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ARTICLE INFO ABSTRACT

Keywords:
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Lipoteichoic acid (LTA), a surface associated polymer amphiphile tethered directly to the Gram-positive bacterial
cytoplasmic membrane, is a key structural and functional membrane component. Its composition in the mem-
brane is regulated by bacteria under different physiological conditions. How such LTA compositional variations

;Z:::z; scatterin modulate the membrane structural stability and integrity is poorly understood. Here, we have investigated
Self-Assembly & structural changes in mixed liposomes mimicking the lipid composition of Gram-positive bacteria membranes, in

which the concentration of Bacillus Subtilis LTA was varied between 0-15 mol%. Small-angle neutron scattering
(SANS) and dynamic light scattering (DLS) measurements indicated formation of mixed unilamellar vesicles,
presumably stabilized by the negatively charged LTA polyphosphates. The vesicle size increased with the LTA
molar concentration up to ~6.5 mol%, accompanied by a broadened size distribution, and further increasing the
LTA concentration led to a decrease in the vesicle size. At 80 °C, SANS analyses showed the formation of larger
vesicles with thinner shells. Complementary Cryo-TEM imaging confirmed the vesicle formation and the size
increase with LTA addition, as well as the presence of interconnected spherical aggregates of smaller size at
higher LTA concentrations. The results are discussed in light of the steric and electrostatic interactions of the
bulky LTA molecules with increased chain fluidity at the higher temperature, which affect the molecular packing
and interactions, and thus depend on the LTA composition, in the membrane.

Mixed liposomes
Bacteria-Mimicking liposomes

1. Introduction

Intermolecular interactions and self-assembly of bacterial lipids at
interfaces and in solution are of critical importance to bacterial function
in various bacteriological processes, such as colonisation and biofilm
formation on different surfaces [1-3]. In addition to phospholipids
(Fig. 11B), e.g. phosphatidylglycerol (PG), phosphatidylethanolamine
(PE), and cardiolipin (CL), lipoteichoic acid (LTA) is a key component of
Gram-positive bacterial membranes and plays a crucial role in mem-
brane stability [4-6], and it accounts for 1-2 % of the total bacterial cell
dry mass [7]. The basic structure of LTA consists of a
phosphodiester-linked chain of ~ 25-30 repeating units of glycer-
olphosphates, also containing about 5—10 mol% glycosyl or p-alanyl
ester units [1]. The chain is linked with a glycolipid moiety via a

* Corresponding author.
E-mail address: wuge.briscoe@bristol.ac.uk (W.H. Briscoe).

https://doi.org/10.1016/j.colsurfb.2020.111551

phosphodiester bond between the terminal glycerol phosphate unit and
the hydroxyl unit of the sugar (cf. Fig. 1B3). LTA is directly tethered to
the lipid membrane via diacylglycerol and spans over the peptidoglycan
layer, which also contains wall attached teichoic acids (WTA) covalently
attached to the peptidoglycan layer via phosphodiester links with C6
hydroxyl groups of N-acetyl muramic acid sugars (Fig. 1A;B3). Our
knowledge of self-assembly and supramolecular structure of LTA both in
solution and at interfaces remains limited, which is important to un-
derstanding the role of LTA in the sequelae of bacterial infections,
inflammation and septic shocks [1,8].

In the Bacillus subtilis (BS) bacteria membrane, LTA spans most of the
thickness of the periplasmic space [9]. The membrane comprises phos-
phatidylglycerol (PG) as a major phospholipid component along with
phosphatidylethanolamine (PE) and cardiolipin (CL) [10]. Other PG
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derivatives, e.g. diglucosyldiacyl glycerol (DGDG), diacylglycerol (DG)
and lysylphosphatidylglycerol (L-PG), also contribute to the structural
stability and fluidity of the membrane, which could be present in various
amounts depending on bacterial growth conditions, e.g. pH, tempera-
ture and the presence of enzymes [11].

Mixed liposomes may be formed by the lipids present in the Gram-
positive bacteria membrane, which could be used as model systems
for studying bacterial membrane structures and interactions. Previous
investigations on molecular interactions involving liposomes formed by
lipid mixtures comprising PG with cardiolipin indicated the role of
charge interactions and lipid chain packing on the bilayer thickness.
Liposomes comprising a binary mixture of dipalmitoylphosphatidyl
glycerol (DPPG) and tetramyristoyl cardiolipin (TMCL) exhibited a main
fluid phase transition temperature minimum at 39.4 °C for the DPPG
mole fraction Xpppg = 0.8 [12], lower than that of the pure DPPG or
TMCL, also resulting in bilayer thickening and lateral inhomogeneity of
the charge density. Oszlanczi et al. [13-15] and Arouri et al. [16] re-
ported inhomogeneous domain formation in mixed PG/PE liposomes at
specific lipid compositions and disruption of the bilayer and chain
packing on addition of sulfadiazine (SD), an antimicrobial peptide. The
segregation of lipid domains induced by SD resulted in destabilization
due to phase boundary defects. Conversely, the change in the lipid
membrane composition could thus be used to alter the SD localization.
In another investigation, the pH-dependent thermotropic behaviour of
lysyl(L)-DPPG present in staphylococcus aureus showed a different phase
behaviour compared to parent DPPG with the formation of an inter-
digitated lamellar phase below its chain melting transition temperature
[17]. The hydrolysis of L-DPPG at pH 5 and the presence of lysine as a
degradation product resulted in splitting of the main transition tem-
perature peak, which became more pronounced at pH 9.

Very few studies on mixed model membranes containing LTA have
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been reported. Using differential scanning calorimetry (DSC) measure-
ments, Gutberlet et al. [18] studied the thermotropic phase transitions in
the model membrane comprising DPPG and LTA (from Staphylococcus
aureus). An increase in the main fluid phase transition temperature
(Tmain) and a decrease in the heat capacity (C{,n) were observe on LTA
addition. This was attributed to the long-range interactions between
highly charged polyglycerolphosphate chains of LTA and DPPG,
providing structural stability to the mixed lipid membrane.

To the best of our knowledge, the interaction of LTA with mixed
lipids mimicking the membrane composition of Bacillus subtilis has not
been reported. The steric and electrostatic interactions between LTA
molecules due to its large negatively charged polymer backbone would
impose constraints on their packing and interactions. It would also affect
their interactions with other lipids, thus affecting membrane segregation
behaviour. Here, we report the structure of mixed liposomes containing
LTA extracted from Bacillus subtilis at different concentrations and
different temperatures using small-angle neutron scattering (SANS),
complemented by dynamic light scattering (DLS) and Cryo-TEM.
Changes in the packing of the membrane lipids and resultant changes
in the aggregate size have been observed. The results are interpreted in
terms of the enhanced steric confinement and electrostatic repulsion
upon LTA addition and the increased fluidity of the mixed lipid-
membrane at higher temperatures.

2. Material and methods

The sodium salt of phospholipids, namely dipalmitoyl phosphati-
dylglycerol (DPPG), dipalmitoyl phosphatidylethanolamine (DPPE) and
cardiolipin (CL, C16:0), were purchased from Avanti Polar Lipids, USA.
The lipoteichoic acid (LTA) extracted from Bacillus Subtilis (BS) was
purchased from Sigma-Aldrich, UK. The structures of lipids employed

A) Schematic representation of the Gram positive bacteria cell wall structure
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Fig. 1. (A) Structural representation of Gram-positive bacteria cell wall. (B) Structures of lipids used for the preparation of mixed vesicles as model Bacillus Subtilis

(BS) membrane: (B1) DPPG, (B2) DPPE, (B3) BS LTA, and (B4) cardiolipin (CL).
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for the preparation of mixed vesicles are shown in Fig. 1B. Ultrapure
water (resistivity 18.2 MQ cm and total organic content (ToC) < 4 ppb)
used was purified using Millipore® water purification system. Deute-
rium oxide (D20) and organic solvents (chloroform and methanol) used
for vesicle preparation were analytical grade reagents purchased from
Sigma Aldrich, UK.

2.1. Preparation of mixed lipid vesicles

Designated amounts of DPPG, DPPE and CL (C16:0) were dissolved
in a mixture of chloroform and methanol in an 8:2 v/v ratio. The solu-
tion was dried in a glass vial under a nitrogen stream and then in a
vacuum oven (Heraeus Vacutherm VT 6025) at 30 °C under ~10 mbar
for 12 h to obtain a homogeneous lipid thin film. This was followed by
hydration using aqueous solutions containing appropriate quantities of
LTA for ~ 45 min. For SANS measurements, D;O was used to prepare the
LTA dispersions, while ultrapure water was used for DLS and TEM
samples. The mixture was sonicated using a water bath-sonicator at
45 °C for ~ 40 min to obtain an optically transparent dispersion typi-
cally containing 1 mg mL ™! lipid. This was followed by extrusion in two
series, 10 times each through polycarbonate membranes with 200 nm
(first series) and 100 nm (second series) pores using a mini extruder
(Avanti Polar Lipids, USA). The dispersions were stable for ~ four weeks
when stored in fridge at 3—5 °C. Prior to SANS measurements, the
sample dispersions were homogenised by sonication at room tempera-
ture for 15 min.

2.2. Small-angle neutron scattering (SANS)

SANS measurements were performed on Sans2d small-angle
diffractometer at the ISIS Pulsed Neutron Source (STFC Rutherford
Appleton Laboratory, Didcot, UK) [19,20], A range of momentum
transfer moduli, Q, of 0.0045-0.7 A~ was achieved by utilizing an
incident neutron beam with wavelengths in the range of 1 = 1.75-16.5 A
and employing an instrument setup with both the source-to-sample and
the sample-to-detector distance at 4 m, with the 1 m? detector offset
vertically by 60 mm and sideways 100 mm. Here the momentum
transfer is defined as Q = 4xsin(6)/4, where 20 is the scattered angle.
Each raw scattering data set was corrected for the detector efficiency,
sample transmission, and background scattering and converted to scat-
tering cross-section data (0X/02 vs Q) using the instrument-specific
software [21].

2.3. Dynamic light scattering (DLS)

DLS measurement of the average size of LTA-containing mixed li-
posomes in water was performed using a Malvern Zetasizer Instrument
(Nano-ZS 4800, UK) at a fixed scattering angle of 173° at 25 °C. The
incident beam was generated from a He-Ne laser light source with a
wavelength of 633 nm. The average values from 3 different measure-
ments, each with 10 runs over 30 s, were reported along with the
standard deviation. The hydrodynamic radius (Ry) was obtained using
the Stokes-Einstein equation, D = kT/6myRy,, where k is the Boltzmann
constant, T the absolute temperature, D the diffusion coefficient, and 5
the viscosity of the solvent [22]. Size distributions were obtained by the
CONTIN regularized fit option in the Malvern software. Here, the
polydispersity index (PDI) is defined as (o/peak height) [2], where ¢ is
the standard deviation. The measured PDI < 0.05 refers to a perfectly
monodisperse sample, while a PDI greater than ~0.7 indicates a very
broad size distribution for the measured system.

2.4. Cryogenic-Transmission Electron microscopy (Cryo-TEM)
Cryo-TEM samples were prepared by plunge freezing the sample,

using a VITROBOT mark IV FEL into liquid Ny-cooled liquid ethane.
Briefly, droplets (about 4—8 pL) of lipids/LTA dispersions (1 mg mL ™)
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were placed on glow discharged lacey carbon grids and left for 2 s before
blotting (2 s) and plunging. This yielded samples in which liposomes
were embedded in vitreous ice suspended inside the holes of the carbon.
The sample grid was then transferred into a Gatan 626 cryo-holder and
visualised at 200 kV in a Tecnai T20, FEI transmission electron micro-
scope fitted with an Eagle 4k x 4k camera. The images were analysed
using the FIJI ImageJ® programme to generate the size histogram of
lipid aggregates. All the images were taken using the same operational
parameters to allow direct comparison of LTA induced structural
changes.

For negative stain TEM, about 4—8 pL of pure LTA or mixed lipid
dispersion was deposited on carbon coated 300 mesh size copper grid
and incubated for ~5 min. The grids were stained with 2 % (w/v) uranyl
acetate and dried for ~15 min. Electron microscopy was performed
using a JEOL 1230 transmission electron microscope equipped with a
Gatan multiscan digital camera at an accelerating voltage of 80 kV.

2.5. SANS data analysis and calculation of structural parameters

The measured SANS data was analysed in the SASView fitting pro-
gram, considering the formed structures as vesicles. The shell thickness t
and the effective radius r of the spherical vesicles were obtained by
fitting the SANS profile, using a core-shell sphere (Fig. 2B inset) form
factor P(Q) [23],

ro)-7 {
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where ¢ is the volume fraction of the shell (of thickness ¢, cf. Fig. 2B), V;
the volume of the shell, V. the volume of the core, V; the total volume, r.
the core radius, r the outer shell radius, pq the scattering length density
of the solvent D20 (same as that for the core in this case), ps the scat-
tering length density of the shell, C the background scattering intensity,
and the spherical Bessel function Jj(x) = (sinx—xcosx)/x%. The scattering
intensity was normalized by the volume contributing to the scattering, i.
e. the volume of the shell alone, while the SLD of the core was fixed at
the same value as that of the solvent. Other models have also been tri-
alled, including the core-shell ellipsoid model, which, however, did not
describe the SANS data satisfactorily (cf. Section S1 in Supporting In-
formation (SI)).

Although the structure factor is likely not very pronounced due to the
dilute LTA concentration (1 mg mL™!), reasonable fits with physically
relevant parameters could be achieved by introducing a hard-sphere
structure factor S(Q) using the decoupling approximation for moder-
ately polydisperse spherical particles using the Percus-Yevick approxi-
mation [24,25]. Here, the interparticle potential is defined as,

_foo 1 <2r
U(Vd)*{o S @

Here, rq is the distance from the center of a sphere of a radius r.

Given the charged lipid headgroups and the phosphate-containing
polymer backbone of LTA, fitting was also attempted using the
Hayter-MSA structure factor, but no physically feasible fitting parame-
ters could be achieved. Here, the polydispersity index (PDI) is defined as
o/r for the measured r values within the standard deviation 6.

The SLDs for the mixed lipid systems were calculated based on the
available information on the structure of the LTA extracted from Bacillus
Subtilis [26] and the phospholipids. It is important to note that consid-
erable variations have been reported for the structure and molecular
weight (MW) of solvent-extracted LTA. The final molecular formula for
LTA assuming 10 mol% D-alanylation is Cj2gH2500130P23N5 (MW =
4649 g mol1). The calculated SLDs for pure components LTA, DPPG,
DPPE and CL (C16:0) are 1.41 x 10, 0.385 x 10, 0.260 x 105, 0.258
x 10" A2, respectively. The detailed information on the calculated SLDs
for the mixed lipid systems comprising different mol% of LTA is pro-
vided in Table S2 in SI.
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Fig. 2. (A) DLS number averaged diameter D of

70} A @ﬁ A2 -

i II \\ 3§‘ ,"'ﬁ |
60 I' \ f ‘;’

50 - /I \ i: 3

Diameter D (nm)

8 12

| &=
.—]
=
=
<
S
o)} I
I1(Q) (a)

the mixed lipids vesicles as a function of LTA
concentration at 25 °C. The dashed line is a
guide to the eye. Schematic representation of
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tration, (A2) increase in the vesicle size due to
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vesicles and LTA micelles at higher concentra-
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intensity I vs Q profiles for liposomes containing
0 — 15 mol% LTA at 25 °C. Symbols are the data
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3. Results and discussion

3.1. Effect of LTA concentration on the mixed vesicle structure: DLS and
SANS measurements

The size distribution of the mixed lipid vesicles was examined by
dynamic light scattering (DLS) measurements as a function of LTA
concentration at 25 °C. The number averaged diameter D for the mixed
vesicles at different LTA concentrations (Fig. 2A) increased from 36.5 +
4.8 nm to 67.1 + 6.9 nm upon increasing the LTA concentration ([LTA])
up to 5 mol% and then decreased as more LTA was added. The large
molecular volume of LTA compared to phospholipids and its highly
negatively charged polyglycerolphosphate backbone are expected to
alter molecular packing in the liposomes, thus causing structural
changes driven by steric and electrostatic interactions. The intensity
averaged DLS size distribution (cf. Figure S3 in SI), which is more sen-
sitive to larger aggregates even present in trace amounts, shows the
emergence to two peaks (i.e. two aggregate/liposome sizes). This points
to the possible presence of liposome clusters in trace amounts.

LTA is present in relatively low molar concentrations (~ 6—12 mol%
with respect to the total lipid content) in Gram-positive bacteria mem-
branes. [11,18] Gutberlet et al. reported mixing of Staphylococcus aureus
LTA up to 15 mol% concentration with DPPG [27] and DPPC [28] in an

Table 1

LB monolayer formed at the air-water interface; however, phase sepa-
ration occurred on further LTA addition. The change in the mean mo-
lecular area and surface pressure values suggested that low
concentrations of LTA (comparable to that present in actual bacteria
membranes) could affect the stability and rigidity of the phospholipid
membrane. The bulky LTA molecule and thus the resultant steric hin-
drance and the repulsion between the negative charges on the poly-
glycerolphosphate headgroup would favour an increase in the vesicle
size. However, no clear explanation could be derived for the decrease in
the vesicle size at higher LTA concentrations. The DLS results provided
limited information about the structure and morphology of the aggre-
gates, which was further probed using cryo-TEM and SANS
measurements.

The absolute SANS intensity (Figure S4 in SI) increased with the LTA
concentration up to 6.5 mol%. With further increase in the LTA con-
centration, the scattering intensity remained the same and the fringes at
the lower Q region became more pronounced, indicating possible for-
mation of large aggregates. The scattering intensity for the mixed vesi-
cles containing 15 mol% LTA showed a similar profile as that for 2 mol%
LTA.

The SANS profiles in the Q range of 0.0045 to 0.7 A~* for the mixed
vesicles in aqueous solutions in the presence of different LTA mol% at
25 °C are shown in Fig. 2B. The best-fit parameters using the spherical

Fitted SANS parameters for the mixed vesicles as a function of LTA concentration ([LTA]) in mol% at 25 °C. Here r is the radius of vesicles, t the thickness of the vesicle
shell, ¢ the volume fraction of the shell, PDI the polydispersity index from the SANS measurements for the measured r values, and ¥ an indication of the goodness of

the fit. The DLS radius (D/2) values are also included for comparison.

[LTA] r (nm) D/2 (nm) (from DLS) t (nm) ¢ PDI (6/1) ;(2

0 19.5 + 2.7 182+ 2.4 2.9 +£0.70 0.0035 0.34 0.5
2 21.3+0.4 20.2 + 1.0 3.9 +£0.03 0.0022 0.33 2.3
5 35.8+0.2 33.6 + 3.4 4.3 +£0.07 0.0025 0.29 4.0
6.5 36.3 +0.3 26.4 + 2.1 4.0 + 0.05 0.0032 0.36 14.1
8.5 36.1 +0.1 21.4 + 2.0 4.2 +0.08 0.0026 0.40 2.1
10 31.8+£0.2 215+ 1.5 4.2 +£0.07 0.0028 0.43 2.0
15 27.3+0.8 15.9+ 4.8 3.8 +£0.10 0.0029 0.62 31
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core-shell model are listed in Table 1. Overall, the fitted vesicle size is
comparable to that obtained from DLS (cf. Table 1). The fitting was also
attempted using the core-shell ellipsoid model and the Guinier-Porod
analysis, but no physically feasible parameters were achieved (cf. Sec-
tion S1 in SI). The SANS profile for the ternary phospholipid composi-
tion (PG/PE/CL mixture; [LTA] =0 mol%) could be well fitted to the
spherical core-shell model with a radius r ~ 19 nm and a shell thickness t =
2.9 nm. The addition of 2 mol% LTA increased the shell thickness to t =
3.9 nm, which indicates that the mixing of LTA with the lipids induced
structural changes to the shell. With further increase in the LTA con-
centration to 6.5 mol%, the average radius of the mixed vesicles
increased to r ~ 36 nm, indicating further incorporation of LTA in the
shell. The observed increase in the radius and the thickening of the shell
could be correlated with the enhanced steric hinderance due to the
incorporation of the bulky LTA molecules and the increased electrostatic
repulsion between negatively charged LTA phosphate groups and the
phospholipids.

The PDI values for [LTA] > 8.5 mol% indicate significant variation in
the distribution of the vesicle radius, and a decrease in the radius for the
mixed vesicles for [LTA] = 10 and 15 mol% indicates a possible segre-
gation of the formed structures. The vesicle radius decreased to r ~ 27
nm, while the shell thickness t ~ 3.8 nm for [LTA] =15 mol%. The
double distribution obtained for intensity average DLS data (cf.
Figure S3 in SI) in the presence of 15 mol% LTA indicates the presence of
aggregates of different sizes, possibly due to preferred LTA micellization
over mixed vesicle formation and clustering of some liposomes. The
observed increase in the PDI values with LTA addition is consistent with
the Cryo-TEM images showing formation of large vesicles along with the
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interconnected small vesicles (cf. Fig. 3 below). This is also largely
comparable with the PDI values measured by the DLS between 0.4—0.6
(cf. Table S3 in SI).

The strong electrostatic repulsive forces between LTA poly-
phosphates may constrain LTA crowding and its further incorporation
and mixing with the phospholipids in the membrane as more LTA was
added. The liposome size reduction was accompanied by concurrent
membrane thinning, consistent with reduced elastic bending energy
cost. This observation is in agreement with the previous reports by
Gutberlet et al. [27,28] that showed mixing of LTA with phospholipids
at very low concentrations and subsequent stabilization of the mono-
layers at the air-water interface. Our SANS results seem to suggest that
LTA could stabilise the membrane structures up to a certain LTA con-
centration (~6.5 mol%). This is comparable to the LTA concentration in
the bacteria membrane at ~ 6—12 mol%. The change in vesicle structure
with LTA incorporation is schematically illustrated in Fig. 2A1-3),
which indicates an increase in the size of aggregates due to an increase in
the area occupied by the molecules.

The LTA molecules are presumably incorporated in the lipid bilayer
through the hydrophobic interaction, occupying a larger mean molec-
ular area and causing stronger repulsion due to the bulky and charged
glycerolphosphate chains. It is conceivable that LTA molecules could be
incorporated in both the inner and outer leaflet of the liposome bilayer
(cf. Fig. 2A1-3)). The decrease in the vesicles radius r at higher con-
centration may be rationalised with three considerations. First, at higher
LTA concentrations (> 8.5 mol%), an increase in the mean molecular
area occupied by the constituent molecules may lead to a critical
threshold, which prevented further LTA incorporation. Secondly,

20 40 60 80 100
Diameter D (nm)
B
Dgyy=32 nm

50 100 150 200 250
Diameter D (nm)

C

D,.,= 70 nm

avg ~

50 100 150 200 250

Diameter D (nm)
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Fig. 3. Cryo-TEM images of vesicles (1 mg mL Y in aqueous solution in the presence of different LTA concentration: (A) 0 mol%, (B) 2 mol%, (C) 5 mol%, and (D) 10
mol%. Three different images are presented along with and the histograms for the average diameter D,yq.
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further LTA addition might favour a higher number of smaller vesicles in
which a smaller number of LTA molecules could be incorporated to
minimise inter-LTA repulsion. Alternatively, LTA micelles might
compete with the mixed vesicles for LTA molecules. Thirdly, during the
preparation of the vesicle dispersion, the lipid film was hydrated with
aqueous LTA solution, which contained LTA micelles in dynamic equi-
librium with monomers. The mixing of LTA with lipids became less
efficient with an increase in the micelle number density at the higher
LTA concentrations.

3.2. Morphology of mixed liposomes by Cryo-TEM

The size and morphology of the mixed vesicles were visualised using
Cryo-TEM as shown in Fig. 3. In the absence of LTA, the spherical ves-
icles were evident with an average diameter D ~ 19 nm. With 2 mol%
LTA added (cf. Fig. 3B1—3)), D increased to ~ 32 nm, suggesting that
LTA induced an increase in the mean molecular area in the mixed ves-
icles, with large structures of size in excess of 100 nm also present. The
morphology of the mixed vesicles remained largely spherical with some
interlinking among smaller aggregates. This could be attributed to
hydrogen bonding between the —OH groups of the glycerolphosphate
units of the LTA molecules between adjacent vesicles.

For 5 mol% LTA mixed vesicles (cf. Fig. 3C1—3)), clusters of small
aggregates and the presence of large vesicles were observed with an
average size D ~70 nm. This is consistent with the high PDI observed in
the SANS experiment (shown later). The average diameter for 10 mol%
LTA containing vesicles was D ~ 67 nm (cf. Fig. 3D1-3)), but the
number density of larger vesicles increased as compared to 5 mol% LTA.
The number of clustered smaller structures decreased compared to lower
LTA concentrations, which indicates a possible decrease in the mixing of
LTA with lipids present in the vesicles, with the excess LTA molecules
aggregating to form micelles. The negative stain TEM images on pure
LTA micelles, vesicles excluding LTA and vesicles in the presence of 5
mol% LTA are shown in Figure S5 in SI. The observed morphology of the
vesicles was in good agreement with the cryo-TEM images showing
formation of spherical structures and an increase in the vesicle size with
LTA addition.

Colloids and Surfaces B: Biointerfaces 199 (2021) 111551

3.3. Effect of temperature on the mixed vesicle structure: SANS
measurements

The LTA polyglycerophosphate chains containing —OH groups may
induce the formation of intermolecular and intramolecular H-bonding
among them in the mixed vesicles and with the water molecules. In
addition to the —OH groups, the p-alanine substituted structures in the
LTA chain are also expected to engage in H-bonding. The SANS exper-
iments were also performed at 45 and 80 °C to examine the temperate
effects on the H-bonding tendencies and lipid chain fluidity. Higher
thermal energy and chain melting are expected to influence the mo-
lecular packing of phospholipids and LTA molecules in the bilayer. The
fluid phase transition temperature of DPPG (the major lipid molecule
present in Bacillus Subtilis membrane) is Ty, ~ 41 °C, which has been
reported to shift to a higher value when mixed with LTA [18]. In the
present investigation, the chain melting temperature for the quaternary
lipid mixture comprising DPPG as major constituent (~70 mol%) in the
presence of DPPE, cardiolipin and LTA is also expected to be higher as
compared to pure DPPG.

The measured SANS profiles at 45 °C (Fig. 4A) show no significant
variations in comparison to those at 25 °C (cf. Fig. 2B). The bilayer
thickness remained constant at t ~ 4 nm and the vesicles radius
increased from r = 35.8 nm to r = 39.4 nm as the LTA concentration
increased from 2 to 5 mol%. However, no significant changes were
noticed for higher [LTA]. The fitted radius r and shell thickness t for the
vesicles at [LTA] = 0-15 mol% at different temperatures are shown in
Fig. 5A and B, respectively. If the fluid phase transition temperature was
shifted above 45 °C for LTA concentrations higher than 5 mol%, it is
then conceivable that similar structural parameters for the mixed vesi-
cles were observed compared to 25 °C. In addition to the electrostatic
repulsion and the higher steric footprint of LTA, the vesicle size may be
further influenced by the increase in the chain fluidity at elevated
temperature.

With further increase in the temperature to 80 °C (Fig. 4B), the
scattering profile showed an increase in slope in the low-Q region,
accompanied by the diminishment of the fringes. The observed trend for
the change in the absolute scattering intensity with the LTA addition
remained consistent with that at lower temperatures (cf. Figure S4 in SI).

A [LTA] (mol%)

O 2
as

1(Q) (a.u.)

B [LTA] (mol%)

I(Q) (a.u.)

o
80 C

L L

0.01

0.01 4 01
QAA)

Fig. 4. SANS profiles for liposomes containing 0 — 15 mol% LTA at 45 °C (A) and 80 °C (B). Different symbols are the experimental data points and the solid lines
represent the best fits using the spherical core-shell model. For clarity, the SANS profiles are scaled on the y-axis.
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As shown in Table S4, at 80 °C the vesicle radius increased from r ~ 22
nm to r ~ 43 nm as [LTA] increased from 2 to 5 mol%. This was
accompanied by a decrease in the bilayer thickness from t ~ 4.0 nm to t
~ 1.9 nm, indicating a significant increase in the chain fluidity and
subsequent thinning of the shell due to chain interdigitation. The PDI
increased with the LTA addition suggesting considerable change in the
size distribution as a function of LTA at 80 °C. The PDI value increased to
0.69 in the presence of 15 mol% LTA from an initial value of 0.34
measured for the 2 mol% LTA containing vesicles.

At temperatures below the fluid phase transition temperature, the
saturated (C16:0) lipid chains are expected to pack tightly in the bilayer,
which is reflected in the higher values of the bilayer thickness t at 25 and
45 °C compared to 80 °C. It has been previously suggested that the so-
dium counterions of DPPG and DPPE are distributed further away from
the vesicle surface at elevated temperatures due to their increased ki-
netic energy, which would result in weaker screening of electrostatic
charges and higher repulsion between lipids [29]. The decrease in the
bilayer thickness t at 80 °C is associated with an increase in the lipid
chain entropy, which results in the broadening of the molecular
conformation and an increase in the headgroup area [30]. The extent of
H-bonding between water and the —OH groups present in the poly-
glycerolphosphate chain of LTA is expected to decrease at higher tem-
peratures. As a result, the in-plane electrostatic repulsion between the
LTA phosphate groups and the phospholipids would increase due to
more compact polyglycerolphosphate chains. On the other hand, the
increased fluidity of lipid chains would increase the area occupied by
LTA molecules at higher temperatures, leading to the conformational
changes of the lipid chains that favour the thinning of the membrane
with an increase in the temperature. These combined effects would lead
to an increase in the area occupied by the lipid and LTA molecules,
accompanied by an increase in the vesicle size. The possible arrange-
ment of constituent molecules in the vesicles at 80 °C is schematically
represented in Figure 5B2.

Our observations are consistent with several previous reports on
temperature induced structural changes in the vesicle size [30,31]. SAXS
revealed an increase in the mixed DOPS/DLPS vesicle size accompanied
by a decrease in the bilayer thickness [30]. These changes were attrib-
uted to weaker electrostatic screening by the counterions at higher
temperatures and increased lipid chain entropy. A SANS study on
phospholipid ULVs revealed similar effects of temperature on the
aggregate structure [31]. In the current investigation, DPPE and car-
diolipin (minor phospholipid components in the Bacillus Subtilis mem-
brane) may facilitate an increase in the vesicle size to a certain extent,
driven by the fluidization of the membrane. The headgroup of DPPE (cf.
Figure 1B2) is considerably smaller compared to PG and cardiolipin,

whilst cardiolipin with four hydrocarbon chains and a larger headgroup
(cf. Figure 1B4) compared to PG and PE may occupy a larger molecular
area, both helping to balance the molecular packing in the vesicle.

To examine the reversibility of temperature-induced structural
changes, SANS was performed as the samples were cooled back to 25 °C.
The SANS profiles are very similar to those collected before heating (cf.
Fig. 2B), as shown in Figure S6. The fitted values of the vesicle shell
thickness t were smaller, while the radius r values were similar,
compared to the initial 25 °C data before heating (Table S4). In the
presence of 5 mol% LTA, the shell thickness t ~ 3.3 nm was lower than t
~ 4.3 nm observed at 25 °C before heating. t was further reduced to ~ 3
nm in the case of higher LTA concentration. However, an increase in the
shell thickness compared to 80 °C can be attributed to the reduced chain
fluidity, which led to closer packing in the shell.

A previous SANS study [32] showed that mixed PC/PG bicelles
formed at 45 °C, which transformed to monodisperse core-shell oblate
ellipsoids upon cooling to 10 °C. It was also reported that the radius of
Ca*-doped DMPC ULVs decreased by 50 A upon cooling to 10 °C from
initial 45°C [33]. Liu et al. reported transformation of
DMPC/DHPC/DMPG mixed spherical vesicles at 50 °C to an oblate
shape upon cooling to 10 °C by fitting the SANS data using an oblate
single shell model [34]. In the present investigation, the structural
changes in the vesicles at the higher temperature were not completely
reversible upon cooling, but the spherical shape was retained at all the
temperatures. The observed higher r values compared to the cryo-TEM is
understandable, as SANS provides an averaged sizing over a much larger
sample volume, whereas cryo-TEM provides the local information on
selected region of the sample.

4. Conclusion

Mixed liposomes mimicking the composition of the Gram-negative
bacterial membrane, comprising DPPG/DPPE/CL(C16:0) phospholipid
mixtures and incorporating Bacillus Subtilis LTA, have been investigated
using DLS, cryo-TEM, and SANS to understand the effect of LTA con-
centration (in the range 0-15 mol%) on the structure of the mixed
vesicles. The DLS results indicate that LTA induced an increase in the
size of the mixed vesicles up to ~6.5 mol%. Cryo-TEM and negative stain
images indicated formation of spherical shape vesicles that increased in
the average diameter D with LTA addition. The presence of large vesicles
and interconnected small vesicles are indicative of polydisperse distri-
bution of LTA mixed vesicles. Similarly, SANS data analysis revealed an
increase in the radius r of spherical vesicles on addition of LTA up to 6.5
mol%, which is attributed to steric and electrostatic interactions among
the constituent molecules in the mixed membrane due to LTA
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incorporation. Upon further LTA addition, the vesicle size decreased due
to competitive LTA micelle formation or partition of LTA into smaller
vesicles to address the unfavourable repulsions due to LTA. This
observed non-monotonic vesicle-size variation with respect to LTA
concentration - increasing up to LTA concentration ~ 6.5 mol% - can be
correlated with the LTA concentrations found in the real bacteria
membrane (i.e. 6—12 mol% depending on bacteria species [11,18]). This
threshold is interpreted as being due to LTA preferential self-aggregation
at higher concentrations to satisfy optimal intermolecular forces and
molecular packing of LTA and other lipids in the mixed membrane,
which limits further incorporation of LTA molecules in the bilayer at
higher concentrations. In future experiments, this hypothesis could be
further tested by e.g. adding LTA to pre-formed vesicles at the LTA
concentration close to this threshold to check if they would be trans-
formed into the smaller variant. This dynamic process would involve
membrane reconfiguration via destabilization, bilayer disassembly, and
then re-nucleation of new vesicles in solution, which is of interest for
further investigations.

No significant changes in the aggregation behaviour were noticed
with the increase in temperature to 45 °C, and this could be rationalised
by the elevated chain melting temperature of the lipid mixtures
compared to the pure bilayer. An increase in the vesicle size and thin-
ning of the vesicle shell was observed at 80 °C. This could be attributed
to an increase in the lipid chain entropy and broader diffusion of the
counterions away from the headgroups. Cooling of vesicles to 25 °C
resulted in partial recovery of formed structures with vesicles equili-
brating close to the initial size, while the shell was thinner than the
initial value at 25 °C before heating. These unprecedented experimental
observations shed light on the intermolecular interactions between LTA
and bacterial membrane lipids and the effects of such interactions on the
membrane structure.
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