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Specific Lipid Studies in Complex Membranes by Solid-

State NMR Spectroscopy

Roy A. M. van Beekveld*,” Maik G. N. Derks*,®®' Raj Kumar,” Leanna Smid,”
Thorben Maass,™ Jodo Medeiros-Silva,™ 9 Eefjan Breukink,” and Markus Weingarth*®

Abstract: Specific interactions with phospholipids are often
critical for the function of proteins or drugs, but studying
these interactions at high resolution remains difficult, espe-
cially in complex membranes that mimic biological condi-
tions. In principle, molecular interactions with phospholipids
could be directly probed by solid-state NMR (ssNMR).
However, due to the challenge to detect specific lipids in
mixed liposomes and limited spectral sensitivity, sSNMR
studies of specific lipids in complex membranes are scarce.

Here, by using purified biological *C,"°N-labeled phospholi-
pids, we show that we can selectively detect traces of specific
lipids in complex membranes. In combination with 'H-
detected ssNMR, we show that our approach provides
unprecedented high-resolution insights into the mechanisms
of drugs that target specific lipids. This broadly applicable
approach opens new opportunities for the molecular charac-
terization of specific lipid interactions with proteins or drugs
in complex fluid membranes.
4

Introduction

Specific interactions with phospholipids are essential for the
function of living cells, for example, by modulating membrane
proteins™ or by shaping membrane properties.” Furthermore,
an increasingly large number of drugs target specific
phospholipids.” However, the study of specific interactions
with phospholipids at atomic resolution remains a challenge,
particularly in complex fluid membranes that mimic biological
conditions. This is due to the general difficulty to work in
membranes, and due to the dynamic nature of small lipid
molecules that evade most structural biology methods.
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Solid-state NMR (ssNMR) could be an ideal method to
investigate specific phospholipids™ in complex membranes, but
such studies are scarce. This is due to the challenge to
distinguish specific phospholipids in mixed membranes and
due to insufficient ssNMR signal sensitivity. These problems
could be overcome with "C,'°N-labeled phospholipids that
could be selectively detected with high sensitivity in mixed
membranes. However, uniformly 'C,’N-labeled phospholipids
are not commercially available, and their purification has
hitherto not been reported, severely curtailing the scope of
ssNMR studies of phospholipids. What is more, next to the
problem of isotope-labeling, synthetic phospholipids some-
times lack critical properties of biological phospholipids, such as
headgroup stereochemistry and lipid-tail features. Synthetic
phospholipids usually contain defined uniform lipid tails, while
biological lipids have complex tails.”

Here, we report the purification of uniformly C,"*N-labeled
phospholipids (henceforth called G, "*°N-lipids) from cells,
including lipids of high biological importance. We show that we
can detect traces of "C'°N-lipids in mixed membranes.
Furthermore, we show that, in combination with modern 'H-
detected ssNMR® our approach provides unprecedented
molecular insights into the mechanisms of drugs that target
specific lipids in complex membranes.

While our approach is broadly applicable, in this manuscript,
we show the isolation of "C'°N-lipids with an anionic
cardiolipin, an anionic phosphatidylglycerol (PG), a zwitterionic
phosphatidylethanolamine (PE), and a zwitterionic phosphatidyl-
choline (PC) headgroup (Figure 1A). All these lipids are involved
in critical biological functions, with cardiolipin playing a central
role in the respiratory chain,”’ ATP synthesis,”” apoptosis,” and
mitochondrial transport,”'” to name only a few examples.
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Figure 1. ssNMR characterization of phospholipid headgroups. A) Chemical structures of PE, PG, and cardiolipin lipid-headgroups. B-D) Zoom into the lipid
headgroup region of 2D CC PARISxy ssNMR spectra (200 ms CC magnetization transfer time) acquired with 5 mol% of B) '*C,"*N-PE, C) *C-PG, and D) "*C-
cardiolipin in DOPC liposomes at 1200 MHz magnetic field and a sample temperature of 275 K. E) 2D CC (150 ms CC transfer time) of *C,"*N-PE in DOPC
liposomes acquired at 500 MHz at 255 K temperature. F) 2D CC (200 ms CC transfer time) of '*C,'’N-PG in DOPC liposomes acquired at 700 MHz at 245 K
temperature. G) Cross-polarization build-up curves measured at 1200 MHz and 17 kHz MAS using 275 K temperature show that the C-PG headgroup is more
mobile than its glycerol backbone. See Figures S6-S8 for full assignments of labeled lipids.

Results and Discussion

We isolated 'C,'°N-lipids from bacteria or yeast grown in
isotope-enriched tailored media (see Experimental Section and
Supporting Information). Total lipids from bacteria were
extracted according to the method of Bligh-Dyer"" in the
presence of lysozyme to increase cardiolipin extraction
efficiency," while yeast lipids were extracted under mechanical
disruption.™ Next, we developed a simple and fast preparative
purification method, based on a single isocratic elution on silica,
to purify multiple phospholipid classes from complex mixtures
(see Experimental Section and Supporting Information), yielding
pure fractions of different lipid classes that we analyzed by
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solution state NMR and gas chromatography to establish purity,
lipid-headgroup identity, and lipid-tail composition. By compar-
ison to synthetic standards, solution NMR data unambiguously
confirmed the headgroup identity and the high purity (based
on headgroup type) of our isolations (Figures S1-4). The nature
of the lipid tails varied according to the organism and is
discussed further below.

Next, we performed ssNMR experiments using mixed lip-
osomes that contained 5mol% "“C,'°N-lipids and 95 mol%
DOPC (Figure 1). Since the assignments of lipid headgroups and
the glycerol backbone in membranes are heavily compromised
by signal overlap, we first acquired 2D *C-"*C PARISxy"” spectra
at ultra-high magnetic field of 1200 MHz ('H-frequency) and a
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sample temperature of 275K at which the investigated
membranes were in the liquid-crystalline phase with a high
degree of mobility. At these experimental conditions, we could
resolve all headgroup and backbone signals. This is the first
time that the complete PG headgroup could be assigned in
membranes. While the chemical shifts of the glycerol backbone
(g1-g3) are similar for all measured lipids, we measured
substantial chemical shift differences in the headgroups.
Strikingly, in the liquid-crystalline phase, most cross-peaks in
the PG and PE headgroups were not observable in dipolar
spectra, which implies that the headgroups are highly flexible
(Figure 1B,C,G). Indeed, by lowering the sample temperature to
255 or 245 K, at which the C,"*N-lipids were in the gel phase in
which the mobility of individual lipids decreases sharply, we
observed clear cross-peaks for the entire PE and PG headgroups
(Figure 1E,F). The unusual cardiolipin headgroup, whose mobi-
lity is severely restricted, is already fully visible in the liquid-
crystalline phase at 275 K (Figure 1D). Note that in contrast to
commercially available PG, which contains a racemic glycerol
headgroup,™ our purified bacterial PG-lipids contain a glycerol
headgroup in enantiomeric excess, as verified by CD spectro-
scopy (Figure S5).

Organisms feature a broad spectrum of lipid tails that are
vital to shape membrane properties. The most well-known
example is lipid unsaturation that keeps membranes of
eukaryotes fluid, but especially bacterial membranes feature a
large diversity of lipid tails that include branching and cyclic
moieties. This broad spectrum of lipid tails is important to fine-
tune membrane properties,"® and likely also for specific
interactions with membrane proteins.l'” First, we comprehen-
sively characterized the nature of the tails using solution NMR
and gas chromatography (Figure 2A,B and Figure S9). The lipid
tails that were isolated from Escherichia coli (with a PE
headgroup) were mostly straight and saturated, with 20% of
the tails containing cyclopropyl-groups,*® whereas lipids iso-
lated from Staphylococcus simulans or Micrococcus flavus (with
PG or cardiolipin headgroups) had tails that were fully saturated
and branched (so-called iso or anteiso methyl-branched) at the
termini.®? In Saccharomyces cerevisiae (yeast), lipid tails were
straight and unsaturated (Table S1 and Figure S6). We note that
the composition of lipid tails can readily be altered by adjusting
culture conditions such as temperature, salt concentrations,
addition of detergents, or choosing a different species (Fig-
ure $10).5'®

In complex liposomes, we could obtain well-resolved 2D CC
ssNMR spectra that enabled us to assign large parts of the tails
with the exception of congested bulk signals (Figure 2C,D). In
dipolar spectra acquired in the liquid-crystalline phase, most
correlations of the lipid-tail termini could not be observed as
the lipid mobility increases towards the membrane center.
Conversely, these missing correlations involving mobile tail-
atoms could be observed in a scalar 2D CC TOBSY"™ ssNMR
spectrum (Figure S11). At lower temperature in the gel phase,
we could observe all cross-peaks for the tails, including for the
termini, in dipolar spectra (Figures S12-13).

The available high-resolution knowledge on the structure
and the dynamics of lipid headgroups in complex liposomes is
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Figure 2. Characterization of phospholipid tails. A) Gas chromatography
derived tail compositions of isolated biological '>C,"*N-lipids. B) Structures
and nomenclatures of lipid tails. C) Aliphatic region of 2D CC PARISxy spectra
of BC-PG-lipids (5 mol%) from S. simulans in DOPC liposomes. The red
spectrum was acquired at 1200 MHz and 275 K sample temperature (liquid-
crystalline phase), the blue spectrum at 500 MHz and 255 K (gel phase). D)
Similar to C) but for "*C,"N-PE-lipids from E. coli. The red spectrum was
acquired at 1200 MHz and 275 K, the blue spectrum at 500 MHz and 255 K.
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still largely derived from computational studies (see, for
example, ref?”). In a similar vein, this is also the case for the
molecular behavior of lipid tails in complex membranes. There-
by, C,"®N-lipids provide unprecedented access to molecular
parameters of lipids, which we demonstrate below on the
example of a lipid-targeting drug.

An increasing number of drugs target specific phospholi-
pids. This includes antibiotics,**” such as the clinically used
daptomycin,?" and also antimycotics.? For all these drugs, due
to the above-mentioned technical challenges, the molecular
details of their lipid interactions are scarce and usually elusive
in membranes. As a test case, we studied cinnamycin, a 19-
residue lanthipeptide (Figure S14A) that is well-known to target
the headgroup of PE-lipids.”? Cinnamycin is a naturally
produced drug that is, in addition, used to monitor PE domains
in bacterial and cancer cells,”® and has potential antiviral
applications.” A previous solution NMR structural model®”
determined in DMSO using C12-lysoPE (a truncated, soluble
mimic of PE-lipids) suggested that cinnamycin forms a binding
pocket that specifically accommodates the small cationic PE
headgroup, but not bulkier headgroups such as that of PC.
Contacts to the phosphate group, the glycerol backbone, or
even the lipid tails were not observed in DMSO. However, as
outlined by a recent molecular dynamics study that observed a
deep membrane penetration of cinnamycin,? this binding
model is difficult to align with experimental observations that i)
cinnamycin has no affinity to PE-sphingolipids, which have a PE
headgroup but a ceramide backbone instead of a glycerol
backbone,” i) cinnamycin is not antagonized by
phosphopropanolamine®” suggesting that the distance be-
tween phosphatidylethanolamine headgroup and glycerol
backbone matters, and iii) all members of the cinnamycin-like
peptide family such as duramycin have a hydrophobic stretch
in common (Phe,-Ala,,), suggesting interactions with hydro-
phobic moieties (Figure S14B). Hence, it appears unlikely that
only the PE headgroup is involved in the binding interface.

We prepared DOPC liposomes containing 5 mol% of C,"*N-
PE-lipids in the presence or the absence of 5 mol% cinnamycin
and acquired 2D CC PARISxy," as well as 'H-detected dipolar-
based 2D NH and 2D CH ssNMR spectra. Upon addition of
cinnamycin, we observed large chemical shift perturbations
(CSPs) for the headgroup carbons, as well as a massive (—7.4
>N ppm) CSP for the NH; ammonium group (Figure 3A,B,D and
Figure S15). This indeed shows that the PE headgroup is tightly
coordinated by cinnamycin in membranes. Furthermore, *'P
ssNMR studies show a CSP (41.1 ppm, Figure S16) in the
presence of cinnamycin, which is in line with MD simulations
that suggested hydrogen bonding with the PE-lipid phosphate
group.?®

Strikingly, we also observed stark CSPs for the carbons of
the glycerol backbone and the beginning of the lipid-tail
(Figure 3A). Furthermore, cross-peaks between the beginning of
the lipid tails (sn-1 and sn-2 carbonyl signals) and the glycerol
backbone could only be observed in the presence of the drug,
but not in the absence of the drug. This demonstrates that the
glycerol backbone and the lipid tails stiffen in the presence of
the drug. Finally, the shifts of the sn-1 and sn-2 carbonyl signals

Chem. Eur. J. 2022, 28, €202202472 (4 of 8)

imply a structural change in the lipid tails. Together, these data
clearly demonstrate that cinnamycin does not only bind to the
PE-headgroup, but also to the glycerol backbone and the lipid
tails, i.e., an interface that strongly diverges from the structural
model obtained in DMSO with truncated PE-like lipids (Fig-
ure 3G).”® This is yet another example that a proper membrane
environment is essential to obtain relevant binding modes for
small molecules that target lipids in membranes.*”

Finally, to quantify the observed stiffening of PE-lipids upon
target binding, we probed their dynamics by measuring atom-
resolved *C and "N rotating frame relaxation (R,,) data using a
series of 'H-detected 2D CH and 1D NH experiments (Fig-
ure 3C,EF and Figure S17).°% N relaxation data revealed a
substantial stiffening of the free ammonium-group of the PE-
headgroup (~20.1 ms N R,, in the absence of cinnamycin;
~144ms "N R;, in the presence of cinnamycin). Strikingly, in
the presence of cinnamycin, ">C relaxation data show a marked
stiffening of the entire PE-headgroup (~20 ms "C R,)) that is
substantially more rigid than the glycerol backbone (~40 ms C
Ri,) (Figure 3H). This is in stark contrast to the dynamics of free
PE-lipids, where the headgroup is highly mobile (Figure 1B).
Note that the headgroup of free PE-lipids gave only weak and
broad dipolar signals in 2D CH spectra at 60 kHz MAS and a
sample temperature of approximately 310K, presumably
because of strong dynamics that interfered with magnetization
transfer (data not shown).

Conclusions

Here, we have introduced an ssNMR approach that enables
detailed high-resolution insights into phospholipids in complex
fluid membranes. As shown on the example of the peptide
drug cinnamycin, this broadly applicable approach provides
new vistas for the characterization of small molecules, drugs, or
proteins that specifically interact with phospholipids. In partic-
ular, the combined sensitivity gains of °C,"N-lipids and modern
'H-detected methods at fast sample spinning enable detailed
multi-dimensional relaxation studies in mixed liposomes with
traces (~5 mol%) of the lipid of interest. Thereby, our approach
opens new opportunities to characterize the molecular proper-
ties of phospholipids and their interactions in biologically
relevant membranes. Previously, ssNMR studies of specific lipids
in complex membranes were usually limited to either the
phosphorus as the sole reporter®” or to rare, serendipitous
events of co-purified endogenous "C,”N-lipids.“*" *? The here
introduced approach is also complementary to the use of
deuterated phospholipids, which are commercially available
and are widely used to study microsecond motion of lipids
using static ssNMR spectroscopy.®® We note that our labelling
strategy can be further finetuned by using specifically labeled
precursors to reduce spectral crowding, which seems especially
useful to resolve spectral congestion of the lipid headgroup/
glycerol backbone signals. As proof-of-principle we grew
bacteria on 1-">C,-D-Glc or 2-'*C,-D-GIc,® yielding a specifically
labeled PE-lipids (Figure S18). Such a sparse labelling strategy

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Specific interactions between the peptide-drug cinnamycin and PE-lipids in mixed liposomes. A) 2D CC PARISxy spectra of *C,"”N PE-lipids
measured in the presence (in magenta) and absence (in blue) of cinnamycin. Spectra were obtained at 500 MHz and 260 K temperature using 150 ms CC
magnetization transfer. B) 'H-detected 2D NH spectra acquired in the presence (in magenta) and absence (blue) of cinnamycin, obtained at 700 MHz. C) *N
R;, relaxation rates for the ammonium-group of the PE-headgroup, with (magenta) and without (blue) cinnamycin. D) 'H-detected 2D CH spectra of
cinnamycin-bound "C,"*N PE-lipids (in magenta), superimposed on the solution NMR spectrum of free PE-lipids (in green). E) *C R,,, relaxation rates for PE-
lipids bound to cinnamycin. F) *C R, signal decay curves for selected headgroup and glycerol backbone atoms. G) ssNMR studies show that not only the PE-
headgroup, but also the phosphate, the glycerol backbone, and the beginning of the lipid-tail are part of the interface with cinnamycin. A cinnamycin
orientation is shown in which conserved hydrophobic residues point towards the lipid tails. H) lllustration of the site-resolved dynamics. The size of the
spheres represents the R;, relaxation rates. For all measurements, we used DOPC membranes with a small (5 mol %) fraction of ">C,'°N PE-lipids, and added an

equimolar, stoichiometric amount of cinnamycin.

could be valuable to probe specific lipid binding to membrane
proteins, as recently shown on the example of sterol-lipids.”

Chem. Eur. J. 2022, 28, €202202472 (5 of 8)

Experimental Section

Strains

Staphylococcus simulans 22, Micrococcus flavus DSM 1790, Escher-
ichia coli BL21(DE3), Bacillus cereus ATCC 10987, and Saccharomy-
ces cerevisiae BY4742 were used in this work.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Cell growth: Bacteria were revived from glycerol stocks on fresh
plates of LB 1.8 w/v% agar (S. simulans, E. coli, B. cereus) or TSB 1.8
w/v% agar (M. flavus) for 24 h at either 30°C (M. flavus, B. cereus) or
37°C (S. simulans, E. coli). From this fresh plate, a single colony was
inoculated in an overnight culture (50 mL in a 250 mL unbaffled
flask) in the same medium without agar. The medium was removed
by centrifugation (4,000xg, 10 min, RT), and the bacterial pellets
resuspended to ODg,,=0.05 in 1 L of medium A (Table S2) ina 2L
baffled flask. Bacteria were grown at either 30°C or 37°C as before,
with 200 or 220 RPM shaking respectively and harvested by
centrifugation (4,000 g, 4°C, 15-30 min) at late-log phase.

Sa. cerevisiae was grown in Standard Defined (SD) medium
(Table S3). Glycerol stocks were revived on a SD 1.8 w/v% agar plate
for 48 h at 30°C. Single colonies were inoculated into liquid SD
medium (50 mL in a 250 mL unbaffled flask) and grown overnight.
Finally, precultures were diluted in 1 L medium B (Table S4) ina 2L
baffled flask to ODgy,=0.05 and grown for 40 h at 30°C before
harvesting by centrifugation.

Lipid isolation: Bacteria were resuspended in 250 mM phosphate
buffer (pH=7.4) to an ODgy, of ~50, after which they were treated
with lysozyme and incubated at 37°C for 2h with shaking.
Subsequently, two volumes of MeOH and one volume of CHCI,
were added and the resulting suspension was stirred vigorously for
30 minutes at RT. Then, one volume of CHCI; and 0.8 volumes of
H,O were added, and the organic phase was collected and
evaporated to dryness. Dried lipid films were resuspended in CHCI,
assisted by sonication and loaded on a silica column equilibrated in
CHCl; (silica 60, 0.040-0.063 mm). The column was washed with
CHCI; and phospholipids were eluted with CHCI;/EtOH/259%NH,/
H,O 48:48:1:3 (v/v/v/v)+0.2 g/L NH,Ac. Fractions were analyzed
on TLC using the same eluent (HPTLC Nano-ADAMANT® 0.20 mm
silica 60, stained by iodine vapor and/or molybdenum blue®®). Pure
fractions were combined, evaporated and redissolved in 2:1 CHCI,/
MeOH (v/v). Small quantities of phospholipids were isolated using
preparative TLC. 5 mm horizontal lanes of lipid extracts in 2:1
CHCI3/MeOH (v/v) were spotted using a CAMAG® Linomat 5 semi-
automatic sample application system and developed in CHCly/
EtOH/25%NH,/H,0 48:48:1:3 (v/v/v/v)+0.2 g/L NH,Ac. TLC plates
were dried under a flow of N,, after which a small vertical lane was
cut and stained with iodine vapor to identify lipid spots. Horizontal
lanes of interest were scratched off and lipids were extracted from
the silica by extensive vortexing in 2:1 CHCI;/MeOH (v/v) followed
by centrifugation (4,700xg). Silica was extracted thrice to ensure
quantitative transfer.

For Saccharomyces cerevisiae lipids a different extraction procedure
was used. Lyophilized cells were resuspended in 2:1 CHCl;/50 mM
HCI (v/v) and subjected to multiple sonication (Branson 3800) and
stirring cycles, followed by filtration of the suspension over a glass
filter (porosity index 0.3). The organic phase was then collected,
evaporated to dryness, and the residue purified as described above
for bacteria.

We obtained typical yields of > 10 mg of the highest abundant lipid
class of the microorganism of choice at >99% purity based on
solution NMR analysis.

Solid state NMR sample preparation: Appropriate volumes of lipid
stocks in CHCI; or CHCI;/MeOH were mixed, evaporated under a
stream of N, gas and exposed to high vacuum for 20 minutes. The
resulting lipid films were resuspended in buffer (50 mM HEPES,
150 mM NaCl, pH=7.2) by extensive vortexing. The formed lipid
vesicles were then collected by ultra-centrifugation (100kxg, 4°C,
30 min) and spun down into 3.2 or 1.3 mm solid state NMR rotors.
Samples containing cinnamycin were made by including cinnamy-
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cin (at 1:1U-["®C®NI-PE to cinnamycin stoichiometry) in the
resuspension buffer.

NMR spectroscopy: Solution state NMR spectra of isolated
phospholipid and appropriate commercial standards were recorded
in 2:1 CD,OD/CDCl; (v/v) at 298K and at 14.1 T (600 MHz 'H
frequency). Chemical shifts were referenced to DSS using internal
TMS. Assignments were done using standard experiments such as
HSQC, COSY, TOCSY, HMBC on the lipid standards and compared to
the literature (e.g. BMRB®” entry bmse001105). For purified U-
["*C,°N] enriched lipids assignments were copied from the stand-
ards or literature® and confirmed with 2D 'H-"*C-CT-HSQC-TOCSY
experiments.

Solid state NMR spectra were recorded at 11.7, 16.4, or 28.2 T (500,
700, and 1200 MHz 'H frequency, respectively). Dipolar based 2D
3C-BC spin diffusion experiments were acquired with PARISxy™
recoupling (m=1) and SPINAL64"" decoupling. At 1200 MHz we
used 17 kHz MAS and a mixing time of 200 ms, at 700 MHz we used
10 kHz MAS and a mixing time of 200 ms, and at 500 MHz we used
12 kHz MAS and a mixing time of 150 ms. TOBSY"? scalar coupling-
based 2D "*C"C experiments were conducted at 305K and 8 kHz
MAS with a mixing time of 6 ms. An INEPT block was used for the
initial 'H-"*C magnetization transfer and WALTZ16 decoupling was
applied in both dimensions. *'P spectra were recorded at 11.7 T
(500 MHz 'H frequency) and 10 kHz MAS and a contact time of
1.5ms using SPINAL64"® decoupling. 'H-detected experiments
were performed at 60 kHz MAS and 16.4 T (700 MHz 'H frequency)
using low-power PISSARRO™ decoupling in all dimensions and a
sample temperature of 305 K. 'H-detected R,,,, relaxation experi-
ments were acquired with a >N/"*C spin-lock field of 18 kHz and
durations of 0, 10, 25, 50 and 75 ms for N and 0, 10, 30, 60 and
120 ms for "*C. Chemical shifts were referenced externally using
adamantane (CH at 31.48 ppm). Effective sample temperatures
were calibrated using the "°Br resonance of KBr as previously
described.”"

Gas chromatography (GC): Dried phospholipids (0.2-0.5 mg) were
redissolved in 1 mL n-hexane by extensive shaking, followed by the
addition of 200 uL 100 g/L KOH in MeOH. Samples were vigorously
shaken for at least 1 min to mix both layers well. The n-hexane layer
was then taken and dried under a flow of N, at 40°C. The obtained
fatty acid methyl esters (FAMEs) were redissolved in 50 pL n-hexane
and analyzed using gas chromatography with flame-ionization
detection on a Trace GC Ultra (Thermo Fisher Scientific) equipped
with @ 30 m long biscyanopropyl polysiloxane column (internal
diameter 0.25 mm; Restek) and N, as the carrier gas. A temperature
gradient was applied, starting at 40°C, held for one minute, then
increasing linearly to 160°C in 4 min and finally to 220°C in 15 min.
Peaks were identified using FAME standards Mixture BR2 (Larodan;
90-1052) for branched species and certain straight chain fatty acids
or 63-B (Nu-Chek-Prep) for various unsaturated and straight chain
fatty acids. Assignments not included in these mixtures were made
based on expected elution patterns that could be deduced from
the standards. FAME-species that are noted as “unidentified” in this
work elute after nC18:0.

Circular dichroism (CD) spectroscopy: CD spectroscopy was
performed on a Jasco J-810-150S spectropolarimeter, using a 1 mm
quartz cuvette at 20°C. Lipids were dissolved to 1 g/L in MeOH.
Obtained spectra were corrected for a MeOH blank. Spectra were
averaged over five scans and represent data for which the
absorbance was <2.0.
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