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Lipopolysaccharide (LPS) is a major component of the external leaflet of bacterial outer membranes, key
pro-inflammatory factor and an important mediator of host-pathogen interactions. In host cells it activates
the complement along with a pro-inflammatory response via a TLR4-mediated signalling cascade and
shows preference for cholesterol-containing membranes. Here, we use solid state '*C and 3'P MAS NMR to
investigate the interactions of LPS from three bacterial species, Brucella melitensis, Klebsiella pneumoniae
Keywords: and Escherichia coli, with mixed lipid membranes, raft models. All endotoxin types are found to be
LPS pyrophosphorylated and Klebsiellar LPS is phosphonylated, as well. Carbon-13 MAS NMR indicates an in-
crease in lipid order in the presence of LPS. Longitudinal 3'P relaxation, providing a direct probe of LPS mo-
lecular and segmental mobility, reveals a significant reduction in 3'P T, times and lower molecular mobility
in the presence of ternary lipid mixtures. Along with the ordering effect on membrane lipid, this suggests a
preferential partitioning of LPS into ordered bilayer sphingomyelin/cholesterol-rich domains. We
hypothesise that this is an important evolutionary drive for the selection of GPI-anchored raft-associated
LPS-binding proteins as a first line of response to membrane-associated LPS.
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1. Introduction

Lipopolysaccharide (LPS, or endotoxin) is the main component in
the external leaflet of the Gram-negative bacterial outer membranes.
Although LPS protects bacteria against some harmful molecules, it is
readily recognised by host innate immunity receptors and defence sys-
tems. LPS is shed during cell division and bacterial death and plays an
important part in Gram-negative pathogen/host recognition. The LPS
of most Gram-negatives is a target of bactericidal peptides, activates
the complement pathway and triggers a pro-inflammatory response,
which may lead to complications accompanying acute infections, trau-
ma and shock. In higher organisms, receptor-mediated signalling path-
ways act as an early detection system, which relies on recognition by
LBP and CD14-MD-2-TLR4 to initiate NF-kB-mediated transcription of
pro-inflammatory mediators, such as TNFa and IL1-3 (reviewed in
[1]). However, some bacteria have evolved LPS types that are poor ac-
tivators of innate immunity, a trait that facilitates host invasion [2,3].

Most LPS molecules can be divided into three regions: a conserved
hexa- or hepta-acyl disaccharide moiety, lipid A, which makes up the

Abbreviations: LPS, lipopolysaccharide; CP MAS, cross-polarization magic angle
spinning; T;, longitudinal (spin-lattice) nuclear relaxation time constant; SM,
sphingomyelin; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; MHC, major histo-
compatibility complex; LBP, LPS-binding protein; TNF-c, tumour necrosis factor c.
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lipophilic domain and anchors LPS into the outer membrane; core
oligosaccharide (subdivided into a highly conserved inner section
and a variable outer core), and a long O-specific chain (Fig. 1).
Often, the inner core of LPS and lipid A is phosphorylated and may
be pyrophosphorylated [4]. Smooth-type LPS have all components
present but mutations can generate rough LPS lacking the O-antigen
and in some cases parts of the inner core.

Host cell membranes contain a complex proteolipid environment,
which transmits cellular signals to the exterior and responds rapidly to
changes in the cellular environment. It is now clear that the lipid constit-
uent on the plasma membranes has the propensity to phase separate
into small, cholesterol and sphingomyelin-rich domains (lipid rafts),
which share a topologically continuous space with a more fluid,
phosphatidylcholine-rich phase [5]. Lipid rafts preferentially sequester
saturated-chain lipids and proteins with greater hydrophobic thickness
while expelling unsaturated lipids and proteins with smaller hydropho-
bic thickness into the disordered phase. This heterogeneous environment
permits lateral compartmentalization of membrane proteins [6] and
changes in co-localization of proteins and complexes, as seen in LPS-
mediated lymphocyte activation [7]. Lipid rafts often sequester GPI-
anchored proteins [8], for example CD14 [9,10], and pro-inflammatory
protein complexes [7]. Moreover, some pathogenic bacteria have evolved
strategies for host colonization that specifically rely on targeting, recogni-
tion and engagement of lipid rafts [11-15].

In addition to TLR4-mediated activation, receptor-independent in-
teractions that are essential to the survival of intestinal commensals
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Fig. 1. Chemical structure of B. melitensis LPS: (A) lipid A (tentative structure based on B. abortus lipid A after [22,32]), core oligosaccharide (following [56]) (B), reducing end of

0-polysaccharide (C) and the O-polysaccharide repeating unit (D).

within the host or are utilised in immunosilent host invasion, take
place between bacterial LPS and host cell membranes [16]. Recently,
we have shown that cholesterol in phase separated, raft-containing
membranes plays an important role in LPS-membrane recognition,
where LPS binds with higher affinity to phosphatidylcholine (PC),
sphingomyelin (SM) and cholesterol-containing ternary lipid sys-
tems, raft models. Experiments in live cells show that LPS-binding
to Jurkat T-lymphocyte membranes is reduced significantly after
cholesterol removal [17]. Receptor-independent LPS binding to
cholesterol-containing membranes is also dependent on LPS origin,
with LPS from gut commensal Escherichia coli showing an order of
magnitude weaker binding compared to LPS from the opportunistic
pathogens Salmonella enterica and Klebsiella pneumoniae [17]. The
presence of LPS in vesicles of E. coli lipid extracts has been shown to
induce enlargement of gel-like areas and has been suggested to re-
flect the association of LPS with these areas [18].

In this study, we investigate the receptor-independent interactions
between LPS from three bacterial species with model membranes and
lipid membranes. Since quiescent TLR4 and LPS-recognition partners
are not raft-associated, we hypothesise that preferential association of
LPS with lipid rafts may give bacterial pathogens an advantage in
avoiding immunodetection. In one example, LPS from Brucella abortus
is known to internalize in macrophages as membrane vesicles and
be presented subsequently to the cell surface as large membrane
macrodomains [19]. These carry MHC-II but not MHC-I, thus impairing
presentation of peptides to specific CD4+ T cell hybridomas [20].
We seek to assess the partitioning within laterally separated lipid

membranes of LPS from Brucella melitensis, a pathogen capable of invad-
ing host macrophages; from K. pneumoniae, a pathogen involved in re-
spiratory infections, bacteraemia and septicaemia; and, from E. coli, a
human gut commensal. The interaction between pathogen and host
was modelled using LPS-containing dioleoyl phosphatidylcholine
(PCi00) liposomes as LPS delivery vehicles, which present membrane
endotoxin for binding to a host membrane model composed of
PC, sphingomyelin (SM) and cholesterol in 55/15/30 molar ratio
(PCs5SM;sCholesterolsp). Lipid mixtures of this composition are
known to undergo phase decomposition under ambient conditions
into ordered SM/cholesterol-rich domains surrounded by fluid
PC-rich phase [21]. We used high resolution solid state magic angle
spinning (MAS) NMR to study the incorporation of LPS into mem-
branes composed of PCssSM;sCholesterolsg using LPS binding to
pure PC;9o membranes as a control. Changes in molecular mobility
of membrane lipid constituents after the addition of LPS were
followed by high-resolution 'C CP MAS NMR. Preferential segregation
of LPS from E. coli, K. pneumoniae and B. melitensis into specific lateral
membrane environments was investigated by >'P MAS solid state
NMR. Phosphate, pyrophosphate and phosphonate >'P resonances
were used as internal reporters of changes in LPS, PC100 and SM molec-
ular mobility, which are followed by 3!P longitudinal relaxation.

2. Materials and methods

All lipids were purchased at >98% purity and used without further pu-
rification. Cholesterol was obtained from Sigma (Pace, UK) while DOPC
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(1,2-dioleoyl-sn-glycero-3-phosphatidylcholine) and sphingomyelin
were obtained from Avanti Polar Lipids (Alabaster, Alabama, U.S.A.).
Lipopolysaccharide from E. coli, 0111, S. enterica typhimurium and
K. pneumoniae was purchased from Sigma (UK) at 40-60% purity and
was subsequently purified [22]. LPS from B. melitensis 16 M was prepared
in house and purified as detailed below following Velasco et al. [22].

2.1. LPS purification

Commercial LPS, containing approximately 50% nucleic acids, was
suspended in buffer (10 mM Tris, pH 7.4) at a concentration of
10 mg/ml and treated with DNase and RNase (50 pg of DNase and
50 pg of RNase per 10 mg of crude LPS) at 37 °C for 30 min. This
was followed by incubation at 55 °C in proteinase K (50 pg per
10 mg of LPS) for 3 h and room temperature with a fresh batch of
proteinase K for 8-16 h. The cycle was repeated and LPS was precip-
itated with 4 volumes of cold methanol at — 18 °C for 2 h. The precip-
itate was recovered by centrifugation (6000 xg, 15 min, 4 °C) and
residual methanol was removed under vacuum or dialyzed and
freeze-dried. In addition, for B. melitensis LPS, the dry product was
resuspended in deionized distilled water and extracted three times
with an equal volume of chloroform:methanol (2:1) to remove
LPS-associated phospholipids and amino lipids.

2.2. Membrane preparation

Single lipid membranes of DPPC or DOPC were prepared by
suspending the lipid in deionised water and mixing the suspension
vigorously for 15 min at 45 °C using a fine glass rod. The lipid suspen-
sions were freeze-thawed between liquid nitrogen and 50 °C water
bath for a minimum of 5 cycles. Multilamellar vesicles (MLV) were
centrifugated at 16,000 xg for 10 min (Biofuge pico, Heraeus) and
the pellets loaded in 4.0 MAS NMR rotors. Sample hydration was esti-
mated at 2.7-fold by weight or approximately 100 water molecules
per lipid.

Mixed lipid membranes of DOPC/cholesterol (2:1 molar ratio) or
DOPC/SM/cholesterol (55:15:30 molar ratio), DOPCs5SM;5Cholsy,
were prepared by co-dissolving in 2:1 methanol/CHCl;, removing
the solvent under high vacuum and hydrating the film. Pure water
was used instead of buffering solutions to reduce sample heating dur-
ing NMR measurements. In the presence of LPS, lipid suspensions
were difficult to pellet due to the electrostatic repulsion and hydrated
samples were first freeze-dried, loaded in the NMR rotors, and then
resuspended in 50 pl of deionised water. Reference membrane sam-
ples without LPS were treated in the same way.

2.3. LPS-containing membranes

LPS was suspended in distilled water and incubated at 56 °C for
15 min, vortexed for 2 min and cooled to 4 °C, then the cycle was re-
peated two more times. LPS suspensions were stored at 4 °C for up to
4 h before incubation with lipid membranes. Lipid bilayers were pre-
pared as single unilamellar vesicle (SUV) suspensions to maximise
membrane availability and to facilitate LPS insertion. Dry lipid films
were hydrated with de-ionised water (0.5 ml per 10-20 mg of
lipid) and hydrated suspensions were sonicated for 30 min. LPS sus-
pensions were then heated to 50 °C and incubated with SUV suspen-
sions for 10 min. Samples were then freeze-dried, loaded in the MAS
NMR rotors and resuspended in 50 pl of de-ionised water.

2.4. Mixing DOPC/LPS with DOPC/SM/Chol vesicles

To model pathogen/host membrane interactions, DOPC/LPS and
DOPCs5SM;5Cholsg vesicles were prepared separately, mixed, incu-
bated at room temperature for 1 h and freeze dried. The dry pellets

were loaded into 4 mm NMR rotors and hydrated with de-ionised
water.

2.5. Solid state NMR spectroscopy

Solid-state NMR experiments were carried out on a Varian
400 MHz VNMRS direct drive spectrometer equipped with a 4 mm
T3 MAS NMR probe (Varian, Palo Alto CA, USA) and temperature
was regulated using balanced heated/vortex tube-cooled gas flow
[23,24]. All 3C spectra were referenced externally to adamantine
CH, at 37.54 ppm, while 3'P spectra were referenced externally to
10% H3PO4 at O ppm.

High resolution cross-polarization [25] magic angle spinning,
CP-MAS, spectra were acquired after 104 kHz proton excitation and
3.5 ms of 45 kHz Hartmann-Hahn contact using a proton ramp [26].
Heteronuclear proton couplings were removed under 66 or 45 kHz
SPINAL-64 decoupling [27] in '3C or 3!P spectra, respectively. Spectral
acquisitions were repeated at 5 s interpulse delay, which exceeds ap-
proximately five-fold the 'H longitudinal relaxation time for protons
in lipids, and 1024 transients were averaged in acquisition. Inversion
recovery was used to investigate 3'P longitudinal relaxation with
delay times ranging from 1 ms to 5 s for phosphates and from 1 ms
to 1 s for pyrophosphate and phosphonate resonances. The interpulse
delay in these experiments was set to 20 s. Relaxation times were
obtained assuming a single dominant relaxation mechanism.

Spectra were processed and analysed using ACD/Labs (Advanced
Chemistry Development, Inc., Toronto, Canada). Homogeneous
broadening was assumed and resonances were approximated by
fitting Gauss-Lorentzian lineshapes. In cases of closely spaced reso-
nances showing significant overlap, spectral deconvolution was car-
ried out using Felix (Accelrys Inc., San Diego, CA, USA) and ACD/Labs.

3. Results

The role membrane heterogeneities play in LPS-mediated
pathogen/host interactions was investigated after LPS-containing
PC liposomes, bacterial outer membrane models, were incubated
with PCs5SM;sCholesterolsq vesicles mimicking host membranes.
The PCs5SMysCholesterolsg triple mixtures separate into ordered
domains, SM/cholesterol-rich lipid rafts, and a fluid, PC-rich phase
[21]. Changes in membrane lipid dynamics after LPS incorporation
into PCs5SM;sCholesterols, membranes vs. PC;gg membranes were
followed by high resolution '>C MAS NMR. Differences in LPS molecu-
lar mobility between PCs5SM;sCholesterolsy and in PC;oo membranes
were compared using 3'P MAS longitudinal relaxation. Reduction in
LPS 3'P mobility was taken as an indication of LPS partitioning into or-
dered domains (raft models).

3.1. Carbon-13 MAS solid state NMR

The interactions between LPS and DOPC (PC;q9) membranes were
investigated by high-resolution '3C MAS solid state NMR for compar-
ison with LPS-raft interactions within ternary lipid mixtures. LPS
from B. melitensis, K. pneumonia and E. coli was incorporated into
PC;90 membranes. A single pulse excitation '>C MAS NMR spectrum
from B. melitensis LPS in PCyoo membranes, 1:1 w/w, is shown in
Fig. 2A. DOPC resonances were assigned as previously described
[28,29]. Where resolved, LPS '>C resonances were assigned using
spectroscopy with spectral prediction (ACD Labs) and according to
[30]. Because LPS structure contains a large number of pyranose
units, observed resonances are group-assigned to formylperosamine
(Rha4N) O-chain polysaccharide and lipid A (Fig. 1D), as segmental
mobility with this region is sufficiently fast in comparison to the
NMR timescale to allow efficient decoupling and signal acquisition
[24]. Methyl resonances at 16.7 and 17.0 ppm (Fig. 2B) can be attrib-
uted to O pyranose-3 methylation sites (Fig. 1D). Resonances at 51.0
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Fig. 2. Carbon-13 MAS NMR spectra of DOPC/LPS from B. melitensis. (A) One pulse excitation with SPINAL decoupling; LPS peaks are highlighted yellow and assigned in B,C; (B) and
(C) show comparison between one pulse experiment (top line) and CP (bottom); (D) chemical structure of the O-polysaccharide sugar unit from B. melitensis LPS; the unit is a
polymeric chain of 5 N-formylperosamine monosugars, four of which are connected via glycosidic bond between carbons nos. 2 and 1 (green labels) and one of which is connected

in a3 — 1 fashion (blue label).

and 52.0 ppm can be assigned to O-chain Rha4N carbons. The reso-
nance at 57.0 ppm (Fig. 2B) can be assigned to outer core GIcN-2
aminated carbon. Spectral intensity between 65 and 70 ppm is likely
to arise from Rha4N 3 and 5 carbons in the O-chain and GIcN 3 and 5
carbons in the core, while intensity between 77 and 80 ppm can be
attributed to O-chain carbons in positions 4,2 involved in glycosidic
bonds. Resonances within these groups are difficult to assign conclu-
sively from 1D spectra alone. The group of resonances between 100.0
and 102.0 ppm arises mostly from Rha4N-1 and Kdo-1 carbons and
the signal near 100 ppm can be attributed to less mobile Kdo from
the core region nearer lipid A that links the core to the lipid A saccha-
ride backbone. Resonances arising from O-chain formylperosamine
carbon 7 are resolved at near 165 and 168 ppm. Lipid A and inner
core acetyl resonances appear close to and partially overlap the
DOPC carbonyls at 173 ppm, as observed by others in '>C-labelled
LPS [31]. Comparison to CP spectra, Fig. 2B, reveals a significant dim-
inution in LPS resonance intensity due to interference of molecular
motions on the intermediate timescale with 'H-'>C magnetization
transfer. Richer spectral features are revealed at higher temperatures
where LPS chains enter the L, phase and cooperative axial molecular
rotation becomes dominant within the bilayer. However, under such
conditions we observed gradual degradation of LPS.

Carbon-13 MAS NMR was also used to investigate LPS from
K. pneumoniae in DOPC bilayers. In contrast to brucellar LPS, reso-
nances arising from klebsiellar LPS had significantly lower intensity
both in single pulse excitation and in CP MAS spectra. Similar situa-
tion was reported by Nomura et al. [31], who observed low intensity
resonances even from '>C-labelled rough-type LPS. This observation
is likely to reflect a significantly higher mobility within the klebsiellar
than within the brucellar LPS. This is reasonable as the latter has been
known to have very long acyl chains which can possibly span mem-
brane bilayers and affect LPS mobility [32]. Smooth-type LPS from
E. coli, embedded in DOPC, produced no discernible resonances with
either direct '3C excitation or CP. In addition to segmental mobility
and cooperative molecular rotation, greater angular excursions of the
LPS molecules within the bilayer are likely to interfere with the NMR
measurements. The interaction between E. coli LPS and membranes is

comparatively weaker, seen in a 20-fold higher dissociation constant
for E. coli LPS in binding to lipid membranes by comparison to LPS
from K. pneumoniae [17], and leads to further NMR signal diminution.

To simulate host/pathogen interactions, liposomes of DOPC and
LPS from B. melitensis were mixed with PCs5SM;sCholesterols, vesi-
cles and the effects of LPS on the membrane lipid were investigated
by '3C CP-MAS NMR. Spectra from LPS/PC; ¢ are shown in Fig. 3, bot-
tom, alongside spectra from LPS/PCssSM;sCholesterolsg, top. Besides
diminution in LPS intensity resulting from the addition of membrane
lipid, the effect of mixing the two lipid systems appears to be
non-uniform across the spectrum, leaving measurable intensity only
from more mobile S6 methyl carbons (Fig. 2). Resonances from LPS
ring carbons S3, S5 and S7, resolved in PC;oo membranes, leave no
discernible intensity after fusion with PC55SM;sCholesterol;y mem-
branes. Such selective restriction in segmental mobility can be associ-
ated with specific molecular interactions, as previously shown for
binding of PrP to ganglioside GM1 in lipid rafts [33] and is consistent
with partitioning of B. melitensis LPS into the motionally restricted
lateral environment of the cholesterol/SM-rich membrane sub-phase.

The ordered, raft-like sub-phase of PCssSM;sCholesterolsg mem-
branes, is enriched in SM and cholesterol while PC is preferentially
expelled into a more mobile lateral environment. We used solid
state '3C CP MAS NMR to compare the effect of LPS incorporation
on the SM/cholesterol-rich phase by comparison to the PC-rich
phase. CP MAS NMR spectrum from PCssSM;sCholesterol;y mem-
branes is shown in Fig. 4A-C, upper traces, with characteristic
spectral regions enlarged in Fig. 4D-G and assigned according to
[28,34,35]. The ternary lipid vesicles were then co-incubated with
B. melitensis LPS/PCigo liposomes and the resulting spectra are
shown in Fig. 4, lower traces. An overall reduction in spectral intensi-
ty of SM and cholesterol resonances, which results from dilution with
additional DOPC, was accompanied by non-uniform intensity diminu-
tion across the spectrum and increase in linewidth for some reso-
nances. By contrast, DOPC resonances remained largely unaffected
after the addition of LPS and were used as an internal standard.
These observations are consistent with co-incorporation of LPS into
the SM/cholesterol-rich bilayer phase.
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Fig. 3. Natural abundance '>C CP-MAS NMR spectra from B. melitensis LPS in DOPC
membrane; (A) comparison of DOPC/LPS spectra before (bottom plot) and after (top
plot) addition of DOPC/SM/Cholesterol vesicles; (B,C) Selected LPS peaks (S4 and S5)
from 3C CP-MAS NMR experiment with B. melitensis LPS in DOPC bilayer acquired at
3.5 ms contact time before (bottom) and after (middle) addition of DOPC/SM/choles-
terol; the latter sample (with PC/SM/Chol) was then repeated using 1.5 ms contact
time (top).

The addition of brucellar LPS to PCs5SM;sCholesterolsg vesicles
resulted in slight shift in some DOPC resonances, leaving intensity
and linewidth unaffected. By contrast, noticeable broadening and a
decrease in peak intensity were observed for SM and cholesterol res-
onances (Fig. 4), which is consistent with a selective incorporation of
LPS into the SM and cholesterol-rich sub-phase. The melting temper-
ature of B. melitensis LPS acyl chains is on the order of 35-40 °C [36],
which suggests that LPS addition leads to an increase in the chain
order and reduction in molecular mobility within the raft phase, spe-
cifically of SM and cholesterol. The effects of LPS from K. pneumonia
and E. coli on PCs5SM;sCholesterolsp membranes were very similar
(Fig. 5).

3.2. Phosphorous-31 MAS NMR

Phosphorus-31 MAS NMR was used to investigate mem-
brane lipid phosphates and to follow molecular dynamics within
PCs5sSM5Cholesterolsg membranes. Phosphate groups in DOPC
and SM give rise to strong resonances at —0.9 and 0.3 ppm, re-
spectively [37,38], seen in the spectrum of Fig. 6. Longitudinal re-
laxation times were obtained from PC and SM phosphates by
inversion recovery at 15 and 25 °C to assess phospholipid molec-
ular mobility rates. T, values were very similar from PC and SM,
which suggests proximity to T; minimum for both lipids and
that molecular dynamics within the ternary mixture is dominat-
ed by motions with correlation times on the order of 10 ns.

Phosphorus-31 MAS NMR spectra from PCs5SM;sCholesterolsq
membranes, incubated with DOPC vesicles containing LPS from
B. melitensis, K. pneumoniae and E. coli, are shown in Fig. 7. Spectral in-
tensity is dominated by the PC phosphates at —0.9 ppm and LPS
phosphates at 1. 0 ppm, respectively, and spectra have been truncat-
ed vertically to show LPS phosporylation. K. pneumoniae and E. coli
LPS core oligosaccharide and lipid A sugars are phosphorylated,

which can be seen as a resonance at 3.2 and 1.6 ppm, respectively
[39] (Fig. 7B,C). Phosphorylation of B. melitensis LPS, significantly
overlaps with the PC resonance and cannot be resolved from the
MAS spectrum without selective spectral excitation (Fig. 7A). All
three types of LPS are pyrophosphorylated, which gives rise to
overlapping intensity at — 11.6 ppm for B. melitensis LPS (Fig. 7A) or
well-resolved resonances at — 8.0 and — 12.5 ppm for K. pneumoniae
LPS and — 6.4 and —11.6 ppm for E. coli LPS (Fig. 7B,C respectively)
[40]. A well-resolved resonance at 19.9 ppm in Fig. 7B suggests that
K. pneumoniae LPS is also phosphonylated [41]. Residual intensity
near 19 ppm in the spectrum of Fig. 7C suggests that E. coli LPS may
undergo phosphonylation, as well as seen in capsular polysaccharides
[42]. Phosphonylation can be observed following periods of phospho-
rus starvation during bacterial growth.

3.3. Phosphorus-31 longitudinal relaxation

Phosphorus-31 longitudinal relaxation times, T, offer an intrinsic
measure of changes in molecular mobility of membrane LPS and
phospholipids. Longitudinal relaxation was measured from SM and
DOPC resonances within PCssSM;sCholesterols, membranes at 25 °C
and 15 °C to assess the rates of fast molecular motions (~ns) by com-
parison to the nuclear precession frequency (Fig. 6). Values of T; were
on the order of 0.9 s for both lipids and were not affected significantly
by temperature with PC relaxation times possibly decreasing slightly
at 25 °C. This suggests mobility near T; minimum and that fast lipid
mobility within both lipid species occurs on the order of 6 to 10 ns
timescale or fast/slow motional regimes of phospholipids residing in
the fluid phase and in the ordered domains, respectively. By compar-
ison, molecular mobility within fluid DOPC membranes is fast in com-
parison to the NMR timescale [43]. Over the temperature range,
explored in this study, PCs5SM;sCholesterolsy membranes undergo
lateral phase decomposition into ordered lateral domains and fluid,
PC-rich, phase [21]. The observed relaxation times are the average
from the two environments.

Using inversion recovery MAS NMR, 3!P T; values were obtained
from LPS pyrophosphates (PP) and phosphonates (Pna), as well as
mean values from phosphates (P) including contributions from
PC, SM and LPS. Phosphorus-31 relaxation times from LPS from
B. melitensis (A), K. pneumoniae (B) and E. coli (C) in PC bilayers, as
well as LPS in PCs5SM;sCholesterol;, membranes, are shown in
Fig. 8 and summarised in Table 1. Pyrophosphate relaxation times
from B. melitensis LPS (Fig. 8A) were comparatively short, on the
order of 100 ms and increased with temperature within both types
of membranes, which indicates that molecular mobility occurs in
the fast regime. The observed T; values were reduced from 100 ms
in DOPC to approximately 25-40 ms in the PCssSM;sCholesterolsq
membranes, which indicates a reduction in LPS pyrophosphate
mobility. Such reduction in mobility is consistent with preferen-
tial partitioning of brucellar LPS within the motionally restricted
SM/cholesterol-rich raft domains. Phosphate T; values measured
within each type of LPS-containing membranes were on the
order of 0.5 s and slightly decreased with temperature, which
suggests the dominant molecular motions, giving rise to longitu-
dinal relaxation, occur in the slow regime but mean relaxation
times remain near T; minimum. This is consistent with the ob-
served shorter T; within the more mobile DOPC/LPS bilayers by
comparison to the motionally restricted PCssSMisCholesterolsg
membranes. While stating this, we must remain mindful of the
average nature of the observed monophosphate T; values.

Phosphorus-31 relaxation times of K. pneumoniae LPS py-
rophosphates, examined at 15 and 25 °C were significantly
longer than in B. melitensis, nearing 0.5 s in PCypo and over
1 s in PCs55SMjsCholesterol;g membranes. Values of T; increase
with temperature for both -9 ppm and -13 ppm resonances,
suggesting both PP phosphates are undergoing fast motions,
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Fig. 4. Natural abundance '>C CP-MAS NMR spectra of DOPC/SM/cholesterol vesicles (top spectra) and of DOPC/LPS from B. melitensis mixed with DOPC/SM/cholesterol vesicles
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although values were relatively close and fell within the variance range
(Fig. 8B). Pyrophosphate T, values from LPS markedly increased be-
tween PC and PCssSM;sCholesterolsg membranes. This is puzzling, as
highest molecular mobility within the mixed lipid membranes would
be expected in the PC-rich sub-phase where T; values should be similar
to or shorter than those in pure PC membranes. This can be rationalised
if one considers the pyrophosphate location within lipid A, where mo-
bility is tightly coupled to that of the membrane lipid. In this case, the
principal contribution to 3'P relaxation comes from molecular libra-
tions, either independent on the local scale or collective, as part of the
membrane thermal undulations. In the presence of cholesterol within

PCs55SM;sCholesterolso membranes, molecular vibrations are restricted,
while axial molecular mobility is unaffected with the latter becoming
the dominant relaxation mechanism. This interpretation brings into
agreement the observed relaxation trends in the PP with those of the
Pna (see below), both suggesting restrictions in LPS mobility and segre-
gation into cholesterol-rich lateral domains. This is unsurprising, as the
LPS lipid chains are usually saturated with a main chain melting transi-
tion temperature around 35-40 °C [44].

Relaxation times of the phosphonate resonance, observed at
20 ppm in klebsiellar LPS, increase with temperature in the ternary
mixture, which is indicative of fast molecular mobility. In contrast
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DOPC/LPS with the endotoxin from K. pneumonia and (B) from E. coli.

to pyrophosphates, a marked reduction in phosphonate T; values was
observed between DOPC and PCssSM;sCholesterols membranes
(Fig. 8B). This is consistent with a reduction in motional freedom of
the phosphonates and with increased motional restrictions on the
LPS molecules in the PCssSM;sCholesterolsg membranes. Segmental
flexibility within the core oligosaccharide uncouples the Pna from
molecular librations within the lipid A region and relaxation is likely
dominated by fast molecular rotation, as seen from the significantly
higher T, values for Pna than PP in PC membranes.

Pyrophosphate 3'P relaxation times from E. coli LPS were on the
order of 850-900 ms in DOPC bilayers and were reduced to approxi-
mately 300 ms in PCs5SM;sCholesterolsg membranes. Decrease in Ty
between 15 °C and 25 °C for both the -7 ppm and -11 ppm pyrophos-
phate resonances of LPS suggests that within PCssSM;sCholesterolsq
membranes molecular mobility occurs in the slow regime. Comparison
of LPS pyrophosphate relaxation in PC membranes at 25 and 15 °C
shows reduction in T; values from approximately 800 ms to near
350 ms, which points to fast motions as the dominant contribution
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to 3'P relaxation. Together with the dominance of slow motions
in the PP relaxation in PCs5SM;sCholesterolsy membranes, this
suggests preferential partitioning of LPS into the ordered lateral bi-
layer environment.

4. Discussion

Bacterial co-evolution with the host has delivered a sophisticated
pathogen detection system, aimed at bacterial isolation and removal,
paralleled by bacterial adaptations permitting immunosilent host
invasion, as well as symbiotic co-existence between gut commensals
and the host. LPS carries molecular signatures that create a
pathogen-associated molecular pattern used by host defences for bac-
terial detection and subsequent clearing. In many cases pathogenic
bacteria can provoke inflammatory responses that, although impor-
tant for an effective activation of adaptive immunity, may compro-
mise protective host layers and facilitate infection of otherwise
non-compromised loci [45]. One way pathogenic bacteria have devel-
oped to modulate host defences is through membrane microdomains
enriched in cholesterol and sphingomyelin [15,46]. Such domains ap-
pear to play an important role in the host cell by allowing lateral com-
partmentalization of cell surface proteins and re-compartmentalization
in some cases of cell surface receptor activation [47-51] and of
GPI-anchored proteins [9,52].

While receptor-mediated interactions between bacteria or their
outer membrane LPS and host cells is an important mechanism for
pathogen recognition, internalization and survival, it has become
clear that bacterial LPS has selective preference for binding to
cholesterol-containing membranes [17]. This effect depends on the
bacterial origin of LPS and is stronger in true pathogens by compari-
son to gut commensal bacteria (ibid.). When binding to laterally
phase-separated membranes, raft models, LPS causes amalgamation
of cholesterol-containing domains into larges sub-phases with re-
duced line boundary, within which molecular mobility is lower [31].

We have explored the interactions between bacteria and cells
through a model of bacterial outer membranes, in which LPS is deliv-
ered as a component of PC vesicles to ternary lipid mixture liposomes
of PCs55SM;5Cholesterolsg, host membrane mimics. Carbon-13 MAS
NMR was used to assess the effect of LPS presence on lipid dynamics
and revealed preferential reduction in the overall molecular mobility
within the combined fused vesicles in agreement with previous ob-
servations [31]. It is reasonable to expect such effect as the LPS chains
are mostly saturated and likely to partition with preference into the
ordered bilayer phase.

Phosphorus-31 relaxation suggests that LPS from all bacteria test-
ed appears to have a weak ordering effect on the membrane lipid,
although the low molar availability of endotoxin makes a more defini-
tive assessment difficult. This observation supports the overall picture
emerging from the '>C measurements and 'H relaxation, reported
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Fig. 7. Phosphorus-31 MAS NMR spectra of DOPC/LPS samples with endotoxin from three different bacterial strains: B. melitensis (top), K. pneumoniae (middle) and E. coli (bottom).
The main peak at —1 ppm originates from the phosphate group in DOPC and it has two sidebands on both sides (labelled with *).

previously [31], of an overall membrane ordering effect LPS has on the
ternary lipid mixtures.

Bacterial LPS is often phosphorylated in the lipid A moiety [53]
and in some cases pyrophosphorylated either on a heptose residue
in core oligosaccharide region or in lipid A [4]. Lipid A phosphates,
derivatised to ethanolamine pyrophosphates, have been reported to
occur with higher frequency in polymyxin-resistant Salmonella [54].

In this study, high resolution 3!P MAS NMR revealed that LPS from
all three species investigated, B. melitensis, K. pneumoniae and E. coli,
was pyrophosphorylated. Thus far, the presence of pyrophosphate
has not been reported for Brucella LPS. However, genetic and mass
spectral analyses show that B. melitensis lipid A contains ethanol-
amine, which could be present as the corresponding pyrophosphate
(Gil-Ramirez, Y., Moriy6n, I. and M. Iriarte, unpublished results).
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Somewhat unusual, phosphonylation was observed in K. pneumoniae
LPS, which is atypical of LPS but is observed in capsid polysaccharides,
for example in Neisseriaceae [42]. Spectroscopic traces of, possibly tran-
sient, phosphonylation were observed in E. coli LPS, as well. Bacterial
phosphonylation pathways are usually activated in phosphorus-poor
growth conditions and the observed LPS phosphonylation may reflect
phosphorus-starvation prior to LPS harvesting.

Table 1
T, relaxation times from P NMR experiments carried out at 25 °C with DOPC/LPS
before and after the addition of DOPC/SM/cholesterol vesicles.

B. melitensis:
Resonance T; in DOPC [s] Ty in PC/SM/Chol [s]
20 °C 25 °C 30 °C 25 °C 15 °C
—1 ppm (P) 0.46 - 0.37 0.57 0.59
—11 ppm (PP) - 0.089 0.144 0.039 0.025
K. pneumoniae:
Resonance T, in DOPC [s] T, in PC/SM/Cholesterol [s]
25°C 25°C 15°C
—1 ppm (P) 0.897 0.847 0.74
—10 ppm (PP) 0.424 1.5 1.023
—13 ppm (PP) 0.448 1.069 0.856
+20 ppm (Pn) 2.961 14 0.967
E. coli:
Resonance Ty in DOPC [s] T; in PC/SM/Chol [s]
25 °C 25°C 15 °C
—1 ppm (P) 0.904 0.976 0.849
—7 ppm (PP) 0.846 0.375 0.422
—11 ppm (PP) 0.882 0.301 0.127

Preferential partitioning of LPS into the laterally separated ternary
lipid membrane is consistent with the observed ordering effect of LPS
on cholesterol and SM, seen in the '*C MAS NMR data. This was
investigated directly by following nuclear relaxation in 3!P reporters,
intrinsic to LPS pyrophosphates in all species, as well as of phosphonates
in LPS from K. pneumoniae. LPS from B. melitensis, a pathogen capable of
invading macrophages in a raft-mediated fashion, was observed to lose
motional freedom in the ternary lipid membrane, which is consistent
with partitioning into the ordered cholesterol-rich domains. Interesting-
ly, in vivo, intraperitoneal infection of mice with attenuated B. abortus
leads to the formation of intracellular vesicles enriched in LPS, which
are then recycled to the cell surface in association with MHC class I
(MHC-IT) where they form macrodomains. In this fashion, B. abortus
LPS significantly impairs the presentation of peptides to specific CD4 +
T cell hybridomas (reviewed in [55]) Thus, the results reported here
are consistent with those observations and may provide a biophysical
explanation for the observations in vivo.

Pyrophosphate relaxation from K. pneumoniae LPS revealed
somewhat unusual motional behaviour, which is consistent with
pyrophosphorylation sites located within lipid A where relaxation
is dominated by membrane thermal undulations, readily suppressed
by cholesterol. Relaxation from klebsiellar LPS phosphonates conclu-
sively points to reduced mobility within the ternary lipid mixture and
preferential partitioning of LPS into ordered domains. Pyrophosphate
relaxation from E. coli LPS also revealed a marked reduction in molecu-
lar mobility within the ternary mixtures, indicative of LPS preference for
the ordered lateral environment. LPS phosphorus mobility was ob-
served to occur on the slow time scale in the ternary system, despite
slight variation in the 3'P dynamics within pyrophosphate groups.

The fine detail on molecular and segmental mobility, obtained
from 3'P relaxation measurements, emphasises the advantage of
using >'P MAS NMR in studies of mixed lipid membranes. Such infor-
mation is essential in untangling non-cooperative modes of segmen-
tal dynamics from cooperative molecular and membrane mobility,
which remain hidden in 'H relaxation studies due to the strong pro-
ton couplings within atomic chains.

This study suggests that LPS, bound to lipid membranes, is segre-
gated with preference into ordered cholesterol/SM-rich lateral do-
mains, raft analogues. It is recognised that during LPS-mediated
activation of TLR-4 the receptor is transiently localised within the
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ordered lipid domains [50]. The TLR-4-mediated response to bacterial
LPS depends on the interaction of soluble LPS with LBP or of
membrane-associated LPS with CD14, a GPIl-anchored protein nor-
mally resident within the lipid raft environment. We hypothesise
that the observed preference of LPS to segregate into the ordered cho-
lesterol/SM-rich domains has been a contributing factor in the evolu-
tionary drive within eukaryotic cells to develop a GPl-anchored
sensory response element, CD-14, which resides within cholesterol/
SM-rich lipid rafts as the first line of bacterial detection.

5. Conclusions

Interactions between LPS and model membranes with raft-like
properties were studied using solid state '>C and 3'P MAS NMR
spectroscopy. The presence of LPS in ternary PC/SM/cholesterol mem-
branes was found to have an overall ordering effect on the membrane
lipid. All LPS species were pyrophosphorylated and klebsiellar LPS
was phosphonylated, as well. Phosphorus-31 longitudinal relaxation
was used to follow changes in the LPS mobility on incorporation
into the ternary lipid mixture and a reduction in T; was interpreted
as indicative of preferential partitioning of LPS into ordered lipid
phases.
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