg/ml and kept at −20 °C in a 2:1 (v/v) chloroform:methanol
solution. Membrane lipid compositions were checked by thin layer
chromatography (TLC) using a separation on Silica Gel 60 plates
(Merck, Germany) with chloroform/methanol/acetic acid 85:25:10
(v/v/v) as the mobile phase. All lipids were spotted by iodine staining.

2.3. Growth curves

Cell cultures of AD93WTwere grown under the above conditions at
20 °C, 30 °C, and 37 °C and AD93-PE cell cultures were grown at 30 °C.
For each condition two cell cultures were grown with a delay of 12 h.
The OD600 of culture 1 was measured in regular intervals during hours
1–12 and 22–33 of the growth cycle. The OD600 of culture 2 was
measured in regular intervals during hours 13–21 of the growth cycle.

2.4. Bicelle preparation

The two bicelle types analyzed in this study were: 1. AD93WT
bicelles made from AD93WT lipid extract and 2. AD93-PE bicelles
made from AD93-PE lipid extract. Moreover, lipids were also extracted
from AD93WT cells grown at either 20 °C or 37 °C, in addition to cells
grown at 30 °C as described above. The bicelles produced from these
lipids are referred to as 20 °C or 37 °C AD93WT bicelles. Assuming a
typical lipid composition [15] and average length of the acyl chains of
16.5 carbons [11] average molecular weights of 730 g/mol for
AD93WT and 880 g/mol for AD93-PE lipids were calculated. Bicelles
were prepared by the removal of the chloroform:methanol solvent
under a stream of N2 gas and lipid films were rehydrated in 50 mM of
pH 7.4 phosphate buffer in 100% D2O to obtain a final concentration of
50 mM lipids. Following the addition of 100 mM of DHPC-d22 the sam-
ple was subjected to three cycles of freezing at −20 °C and thawing at
room temperature to yield q = 0.5 bicelles. One should note that since
up to 10 mM DHPC is free in solution, the effective q-value is always
higher [35]. To reference 1H spectra and as an indirect reference for
31P and 13C spectra [47] 50 μM of 4,4-dimethyl-4-silapentane-1-
sulfonic acid was added to the sample.

2.5. NMR spectroscopy

2.5.1. Peak assignment and lipid composition
Experiments to assign 13C, 1H, and 31P peaks in AD93WT and AD93-

PE bicelle spectra (natural abundance 1D-13C, 1D-1H, 1D-31P, 13C-HSQC,
and 31P heteronuclear experiments) were conducted on a Bruker
Avance 600 MHz spectrometer equipped with a triple resonance (1H,
13C, 31P) probe-head. 31P and 13C resonance frequencies were
243 MHz and 151 MHz, respectively. Assignments were obtained from
standard literature values [48–50]. Moreover, natural abundance
1D-13C and 1H spectra of synthetic PE, PG, and CL dissolved in chloro-
form aided the assignment. The spectra of the synthetic lipids in chloro-
form are shown in Fig. S1A (1H) and B (13C) in the Supplementary
material. The lipid composition was calculated from peak integrals in
31P spectra. The composition of chain modifications was obtained
from peak integrals in 13C spectra. To ensure that differences in relaxa-
tion behavior of acyl chain carbons did not influence the peak integrals,
the amount of a specific acyl chainmodification is reportedwith respect
to the respective peak integral of 30 °C AD93WTbicelles and not relative
to the total acyl chain composition. Variations in lipid concentrations
were corrected for by multiplying with a concentration factor obtained
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from the methyl peak integral (see Example S1 in the Supplementary
material).

2.5.2. Translational diffusion
Translational diffusion coefficients were measured on a 600 MHz

Bruker Avance spectrometer using a LED-BPP pulse sequence in which
the pulsed field gradient was increased in 32 linear steps [51–53]. The
1H spectra were acquired with a spectral width of 12 ppm, 16 scans
and a typical 90° pulse length of 8.5 μs. Themaximum gradient strength
was 50 G/cm, the gradient pulse length 2 ms, the diffusion delay 0.2 s,
and the recycling delay 1.5 s. The gradient strengths were calibrated
with a 1% H2O in D2O and 0.1 mg/ml GdCl3 standard sample. The
translational diffusion coefficient was obtained from a fit of the signal
attenuation to the Stejskal-Tanner equation [54]. Diffusion coefficients
of lipids were measured using 1H acyl chain peaks (protons bound to
C3, C4–Cω1, CH3, C\\C_, Δc, and Δt, see Fig. 1 for nomenclature) and
corrected for viscosity differences by multiplying with the diffusion
coefficient of H2O [55] and dividing with the diffusion coefficient of
trace HDO in the sample.

2.5.3. Dynamics
Natural abundance 13C longitudinal relaxation (T1) and nuclear

Overhauser enhancement (NOE) experiments were conducted on 500
and 700 MHz (13C frequency of 125 MHz and 176 MHz, respectively)
Bruker Avance spectrometers for AD93WT and AD93-PE bicelles.
Additionally, T1 experiments were done on a 600 MHz Bruker Avance
spectrometer (13C frequency of 151 MHz) for AD93WT bicelles.
Inversion recovery experimentswith at least 10 delays ranging between
0.05 s and 6 swere acquired to obtain T1. NOEswere obtained from a 1D
experiment by applying 1H irradiation during a 25 s presaturation
period and referencing to a spectrum with no presaturation. For 20 °C
and 37 °C AD93WT bicelles T1 inversion recovery experiments were
measured on a 500 MHz Bruker Avance spectrometer. The spectral
width of the 13C experiments was 200 ppm and a minimum of 2000
scans were acquired. The length of the 90° pulse was typically 9.5 μs
(500 MHz), 14.0 μs (600 MHz), and 13.0 μs (700 MHz).
Fig. 1.Nomenclature of lipid carbons: A) head-groups of PE, PG, and CL. B) Saturated acyl chain
and unsaturation (bottom right).
The dynamics of individual 13C\\1H bond vectors were analyzed
within the framework of the model-free approach [56–60] assuming
that the spectral density function can be described by a squared local
order parameter, Sloc2 , and a local correlation time, τloc, of the 13C\\1H
bond vector and a squared lipid order parameter, Slip2 , and a lipid
correlation time, τlip, of the entire lipid [43,61,62]. Moreover, it is
assumed that lipid reorientation and 13C\\1H bond dynamics occur on
distinct timescales. Under these assumptions the spectral density func-
tion is given by [63,64]:

J ωð Þ ¼ 2
5

S2loc−S2locS
2
lip

� �
τlip

1þω2τ2lip
þ

1−S2loc
� �

τT

1þω2τ2T

0
@

1
A ð1Þ

where τT−1=τlip−1+τloc−1. Since R1 and NOE are expressed in terms of
J(ω) [63] the dynamical parameters can be obtained from fittings to
the experimentally determined relaxation parameters that were
measured at two or more field strengths. For 13C natural abundance
experiments, dipole-dipole relaxation due to the directly attached
proton is the dominant relaxation mechanism [63]. Therefore, other
effects, like chemical shift anisotropy, were neglected in the description
of R1 and NOE in terms of the spectral density function.

3. Results

3.1. Assignments

The nomenclature of lipid carbon atoms and the structure of the
most abundant lipids occurring in E. coli are shown in Fig. 1. The peak
assignments of AD93WT and AD93-PE bicelle spectra are given in
Tables S1 (31P), S2 (1H and 13C) and Fig. S2 (1H and 13C) of the
Supplementary material and in Fig. 3 (31P). Note that the glycerol
peaks of DHPC largely overlapwith the glycerol peaks of all other lipids.
Since up to 10mM [31,65], i.e. 10%, of DHPC is present in the samples as
monomers, and thus not bicelle-bound, and in fast exchange with
bicelle-bound DHPC, peaks overlappingwith DHPC are skewed towards
(top) and two commonmodifications of lipid acyl chains: cyclopropanation (bottom left)
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faster dynamics. Nevertheless, the dominating contributions originate
from membrane-bound molecules and a qualitative interpretation of
the dynamics of the glycerol backbone carbons is thus feasible within
the validity of the model-free approach (see below).

3.2. Growth curves

The growth curves for AD93WT at 20 °C, 30 °C, and 37 °C and for
AD93-PE are shown in the Supplementary material, Fig. S3. 30 °C
AD93WT reaches the stationary phase after 9 h. The growth behavior
at 37 °C of AD93WT is initially the same, but at this temperature
AD93WT does not reach the same density as cells grown at 30 °C. At
20 °C, AD93WT grows significantly more slowly and does not reach
the highest cell density after 33 h. AD93-PE cells grow more slowly
and to a significantly lower density than AD93WT cells grown at the
same temperature.

3.3. Lipid composition

The lipid composition of each mixture can readily be obtained by
integrating peaks in 31P NMR spectra and the relative composition of
acyl chain modifications was obtained from peak integrals in 13C NMR
spectra. Cells were harvested after 24 h of growth and the membrane
extracts of the AD93WT strain grown at different temperatures and of
AD93-PE were analyzed by TLC (Fig. 2). The phospholipid head-group
composition was quantified from 31P spectra (Fig. 3) and the lipid com-
position of AD93WT and AD93-PE bicelles is shown in Table 1. The rel-
ative amounts of PE, PG, and CL in bicelles containing AD93WT lipids
from E. coli grown at 30 °C are characteristic of inner membranes. PE
is the major lipid component in AD93WT bicelles and replaced by ap-
proximately equal amounts of PG in AD93-PE bicelles. Since PG and PE
have different physicochemical features (PG is bilayer prone and anion-
ic, while PE is non-bilayer prone and zwitterionic) (see Fig. 1), the re-
placement is not a functional one. The lipid composition of bacteria
grown at 37 °C was strongly modified as compared to bacteria grown
at 30 °C and a substantial increase in anionic lipids, in particular, was ob-
served. The lipid composition of bacteria grown at 20 °C had lower CL
and higher PG levels than the lipid mixture of bacteria grown at 30 °C
but the ratios of PE to anionic lipids were identical.

Table 2 shows the change in acyl chain composition in 30 °C
AD93-PE bicelles, 37 °C and 20 °C AD93WT bicelles relative to 30 °C
AD93WT bicelles (for an example of calculation, see Supplementary
material). In AD93-PE bicelles the amount of unsaturated fatty
acids was higher than in AD93WT bicelles, which was accompanied
by a lower amount of cyclopropane moieties. When comparing
AD93WT bicelles grown at different temperatures, it was observed
that 37 °C AD93WT bicelles had a substantially lower content of
Fig. 2. TLC analysis of the total extract (TE) and the eluted diacylglycerol (DAG) and phosphol
obtained from AD93WT cell cultures grown at 37 °C, 30 °C, and 20 °C and from AD93-PE cell c
the solvent front (*).
double bonds and a larger amount of cyclopropane moieties.
Compared to 30 °C AD93WT bicelles 20 °C AD93WT bicelles had a
slightly higher content of unsaturated fatty acids and an unchanged
amount of cyclopropanated acyl chains.

3.4. Translational diffusion

The translational diffusion coefficients for AD93WT and AD93-PE
bicelles were obtained from the analysis of the diffusion rates of acyl
chain proton peaks. For both bicelle types the diffusion coefficients
were found to be 6.2 ± 0.8 × 10−11 m2 s−1. Using the Stokes-Einstein
equation a hydrodynamic radius of 3.9 ± 0.5 nm is obtained. The diffu-
sion coefficients correspond to what has previously been reported for
other fast-tumbling bicelle systems [30]. Typical values for q = 0.5
DMPC/DHPC bicelles were found to be around 5 × 10−11 m2 s−1 [44].
While smaller values were determined for bicelles containing 25% PE
and 25% PG head-groups (around 4 × 10−11 m2 s−1) [66,67], higher
values were measured for lipids with unsaturations and chain lengths
longer than 14 carbons (6–7 × 10−11 m2 s−1) [4,31,44]. Since E. coli
lipids are typically 16.5 carbons long and contain a substantial amount
of unsaturations [11], the higher diffusion coefficient observed for the
bicelles in this study as compared to DMPC/DHPC q = 0.5 bicelles is
most likely a consequence of the acyl chain composition. The errors
were, however, large andwe assume that this is due to inaccurate deter-
mination of the lipid concentration in different batches, which results in
slightly different q-values (lipid to detergent ratios) and thus diffusion
coefficients of the bicelles. The head-group region of the 1H spectrum
is dominated by DHPC-d22 peaks showing elevated diffusion rates due
to the presence of monomeric DHPC-d22 which is in fast exchange
with bicelle-bound DHPC-d22. DHPC-d22 peaks almost entirely
mask lipid peaks with the exception of the head-group peaks of PG
and CL. Due to their low abundancy, these peaks were too weak in
AD93WT bicelles to provide reliable results but as they were stron-
ger in AD93-PE bicelles reliable diffusion coefficients could be deter-
mined in this case (see Fig. S2A and B). A diffusion coefficient of
6.5 × 10−11 m2 s−1 was observed for those peaks in AD93-PE
bicelles, in good agreement with the diffusion coefficients obtained
from lipid acyl chains. Therefore, and since all acyl chain carbons
show the same diffusion coefficient, we conclude that all lipids
partition into the same type of bicelle aggregate.

3.5. Lipid dynamics

In order to analyze the dynamics of individual 13C\\1H bond vectors,
wemeasured T1 andNOE relaxation parameters for AD93WTandAD93-
PE bicelles, at least at twomagnetic field strengths (for the raw data see
Tables S3–S5 in the Supplementarymaterial).We then fitted the data to
ipid (PL) fractions for the AD93WT and AD93-PE membrane extracts. Lipid extracts were
ultures grown at 30 °C. DAG and fatty acids (FA) migrate to the same band level close to



Fig. 3. 31P spectra of A) 37 °C, B) 30 °C, C) 20 °C AD93WT bicelles, and D) AD93-PE bicelles recorded at 25 °C. The phosphate buffer peak is located at 1.8 ppm and not shown in the figures.
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a spectral density function (Eq. (1)) and obtained squared local order
parameters (Sloc2 ) and correlation times (τloc) for the 13C\\1H bond
vectors and a global squared lipid order parameter (Slip2 ) and correlation
time (τlip).

Table 3 shows Slip2 and τlip for both bicelle types. In the fitting proce-
dure we made the simplifying assumption that all lipid types undergo
the same global dynamics, i.e. have similar Slip2 and τlip, which reduces
the number of parameters to be fitted. Since both bicelle systems con-
tain one major lipid component, PE in AD93WT and PG in AD93-PE
bicelles, this assumption is reasonable. Moreover, we excluded PC-α,
PC-β, and PC-γ peaks from the fitting procedure, since these originate
from DHPC-d22 molecules that are in fast exchange between a bicelle-
bound and a monomeric state. Slip2 and τlip were found to be similar for
AD93WT and AD93-PE bicelles, i.e. the global lipid dynamicswere iden-
tical for both bicelle systems.

Fig. 4 depicts the dynamic profile of the squared local order param-
eters of AD93WT and AD93-PE bicelles in the head-groups (Fig. 4A)
and in the acyl chain (Fig. 4B), which were obtained by fixing Slip

2 and
τlip to the values determined when excluding PC head-group peaks
(see also Table S6 in the Supplementary material). The substantial un-
certainty is largely due to the difficulty in measuring NOEs, where we
assumed a measurement error of 10%. First, it may be noted that the
glycerol carbons were the most rigid lipid carbons with Sloc

2 exceeding
0.7. When comparing the dynamics of carbons in the different types of
head-groups it was observed that PC carbons were more dynamic
than other types of head-group carbons. In the acyl chains (Fig. 4B)
Sloc
2 was seen to decrease down the chain from the fairly rigid C2 carbons
(Sloc2 around 0.5) to the highly flexiblemethyl carbons (Sloc2 around0.05).
This trend is interrupted by carbons participating in double bonds and
by carbons in the cyclopropane moiety which showed substantially in-
creased rigidity considering that they are typically found at C9 or further
down the acyl chain. Finally, C3 carbons in the sn1 and sn2 chain expe-
rience differentmagnetic environments and thus showdistinct peaks so
that their dynamics can be evaluated separately. Here, it was found
that C3 carbons undergo identical dynamics. A comparison of the
local dynamics of both bicelle types did not show differences in the
Table 1
Lipid head-group composition of bicelles.

Bicelle type Growth temp./°C PE PG CL

AD93-PE bicelles 30 0% 83% 17%
AD93WT bicelles 37 61% 22% 17%
AD93WT bicelles 30 79% 13% 8%
AD93WT bicelles 20 80% 16% 4%
profiles. The local correlation times (Fig. 4C and D) mirrored the
profile of Sloc2 and were identical for both bicelle types.

While themodel-free approach provides a clear interpretation of the
local dynamics in terms of amplitude and rate of motion, and moreover
allows for quantification of lipid dynamics that are not directly accessi-
ble from NMR data, the inclusion of NOE data as well as the scarcity of
data points leads to relatively large errors. However, the trends in R1
data directly mirror the profile of Sloc2 and can be measured with higher
reliability. Therefore, they can be used to compare local dynamics
without the necessity of a model-free analysis.

In Fig. 5 R1 relaxation rates of 20 °C, 30 °C, and 37 °C AD93WTbicelles
measured at 25 °C are shown. Despite a large degree of variation in the
head-group and acyl chain composition (Tables 1 and 2), there are no
significant variations in R1, with the exception of the double bonds of
37 °C AD93WT bicelles for which we suspect that the errors are
underestimated. The agreement of R1 rates at different temperatures
indicates that the dynamics of the lipids in the three bicelle systems
are the same.

4. Discussion

In this study, we constructed bicelles from the lipid extracts of two
different strains of E. coli - one having a native E. coli lipid composition
(AD93WT) and another one that does not synthesize themost abundant
E. coli lipid PE (AD93-PE). We found that small isotropic bicelles can be
made of such lipids and we characterized the diffusion, lipid composi-
tion, and dynamics of these bicelles. The dynamics of the individual
13C\\1H bond vectors vary along the long axis of the lipid with a rigid
glycerol backbone and somewhat more flexible head-groups. The
flexibility decreases along the acyl chain but acyl chain modifications
lead to a drastic local increase in rigidity.

The lipid composition of E. coli strains upon variation of external
conditions has previously attracted attention. Wikström et al. [15]
analyzed the lipid composition of AD93WT and AD93-PE strains by
electronic autoradiography of radio-labeled lipids separated on TLC
Table 2
Composition of acyl chain modifications relative to 30 °C AD93WT.

Bicelle type Growth temp./°C C_Ca C\\C_a Δca Δta

AD93-PE bicelles 30 146% 145% 68% 65%
AD93WT bicelles 37 20% 24% 129% 123%
AD93WT bicelles 20 108% 107% 100% 99%

a Peak integrals were normalized for lipid concentration differences by a factor obtained
from thepeak integral of themethyl peak divided by the peak integral of themethyl peak of
30 °C AD93WT bicelles.



Table 3
Slip
2 and τlip of AD93WT and AD93-PE bicelles measured at 25 °C. Errors are 1 SD.

Bicelle type Slip
2 τlip/ns

AD93WT bicelles 0.49 ± 0.05 0.78 ± 0.08
AD93-PE bicelles 0.5 ± 0.1 0.8 ± 0.1
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plates to quantify lipid contents. The composition of AD93WT and
AD93-PE bicelles found in our study by 31P NMR (Table 1) is in agree-
ment with the results of Wikström et al. [15]. Moreover, in accordance
with our study, they observed a decrease in cyclopropane moieties
accompanied by an increase in double bonds in the AD93-PE lipid
extract as compared to that in AD93WT.

The degree of acyl chain unsaturation increases when bacteria are
grown at lower temperatures [68]. This has previously been studied
by e.g. Morein et al. [11]. A quantitative comparison of the results is
precluded since we only determined changes in acyl chain composition
relative to AD93WT, while Morein et al. did not distinguish between
cyclopropane moieties and double bonds. For cells grown at 20 °C we
find a slight increase in unsaturated fatty acid content, while the oppo-
site is true for cells grown at 37 °C where the amount of unsaturated
fatty acids is substantially decreased. These variations are in agreement
with the work by Morein et al. [11] even though the present results
show more pronounced variations. A reason might be that the E. coli
strains used in our study (AD93WT and AD93-PE) contain a rather
lowproportion of unsaturated fatty acids (~40% at 30 °C) [15] compared
to E. coli K12 used by Morein et al. (~50% at 27 °C) [11] so that a some-
what different response to temperature variations might be expected.

As seen in Table 2 the amount of cyclopropanated species increases
with higher growth temperature. Since cyclopropanation mainly
proceeds as cells enter the stationary phase and since the 30 °C and
37 °C cultures enter the stationary phase approximately at the same
time, it can be speculated that the differing levels of cyclopropanation
are a temperature-related effect. It has been reported that elevated
amounts of cyclopropanated fatty acids increase the cell's resistance to
adverse environmental conditions like high pressure [69–71], osmotic
pressure [72,73], acidic conditions [74], or heat shock [69]. Therefore,
the observed increase in acyl chain cyclopropanation in bacteria
grown at 37 °C could be a reaction to the elevated temperature.
On the other hand, the increased levels of unsaturations observed in
20 °C AD93WT and AD93-PE bicelles can be attributed to the fact that
Fig. 4. Sloc2 for lipids in AD93WT (green) and AD93-PE (blue) bicelles, measured at 25 °C. Compar
and τloc for C) head-group 13C\\1H bond vectors and D) acyl chain 13C\\1H bond vectors. Error
cells were harvested after 24 h growth where AD93-PE cells and
AD93WT cells grown at 20 °C have not reached the stationary phase,
i.e. cyclopropanation occurs only at a basal level.

It is known that E. coli does not alter its lipid head-group composi-
tion in response to temperature variations [11]. The lipid head-group
composition is, however, altered in different stages of the cell's life
cycle. In the stationary phase the activity of cardiolipin synthase is
upregulated in E. coli, a mechanism favorable for viability, and CL is
synthesized at the expense of PG [13]. Mutants that only marginally
synthesize CL have been reported to grow similar to wildtype [75].
Other reports indicate growth defects [76] and that the viability of
such mutants in the stationary phase and under stress conditions is
reduced [77,78]. CL levels are upregulated under adverse conditions,
like osmotic stress [79,80]. Moreover, CLs form membrane domains,
which in turn bind and regulate proteins that are involved in processes
like cell division,membrane transport and respiration [81,82] and CL is a
versatile substrate for many types of membrane proteins [82].

For cells grown at 20 °C and 30 °C the ratio of PE to anionic lipids is
constant but the PG to CL ratio of the 20 °C culture is twice that of the
30 °C culture. Our observation that the composition of anionic lipids in
bacteria grown at 20 °C and 30 °C varies can thus be explained by the
fact that lipids were harvested at different phases of the growth cycle
as evidenced by the growth curves (Fig. S3). The low levels of PE
observed in 37 °C AD93WT cells cannot be explained in this way,
since PE-levels are independent of the age of the cell culture [83]. It
was, however, shown by DeChavigny et al. [84] that the lipid composi-
tion of the specific strain used in this study (AD93WT), in contrast to
other E. coli strains, depends on the growth temperature. Specifically,
PE levels of AD93WT are drastically reduced while CL levels are in-
creased when grown at 43 °C. A typical lipid composition is obtained
at 30 °C growth temperature [84]. AD93-PE is deficient in PE because
it lacks the pss gene product, phosphatidylserine synthase (PssA),
which is a crucial enzyme in PE synthesis. AD93WT is derived from
AD93-PE in that the deleted gene is reintroduced on a plasmid, the
replication of which is temperature sensitive [84]. It has been observed
that the activity of PssA in AD93WT drops dramatically in cells grown at
43 °C and cell growth ceases after 4 h. During the growth at this restric-
tive temperature the amount of CL increases while the amount of PE
drops below 30% [84]. It is assumed that CL structurally replaces PE as
soon as PE levels are below wildtype level [15,84]. Our results indicate
that at 37 °C growth temperature plasmid replication and thus PssA
ison of Sloc2 for A) head-group 13C\\1H bond vectors and B) acyl chain 13C\\1H bond vectors,
s are 1 SD.



Fig. 5.13C R1 relaxation rates for lipids in 37 °C (red), 30 °C (green), and 20 °C (purple)AD93WTbicelles for A) thehead-group andB) the acyl chain carbons,measured at 25 °C. Errors are 1
SD.
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activity are reduced but not drastically so that a PE level of 60% is obtain-
ed. This is below thewildtype level of 80% and it is therefore likely that a
structural replacement of PE by CL takes place. In AD93-PE cells in-
creased levels of MgCl2 in the growth medium are required for viability
andMg2+ is known to affect the bilayer-formingpropensity of CL.While
CL in the absence of divalent ions is bilayer forming, the lipid forms a
hexagonal phase in their presence, in this way structurally replacing
the non-bilayer prone PE. The limited and slow growth of AD93-PE
cells shows, however, that addition of Mg2+ to the growth medium
and the accompanying structural change of CL cannot recover all cellu-
lar functions.

The lipid compositions of the different bicelle types studied here are
thus a result of strain type, growth temperature, and growth phase. The
head-group as well as acyl chain composition can vary drastically in
response to variations of these parameters. From a methodological
point of view this is a fortunate circumstance, since it means that the
lipid composition of the bicelles is, to some degree, tunable. Although
not systematically investigated here, it is possible to adjust PE/CL
ratios and unsaturation levels by changing the growth temperature.
Moreover, PG/CL ratios and cyclopropanation levels are a function of
growth phase. Finally, PE can be depleted altogether by using the
AD93-PE strain.

The dynamics of individual 13C\\1H bonds in lipids have previously
been investigated in bicelles and vesicles consisting of synthetic lipids
[43,85,86]. Ye et al. [43] studied the dynamics of galactolipids in bicelles
using the same approach as in this study. The dynamic profile of the acyl
chains is in agreementwith ourfindings. In particular, carbons in double
bonds show increased rigidity on the ps–ns time-scale and carbons at
the far end of the acyl chain are nearly unrestricted in their motion.
Interestingly, the head-group dynamics of galactolipids differ from the
head-group dynamics of PE and PG. The galactose moieties have
squared local order parameters similar to the glycerol backbone while
PE and PG head-groups are more flexible. Notably, CL head-group
carbons, which are more abundant and thus observable for AD93-PE
bicelles, show a high degree of rigidity, similar to galactolipid head-
groups. Bulky head-groups are thus severely constrained in their
motional freedom while smaller head-groups reorient more freely.
The local rigidity of the lipid molecules correlates well with what can
be expected for motion around e.g. double bonds or ring structures,
and movement of large bulky groups. It is worth pointing out that
while the more bulky head-groups and chain modifications lead to
more rigid lipid molecules on the ps–ns time-scale, double bonds and
other modifications of acyl chains have the overall effect of creating a
more fluid membrane due to the overall disordering of acyl chains.

The error analysis of Sloc2 indicates large uncertainties for the glycerol
carbons and τloc is on the order of 300–600 ps for g2 and g1. As seen in
Table 3, τlip is about 800 ps, i.e. themodel assumption that local and lipid
dynamics occur on different timescales is violated for the glycerol
carbons. In a thorough analysis of the range of validity of their original
model, Lipari and Szabo [59,60] note that thefittingprocedure is reliable
for local motions in the extreme narrowing limit, where (ωC + ωH)
τloc b 0.5, corresponding to τloc b 100 ps for a 700 MHz spectrometer,
given that the Sloc
2 N 0.01 and that the global and local motions are

separated by at least one order of magnitude. Here, these conditions
are met by all but the glycerol carbons. For internal motions outside
the extreme narrowing limit and on the same order of magnitude as
the global motion, Sloc

2 is in general overestimated while τloc is
underestimated [60]. Since glycerol correlation times are not in the
extreme narrowing limit and similar in magnitude to the overall
lipid motion, we conclude that the fitting procedure is unreliable,
overestimating Sloc

2 and underestimating τloc for the glycerol carbons.
Previous studies suggest that Slip2 ranges between 0.27 and 0.46

depending on lipid type [85]. Lipids in both bicelle types studied here
are thus at the upper end of this range and therefore relatively rigid
on the ps–ns time-scale (Table 3). Due to the limitations of the fitting
procedure described above, it is not obvious whether this observation
is significant or not. It is, however, interesting to note that E. coli lipids,
which are on average more bulky than the saturated, synthetic lipids
used in other studies, appear to havemore restrictedmotional behavior,
with smaller amplitudes of motion, on the ps–ns timescale compared to
saturated lipids.While Slip2 falls in the expected range, τlip is smaller than
previous studies found (1.5–1.9 ns). Investigations of τlip obtained by
the method applied here are, however, scarce [62] and frequently τlip
is not treated as a free fitting parameter [43,86]. It has been suggested
that τlip represents two types of motions: the rotation of a lipid around
its long axis and the wobbling of this axis relative to a bilayer normal
[62]. The rotational correlation time τrot of spin-labeled lipids has been
investigated by EPR [87,88] using nitroxide (doxyl)-labeled fatty acids
[87,88] or doxyl- and TEMPO-labeled phospholipids [86,89]. A pro-
nounceddecrease of τrot is observed at the phase transition temperature
and for lipids in the liquid-crystalline phase subnanosecond τrot is ob-
served [87,88]. Hence, we conclude that more bulky lipids, as present
in the E. coli lipid mixtures, lead to smaller amplitudes of overall lipid
motion as indicated by higher lipid order parameters, Slip2 . At the same
time typical characteristics of small, isotropic bicelles are maintained
as indicated by translational diffusion data. Moreover, the small lipid
correlation times observed in this study indicate that the bicelles are
in a liquid-disordered phase at 25 °C.

In a direct comparison of either the dynamic parameters (Fig. 4,
Table 3), or R1 data directly (Fig. 5) it is clear that the lipids in all bicelles
have very similar dynamics, irrespective of growth temperature or com-
position. As noted earlier, E. coli cells adapt the composition of their
membranes such that a fluid, lamellar phase is maintained. The Lβ to
Lα phase transition occurs N10 °C below the growth temperature [90],
while non-lamellar phases are observed approximately 20 °C above
the growth temperature [11]. Since we do not observe any changes in
the dynamics, we conclude that all three bicelle types are in a fluid,
lamellar phase at 25 °C. The fact that an Lα phase is maintained by
bacteria explains why it is possible to make bicelles of all native lipid
extracts used here. In contrast, in our hands, it was not possible to
produce bicelles of synthetic lipids having a lipid composition similar
to AD93WT lipid extracts or with a charge density that exceeds 50%
PG. A plausible explanation for this is that by adjusting its acyl chain
composition E. coli maintains an Lα phase and this delicately balanced
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acyl chain composition is not easily reproducible in vitro by using
synthetic lipids.

5. Conclusions

In order to study protein-membrane interactions by solution-state
NMR sufficiently small membrane mimetics that closely mimic natural
membranes are required. Such systems can be constructed from native
lipids purified from E. coli strains and the lipid and acyl chain composi-
tion can to some extent be tuned by the choice of growth temperature,
growth phase, and bacterial strain. Lipids in fast-tumbling bicelles
exhibit a broad range of ps–ns dynamics ranging from the rigid glycerol
backbone to the nearly unrestricted motions of methyl groups at the
end of acyl chains. Our results demonstrate that the lipids in these
bicelles have dynamic properties on the ps–ns time-scale that match
those found in other systems, and therefore provide a good mimetic of
the bacterial lipid bilayer. Acyl chain modifications locally modify the
1H\\13C bond dynamics. Fast-tumbling bicelles produced in this way,
with an original lipid composition of bacterial membranes, will there-
fore prove useful for studying the membrane interacting properties of
bacterial proteins and peptides. Moreover, bicelles constructed from
lipids of a strain that does not synthesize PE, the most abundant lipid
in E. coli, will allow studying the specific role of PE for such interactions.
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