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Abstract

Lipid As are the main components of the external leaflet of the outer membrane of
Gram-negative bacteria. Their molecular structure has evolved to allow the bacteria
survival in specific environments. In the present work, we investigate how and to
what extent lipid membranes that include in their composition lipid A molecules of
a bacterium of the gut microbiota, Stenotrophomonas maltophilia, differ from those
formed by the lipid A of the common Gram-negative bacterium Salmonella enterica,
which is not specific to the gut and is here used as a reference. Electron Paramagnetic
Resonance (EPR) spectroscopy, using spin-labelled lipids as molecular probes,
allows the segmental order of the acyl chain and the polarity across the bilayer to
be analyzed in detail. Both considered lipid As cause a stiffening of the outermost
segments of the acyl chains. This effect increases with increasing the lipid A content
and is stronger for the lipid A extracted from Stenotrophomonas maltophilia than
for that extracted from Salmonella enterica. At the same time, the local polarity of
the bilayer region just below the interface increases. As the inner core of the bilayer
is considered, it is found that the lipid A from Salmonella enterica causes a local
disorder and a significant reduction of the local polarity, an effect not found for the
lipid A from Stenotrophomonas maltophilia. These results are interpreted in terms
of the different lengths and distributions of the acyl tails in the two lipid As. It
can be concluded that the symmetrically distributed short tails of the lipid A from
Stenotrophomonas maltophilia favors a regular packing within the bilayer.

1 Introduction

The domain Bacteria encompasses a large spectrum of prokaryotes, including both
beneficial and pathogenic species. While pathogenic bacteria and the molecular
determinants of their harmful activity have been extensively investigated throughout
the twentieth century, the role played by beneficial ones in the biological context
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has attracted the deserved attention only in more recent times. Gut microbiota,
localized in the human gastrointestinal tract, represents a paramount example
of beneficial bacteria, whose biological function includes intestinal epithelium
maintenance [1], resistance to pathogens [2], prevention of cancers [3], and redox
homeostasis regulation through the gut-brain axis [4]. Most gut bacteria are
anaerobes. An important exception is given by the core microbiota found in the
crypts of Lieberkiihn (or intestinal crypts), which is dominated by strictly aerobic,
nonfermentative bacteria, including Acinetobacter, Delftia, and Stenotrophomonas
[5]. Considering that bacteria tropism relies on the adaptation of their structure,
analysis of specific features presented by these species is of great interest.

Depending on their response to the Gram stain, bacteria are divided into Gram-
negative and Gram-positive species (appearing red/pink and dark blue/violet
after staining, respectively). The different response derives from the different
molecular architecture of the cell wall: in Gram-positive bacteria, the phospholipid
bilayer constituting the cytoplasmatic membrane is wrapped by a thick layer of
peptidoglycan, a polysaccharide network cross-linked by peptide chains; in Gram-
negative bacteria cell wall, the peptidoglycan layer is thinner and is, in turn, wrapped
by an asymmetric lipid bilayer named outer membrane. The inner leaflet of the outer
membrane is formed by glycerophospholipids, while the external leaflet is composed
of lipopolysaccharides (LPS).

LPS are amphiphilic macromolecules comprising a relatively hydrophobic
glycolipid, named lipid A, and a long hydrophilic chain, constituted by the core
oligosaccharide plus the O-specific polysaccharide or O-chain. Among the LPSs
of the various bacterial species, the lipid A portion is the most conserved part,
being constituted by an amino sugar disaccharide backbone covalently bonded to
an average of six acyl residues [6]. Variations of this primary structure, including
the number, distribution, and length of the acyl chains, as well as the eventual
phosphorylation and further chemical derivatization of the disaccharide backbone,
have been found to tune the lipid A biological activity [7]. In fact, lipid As act as
potent stimulators of the innate immune system of mammal hosts, originating a
wide range of biological effects, from a significant enhancement of the resistance
to bacterial infection, which is beneficial to the host, to an uncontrolled immune
response resulting in septic shock [8].

The tight self-assembly of lipid As, which occurs through the combination
of hydrophobic and electrostatic interactions, ensures the cell wall integrity and
resistance to physical and chemical external agents (as harsh environments or host
antimicrobials). Indeed, a lipid A leaflet is more rigid and displays a more ordered
structure than a glycerophospholipid layer [9, 10].

LPSs and, more specifically, lipid As of Gram-negative populations in the gut
microbiota present chemical peculiarities [11]. In the present work, we investigate
how and to what extent lipid membranes formed by lipid As of a crypt-specific bac-
terium, Stenotrophomonas maltophilia, differ from those formed by the lipid A of
the common Gram-negative bacterium Salmonella enterica, which is not specific to
the gut. The molecular structures of the two lipid As are shown in Fig. 1.

We analyze the general attitude of these lipid As to self-aggregate and to
aggregate with other lipids, rather than focus on specific biological or bio-mimicking

@ Springer



On the Microstructure and Dynamics of Membranes Formed by Lipid...

A) OH
A
HS(?ZTO o ~ OHOO
o o
o
Ho
o HO
° o
o
11
1
12
12
12
SM-Lipid A SE-Lipid A

Fig. 1 Molecular structures of the lipid A extracted from Stenotrophomonas maltophilia (A) and the
lipid A extracted from Salmonella enterica (B)

membranes. For this reason, we considered lipid A mixtures with reference
phospholipids whose aggregation behavior is well assessed. The study is performed
using simple in vitro models of biomembranes, such as liposomes, investigated by
Electron Paramagnetic Resonance (EPR) spectroscopy of spin-labelled lipids as
molecular probes. As suggested us by Prof. Carlo Corvaja and his research group
in fruitful collaboration works [12, 13], the analysis of the EPR spectral parameters
of the nitroxides furnishes a wealth of information on amphiphiles self-assembly.
Particularly, starting from 1973, when Schindler and Seelig published their seminal
work on the EPR spectra of spin labels in lipid bilayers [14], this technique has
proven to be one of the most informative on these systems [15-20]. In this study,
we use this approach for a comparative analysis of the structure and dynamics
of phospholipid bilayers including one of the two lipid As under investigation.

2 Materials and Methods
2.1 Materials

The lipid A from Stenotrophomonas maltophilia (SM-Lipid A) was extracted and
purified from murine gut microbiota as reported in a previous work [5] while the lipid
A from Salmonella enterica serotype minnesota Re 595 (SE-Lipid A) was purchased
from Sigma-Aldrich (Milan, Italy). Dichloromethane and methanol, HPLC-grade
solvents, were obtained from Merck (Darmstadt, Germany). 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC, 99% purity) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG, 99% purity) were obtained from Avanti Polar
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Lipids (Alabaster, USA). HEPES buffer solution (10 mM), NaCl and CaCl, salts
were obtained from Sigma-Aldrich. Spin-labelled phosphatidylcholines (rn-PCSL)
with the nitroxide group at different positions, n=35, 7, 10 and 14, in the sn-2
acyl chain to be used for EPR experiments, were also obtained from Avanti Polar
Lipids. The spin-labelled fatty acids (n-doxyl stearic acids, n-DSA with n=35, 16)
were purchased from Sigma-Aldrich. Spin-labels were stored at — 20 °C in ethanol
solutions at a concentration of 1 mg/mL.

2.2 Sample Preparation

Large Unilamellar Vesicles (LUVs) of POPC/POPG 70:30 mol:mol, (POPC/
POPG):SM-Lipid A and (POPC/POPG):SE-Lipid A at different molar ratios (100:0,
85:15, 70:30, 50:50, 40:60, 20:80 and 0:100) were prepared through lipid films
hydration method [21]. For the system (POPC/POPG):SE-Lipid A an additional
sample was prepared at 10/90 molar ratio. The lipids were independently dissolved
in dichloromethane/methanol mixture (2:1 v/v, 10 mg/mL lipid concentration).
Proper volumes of these solutions were used to form lipid mixtures with the above-
reported lipid molar ratios and a total lipid amount of 1 mg. At this moment,
a proper volume of a stock solution in ethanol (1 mg/mL) of one spin-labelled
phosphatidylcholines or fatty acids (n-PCSL or n-DSA) was also added to the
lipid films to have a spin-label content equal to 1%w of the total lipids. The lipid
films were produced by evaporating the organic solvents under nitrogen flow. Final
traces of the solvents were removed by storing the sample under vacuum for at least
3 h. The lipid films were re-suspended in 1 mL of physiological buffer at pH=7.2
(150 mM sodium chloride, 10 mM HEPES, 1 mM calcium chloride) and vortexed.
The produced Multi Lamellar Vesicles (MLVs) were repeatedly extruded through
polycarbonate membranes of 100 nm pore size, for at least 11 times to produce LUV
suspensions.

2.3 Electron Paramagnetic Resonance (EPR) spectroscopy

EPR spectra were recorded with a 9 GHz Bruker Elexys E-500 spectrometer
(Bruker, Rheinstetten, Germany). The capillaries containing a specific amount (25
pL) of each liposome suspensions were placed in a standard 4 mm quartz sample
tube to be measured at 25 °C. The following instrumental settings were used to
record the spectra: sweep width, 100 G; resolution, 1024 points; time constant,
20.48 ms; conversion time, 20.48 ms; modulation frequency, 100 kHz; modulation
amplitude, 1.0 G; incident power, 6.37 mW. Several scans, typically 32, were
collected to improve the signal-to-noise ratio. A quantitative analysis of n-PCSL
spectra for all considered samples was realized determining the acyl chain order
parameter relative to the bilayer normal, S, and the isotropic hyperfine coupling
constants for the spin-labels in the membrane, a;V, as defined in the literature [22,
23]. Magnetic field values at which minima and maxima in spectra are observed
were determined through a homemade, MATLAB-based software routine, which
allows the selection of a limited field range in which the signal is fitted to a gaussian
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curve. Uncertainties were determined by repeating each measurement in triplicate
on independently prepared samples.

3 Results and Discussion
3.1 Effects of the Lipid A Content on the POPC/POPG Lipid Bilayers Structure

The EPR spectra of the 5-PCSL spin-label included in lipid bilayers of POPC/POPG
in the presence of SM-Lipid A at increasing molar ratio are shown in Fig. 2A. Their
comparison highlights the effect of the lipid A content on the packing and dynamics
of the phospholipid bilayer. Particularly, 5-PCSL bears the reporter nitroxide group
close to the hydrophilic lipid headgroup, thus monitoring the region of the bilayer
core just underneath the hydrophilic layer formed by the lipid polar heads.

All the spectra show a clearly well-defined axially anisotropic behavior, as
detectable by the splitting of the low- and high-field lines, which is typical of this
spin labels included in lipid bilayers [24, 25] where the reporter nitroxide group is
not free to rotate but assumes a preferential orientation, thus indicating an ordered
organization of the outer segments of the lipid acyl chains. The anisotropic degree
increases with the content of SM-Lipid A (see the dotted line in Fig. 2), pointing to
an enhancement of the lipid ordering within the membrane.

Figure 2B shows the 5-PCSL spectra in (POPC/POPG):SE-Lipid A bilayers.
Also for this system the spectrum anisotropy increases with the lipid A content;
however, the variation appears lower than that observed in the presence of SM-Lipid
A. This is due to the presence of SE-Lipid A which partially hindered the local
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Fig.2 EPR spectra of 5-PCSL in bilayers of POPC/POPG (70:30 mol:mol) at different content of the
lipid A extracted from Stenotrophomonas maltophilia (A) and Salmonella enterica (B)
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mobility. Interestingly, the 5-PCSL spectrum in the absence of phospholipids, i.e.,
in SE-Lipid A aqueous mixtures, is broadened by spin—spin interactions between
the labelled lipids. This could suggest a tendency of the phospholipid to segregate
within the bilayer, thus being not molecularly dispersed. Indeed, perusal of
Fig. 2A reveals that some evidence of spin exchange is present even in the sample
containing only SM-Lipid A, which however does not preclude a clear detection of
the signal of 5-PCSL dispersed in the lipid A bilayer, indicating a better miscibility
of phospholipids in SM-Lipid A than in SE-Lipid A. For the system (POPC/
POPG):SE-Lipid A an additional measurement was carried out at 10/90 molar ratio.

To gain more quantitative information from the spectra we calculated the order
parameter, S, and the isotropic hyperfine coupling constant, a]’v. In particular, S is a
measure of the local orientational ordering of the labelled segment of the acyl chain
with respect to the normal to the bilayer surface and is calculated according to the
relation:

- (T, - Ty) a;\] M

where T, and 7, are two phenomenological hyperfine splitting parameters that
were evaluated from the experimental spectra as shown in Fig. 1 (considering
that 2 77, =2 T, —1.6) [22]. T,, and T,,, which are the main elements of the real
hyperfine splitting tensor in the spin Hamiltonian of the spin label, are determinable
from the corresponding single-crystal EPR spectrum and are equal to 7,,=6.1
G and T,,=32.4 G, as reported in the literature [26]. ay and a), are the isotropic
hyperfine coupling constants for the spin-label in the crystal state and in the

membrane, respectively, given by:

1
ay = S(Tzz + ZTxx) 2)

dy = 3Ty +21)) 3)

af\, is an index of the micro-polarity experienced by the nitroxide. Analysis of the
S and a), trends with increasing the lipid A content in the bilayer furnishes detailed
information about the changes induced by its presence on the microstructure of
phospholipid bilayers.

Inspection of Fig. 3 shows an increase of the order parameter S as increasing
amounts of SM-Lipid are included in the bilayer (black squares). This evidence indi-
cates an increase in the local order of the more external part of the bilayer hydropho-
bic core due to a constrained packing of lipid molecules induced by the presence of
SM-Lipid A molecules, which are much bulkier with respect to phospholipids. This
effect is rather gradual with changing the bilayer composition; however, it appears
more pronounced in the presence of high content of SM-Lipid A. At the same time,
an increase in the a;\, values is detected (red squares), indicating an increase of the
local polarity experienced by the radical label, suggesting a favoured penetration of
the water molecules, at least up to the fifth carbon of the acyl chain, as an effect
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Fig. 3 Trends of the order parameter, S, and hyperfine coupling constant, a};, determined from EPR spec-
tra of 5-PCSL in the bilayers formed by (POPC/POPG):SM-Lipid A (black and red squares) and (POPC/
POPG):SE-Lipid A (black and red circles) of at different lipid A content

of the high hydration of neighbouring lipid A sugar moieties. This phenomenon
becomes dramatic for lipid bilayers composed of SM-Lipid A alone.

Figure 3 also shows a significant increase in the S value estimated from the
5-PCSL spectra due to the presence of SE-Lipid A (black circles). Up to a content
equal to 30 mol % the effect of SE-Lipid A is similar to that detected for SM-Lipid
A. However, at higher content, the S increase due to the SE-Lipid A is significantly
lower than observed for SM-Lipid. For what concerns the coupling constant, ay, its
increase with the SE-Lipid A content in the bilayer is lower than that observed for
SE-Lipid A in the whole investigated lipid A composition range (red circles).

Additional experiments were performed on liposomes formed by the pure
SM-Lipid A or SE-Lipid A, as well as by the POPC/POPG mixture, using 5-DSA as
a spin-label. Fatty acids seem to be miscible with lipid As, as no evidence of spin-
exchange was observed (see Supplementary Information). Analysis of the 5-DSA
spectra qualitatively confirmed what was inferred from the 5-PCSL spectra: both
lipid As form bilayers in which the region close to the headgroups is more ordered
than in phospholipid bilayers, the effect being more evident for SM-Lipid A than for
SE-Lipid A.

3.2 Effects of the Lipid A on the POPC/POPG Lipid Bilayer Profile

To further investigate the lipid A effects on the lipid self-assembly and packing
within the bilayer, the samples with (POPC/POPG):Lipid A 50:50 mol/mol
composition was selected, including either SM-Lipid A or SE-Lipid A. As described
in the experimental section, 1 mol % of phosphatidylcholines spin-labelled at
the different positions of the sn-2 chain (n-PCSL, with n=5, 7, 10 or 14) was
incorporated in the membrane. Specifically, while 5-PCSL bears the nitroxide
reporter group close to the hydrophilic headgroups domain, 7-PCSL and 10-PCSL
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are representative of the intermediate segments of the lipid acyl chains while in
14-PCSL the nitroxide group is positioned close to the terminal methyl groups.
Therefore, the combined use of different n-PCSL spin-labels allowed the entire
bilayer profile perpendicular to the membrane surface to be characterized.

The n-PCSL spectra in (POPC/POPG):SM-Lipid A 50:50 mol/mol bilayers are
shown in Fig. 4, where they are compared to the spectra registered in the absence
of lipid A. As discussed above, the 5-PCSL spectra show a well-defined axially
anisotropic lineshape. As the reporter nitroxide group is stepped down along the
acyl chain from position 5 to 10, the anisotropy markedly decreases. In the case of
14-PCSL, a three-line quasi-isotropic spectrum is observed. This trend, typical of
phospholipid membranes in the fluid phase [27], indicates that moving from the
bilayer surface to the inner core the ordering of the acyl chain segments progres-
sively decreases as they become freer to rotate and orient in all directions and, con-
sequently, the local fluidity increases. Inspection of Fig. 4 confirms that the fluid
state is preserved in the presence of the lipid As in the bilayer composition. Interest-
ingly, in the case of SE-Lipid A, the 10-PCSL spectrum, which shows an anisotropic
lineshape in the absence of any lipid A and in the presence of SM-Lipid A, turns to
an almost isotropic three-line signal.

Further details of the lipid A effects on the bilayer microstructure are obtained
by the quantitative analysis of the experimental spectra. For all investigated sys-
tems S shows a decreasing trend with n (Fig. 5A), and becomes very low at posi-
tion 14, i.e., in the center of the lipid bilayer. a;v also shows decreasing trends
(Fig. 5B), in agreement with the typical condition of lipid membranes whereby
the innermost hydrophobic region is characterized by a much lower polarity
than the outermost region of the polar heads. Both S and “;v trends remain quali-
tatively the same in the presence of SM-Lipid A; however, the lipid A causes
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Fig.4 EPR spectra of n-PCSL in bilayers composed of POPC/POPG (dark lines) and (POPC/
POPG):Lipid A at 50:50 mol/mol (bright lines). The panels refer to the lipid A extracted from Steno-
trophomonas maltophilia (A) and from Salmonella enterica (B)

@ Springer



On the Microstructure and Dynamics of Membranes Formed by Lipid...

0.8 A 15.5 B
0.79 15.0 4 I
0.6 h
1454
05 Q@
7] 7 1404
0.4 =
1354
034
02 —® POPCIPOPG 13.0 { —=— POPC/POPG
"] —e— (POPC/POPG):SM-Lipid A —e— (POPC/POPG):SM-Lipid A
—A— (POPC/POPG):SE-Lipid A —4— (POPC/POPG):SE-Lipid A
0.1 . ; T T ; 12,5 ; : T T T
4 6 8 10 12 14 4 6 8 10 12 14
n-PCSL n-PCSL

Fig.5 Trends of (A) order parameter, S, and (B) hyperfine coupling constant, a;, determined from
the EPR spectra of n-PCSL in bilayers composed of POPC:POPG 70:30 mol/mol (black squares),
(POPC:POPG)/SM-Lipid A 50:50 mol/mol (red circles) and (POPC:POPG)/SE-Lipid A 50:50 mol/mol
(blue triangles)

clearly detectable variations of the observed values. Particularly, the S values are
higher at all the spin-label positions, the perturbation induced by the presence
SM-Lipid A on the lipid bilayer being slightly more pronounced for the outer-
most region of the bilayer (AS = 0.6 G for the 5- and 7-PCSL spectra) than for
the hydrophobic core (AS =~ 0.35 G for 10- and 14-PCSL spectra). Similarly, as
shown in Fig. 5B, an increase in the a;\, values was observed for 5 <n <10 while
no significant changes was observed in correspondence to the termini of acyl
chains, thus confirming that the different steric hindrance due to the SM-Lipid A
presence improved the penetration of water molecules in the outer region of the
lipid bilayer, an effect not detectable at the center of the inner core.

Interestingly, a different effect is observed when the lipid bilayer containing
SE-Lipid A is considered (Fig. 5A). With respect to the POPC/POPG bilayer,
the S values slightly increase in the outermost region of the bilayer (AS ~ 0.04
G for spectra of 5- and 7-PCSL), while an evident S decrease is detected for
the more internal region (AS = — 0.07 and — 0.02 G for spectra of 10- and
14-PCSL, respectively), indicating an increase in the acyl chain freedom to
rotate and orient. A similar trend is shown by the ajv values, thus suggesting
that the local disorder of the lipid chain segments more distant from the lipid
headgroups disfavors the penetration of water molecules in the inner region of
the lipid bilayer.

Additional experiments were performed on liposomes formed by the pure
SM-Lipid A or SE-Lipid A, as well as by the POPC/POPG mixture, using
16-DSA as spin-label (see Supplementary Information). Analysis of the 16-DSA
spectra qualitatively confirmed that SM-Lipid A form bilayers in which the
region close to the acyl chains termini is more ordered than in bilayers formed
by SE-Lipid A or by phospholipids.
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4 Conclusions

We analysed the effects of two different lipid As on the microstructure of the
lipid bilayers in which they are included. SM-Lipid A was extracted from
Stenotrophomonas maltophilia, a Gram negative bacterium belonging to the gut
microbiota. SE-Lipid A was extracted from Salmonella enterica, a common and
well-studied bacterium chosen as a reference. Our aim is to verify whether the
adaptation of the former bacterium to survive in the intestinal crypts is reflected
in a peculiar attitude of the lipid A to self-assemble and interact with other lipids.

The results reported and discussed in the previous sections highlighted that
both lipid As induce an increase in the rigidity of the more external section of
the bilayer; this dose-dependent effect is more marked for SM-Lipid A than for
SE-Lipid A. Moreover, a clear difference was observed when the lipid As effect
on the properties of the bilayer inner core was analysed: the ordering effect of
SM-Lipid A propagates along the whole length of the lipid acyl chains, and only
at their termini it becomes negligible; in contrast, SE-Lipid A induces an evident
disorder of the inner core. Interestingly, the different local ordering of the acyl
chains reflects in a different permeability of the bilayer to water molecules: the
disordered and compact packing of lipids in the core of the bilayer containing
SE-Lipid A results in a more apolar local environment, thus suggesting a reduced
permeability to water molecules, evidence not found for SM-Lipid A.

Our finding could be interpreted based on the molecular structure of lipid
As. The steric hinderance of these bulky lipids is expected to induce a rigid
organization of the bilayer. However, the different behavior shown by the two
examined lipid As highlight that more specific molecular features have to be taken
into account. As mentioned in the introduction, lipid As comprise a disaccharide
glucosamine backbone phosphorylated at both ends and further substituted
with some fatty acids. Regarding the lipid As produced by Stenotrophomonas
maltophilia and Salmonella enterica bacteria, both are hexa-acylated species and
they differ in the type of fatty acids and their distribution along the glucosamine
disaccharide backbone. In SM-Lipid A, the fatty acids are shorter compared
to those of SE, and they are symmetrically distributed being three on each
glucosamine unit (Fig. 1). In contrast, in the SE-Lipid A molecular structure, four
relatively longer acyl chains are grouped on one glucosamine, only two being
bonded to the other one.

It is long known that the length and distribution of lipid A fatty acids impact
both the conformation and the activity of these molecules. Indeed, as proposed
by the early studies by Seydel et al. [28, 29] the type of fatty acids and their
distribution pattern determine the orientation of the glucosamine disaccharide
backbone relative to the bacterial membrane surface, namely the level of tilting.
The lipid A of E. coli or of Salmonella species, which are all very similar, have a
wide tilt angle, while the symmetrical distribution along with the reduced length
of the fatty acids chains is related to a minor tilt angle [30].

It can be proposed that the longer acyl chain, along with the headgroup tilting
due to the asymmetrical tail distribution could be responsible for a “higher
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crowding” of the bilayer inner core, which leads to a more disordered and compact
local molecular organization. At this stage, it is not possible to individuate the
direct biological consequences of our finding, but these preliminary data can lay
the foundation for further studies directed to assess the relationship between the
outer membrane microstructure and the regulation of its function.
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