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Archaeal membrane lipids have specific structures that allow Archaea to withstand extreme conditions
of temperature and pressure. In order to understand the molecular parameters that govern such
resistance, the synthesis of 1,2-di-O-phytanyl-sn-glycero-3-phosphoinositol (DoPhPI), an archaeal lipid
derived from myo-inositol, is reported. Benzyl protected myo-inositol was first prepared and then
transformed to phosphodiester derivatives using a phosphoramidite based-coupling reaction with archaeol.
Aqueous dispersions of DoPhPI alone or mixed with DoPhPC can be extruded and form small unilamellar

Received 11th April 2023, vesicles, as detected by DLS. Neutron, SAXS, and solid-state NMR demonstrated that the water dispersions

Accepted 6th June 2023 could form a lamellar phase at room temperature that then evolves into cubic and hexagonal phases with
increasing temperature. Phytanyl chains were also found to impart remarkable and nearly constant dynamics

to the bilayer over wide temperature ranges. All these new properties of archaeal lipids are proposed as
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Introduction

Cell membrane structuration relies on the ability of amphiphi-
lic molecules, containing a hydrophobic core and a hydrophilic
polar head group, to self-assemble into bilayers in an aqueous
environment. These structures, which probably led to the
formation of the first primitive cells, are not very stable or
sufficiently impermeable at the high temperatures which would
have been found on the early Earth. In Archaea, it is widely
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providers of plasticity and thus means for the archaeal membrane to resist extreme conditions.

acknowledged that membrane-spanning lipids, e.g. tetraether
lipids, harbouring two polar head groups that form monolayer
membranes, are a key adaptation for hyperthermophilic mem-
branes to withstand extreme thermal or pH conditions.*™
Curiously, the archaeon Thermococcus barophilus as well as
other hyperthermophilic Archaea from different groups, cap-
able of growth above 100 °C,> may produce a majority of, if not
exclusively, diether lipids, harbouring a single polar head group
and capable of forming the more classical bilayer membrane
architecture (Fig. S1, ESIt).°

The identity of the polar head may play an important role in
the ability of diether lipids to form stable membrane bilayers at
high temperature. Many studies rely on lipids with a phos-
phocholine (PC) head group, however, this head group is not
typically found in the membranes of Archaea, in favor of
various other phospholipids and glycolipids. The exact polar
head groups seen in Archaea differ significantly between
Families and Genera.>’ Additionally, the composition of the
polar head groups is known to change under different growth
conditions but has not been well-documented.® The number
and diversity of polar head groups that have been detected
in Archaea is quite high and due to limitations in current
methodologies used in lipid extraction and characterization,’
there are likely many head groups that have yet to be identified.
Changes in lipid polar head group composition help the mem-
brane remain in a functional state by maintaining the proper
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membrane parameters such as fluidity and permeability under
“extreme” conditions.

Hyperthermophiles are capable of producing lipids with
many diverse head groups. The phosphoinositol (PI) head
group is found commonly throughout the Archaea domain
including many hyperthermophilic species. For example, those
belonging to the Thermococcales order are known to produce a
high proportion of PI lipid (up to 98%)" (Pyrococcus furiosus,
Pyrococcus yayanosii and Thermococcus kodakarensis, Methanopyrus
kandleri, Methanothermus fervidus, and Sulfolobus acidocalaruis).
In order to test whether certain head groups are responsible for the
stability of archaeal lipids membranes under high temperature
conditions we first needed to synthesize these lipids.

The first part of this article reports the synthesis of a myo-
inositol derived archaeal lipid, 1,2-di-O-phytanyl-sn-glycero-3-
phosphatidylinositol (DoPhPI), as a possible component
of monopolar/diether Archaea cell membranes. The monopolar
archaeal core lipids could be obtained from the commercially
available phytol on which the appropriate polar head groups
can be later grafted. In addition, lipids of different size and
polarity could be synthesized in order to generate lipids of
divergent properties and decipher their impact on membrane
structure and stability.

Further, we present the study of the assembled structure and
dynamics of different archaeal lipids, namely 1,2-di-O-phytanyl-
sn-glycero-3-phosphatidylcholine (DoPhPC) and DoPhPI, as dis-
persions and mixtures in excess water, ie., for 80-85% hydra-
tion representing ca. 200 water molecules per lipid, a situation
representative of concentrations found in nature.

We used a combination of different techniques in order to
assess the structure and dynamics of the assembled archaeal
lipid membranes including:

- Dynamic Light Scattering (DLS), which allows the determi-
nation of the diffusion coefficient and hydrodynamic radius of
vesicles in solution.

- Neutron diffraction, which allows the determination of the
lamellar d-spacing of the membranes as a function of tempera-
ture and pressure.

- Solid state nuclear magnetic resonance (ssNMR) with
observation of deuterium (*H), phosphorus (*'P) and carbon
(**C). Wide line (static) ssNMR provides the nature of the lipid
phases. >H-NMR is obtained using probe amounts of chain
deuterated DPPC as a reporter for lipid phases and internal
chain dynamics. Rotating the sample at the magic angle (MAS)
and use of different polarization transfer (PT) schemes provides
high resolution spectra and specific dynamic information on
phytanyl chains and head groups. NMR is complemented by
Wide/Small-Angle X-rays scattering (WAXS/SAXS) on the same
samples to ascertain lipid phases found by ssNMR.

Materials and methods
Chemicals

DoPhPC and 1-palmitoyl-2-(*Hz;)palmitoyl-sn-glycero-3-phospho-
choline (*H;;-DPPC) were bought from Avanti Polar Lipids
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(Alabaster, USA) in the lyophilized form and utilized without
further purification. Purity was guaranteed >99%. Chloroform
(CHCl;) and the deuterium-depleted water were purchased
from Sigma Aldrich (Saint-Quentin Fallavier, France) and
4 mm (100 pL) ZrO, rotors and caps from Cortecnet (Les Ulis,
France).

The 1,2-di-O-phytanyl-sn-glycero-3-phosphatidylinositol (DoPhPI)
was synthesized as described in the “Chemical Synthesis”
portion of the Results section.

Sample preparation

(i). For DLS: vesicle preparation. Lipid films with the
desired lipid compositions were formed by dissolving the lipids
in 2:1 chloroform:methanol and then allowing the solvent
to evaporate. Films were placed under vacuum overnight to
ensure complete evaporation of solvent. The lipid films were
then hydrated by addition of 50 mM Tris pH 7.4 D,O, so that
the final lipid concentration was 10 mg mL ™" (12 mM followed
by vigorous vortexing to form multilamellar vesicles (MLVs),
followed by 5 cycles of freeze/thaw with vortexing between
cycles. MLVs were then passed through a 0.1 um polycarbonate
membrane 11 x using the Avanti mini-extruder at 45 °C to form
unilamellar vesicles (ULVs).

(if). For neutron diffraction experiments. Lipid bilayers
were studied as a multistack of hundreds of lipid bilayers on
a substrate to enhance the intensity of the scattered neutrons.
The substrates used were one-side polished ultraclean silicon
wafers with a thickness of 275 £ 25 um purchased from Si-Mat
(Germany). Si wafers were rinsed with ethanol and dried
by a nitrogen flux. The wafers were previously cut to fit the
sample compartment of the flat aluminium cells or the high-
pressure cell.

For the flat aluminum cells, we deposited 3 mg of lipid on a
single wafer and sealed the cell with 50 pL of the correct D,O
contrast. The temperature (up to 85 °C) could be controlled
with an orange cryostat, in which the sample stick was stuck.

(iii). For NMR and SAXS experiments. Samples were pre-
pared by dissolving in chloroform DPPC, DoPhPC and equimo-
lar quantities of DoPhPIL 10 mol% *Hj;-DPPC was also added in
all samples. The chloroform was evaporated under a stream of
nitrogen. The residual lipid film was dispersed in 1 mL of
milliQ filtered water and freeze-dried overnight to remove all
traces of chloroform. The resulting powder (ca. 20 mg) was
suspended into 100 pL of deuterium-depleted water to obtain a
hydration, h, of 80 to 85% (h = mass of water over the total mass
of the system (phospholipids + water)). After shaking into a
vortex mixer, samples were frozen in liquid nitrogen for 30 s,
heated at 55 °C for 10 min in a water bath and shaken again for
better sample homogeneity; this freeze-thaw-shaking cycle was
repeated 3 times and the resulting milky dispersion transferred
into a 4 mm diameter Zirconium dioxide rotor.

The same samples were used for SAXS experiments.

Experimental setups

(i). DLS experiments. DLS measurements were made simul-
taneously with spin echo measurements using the in situ DLS

This journal is © the Owner Societies 2023
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device on IN15""" (ILL, Grenoble). The ILL data is available at
10.5291/ILL-DATA.8-02-898. The autocorrelation function was fit
using the following method of cumulants:"?

2 (t) = 1 + B x exp(—2I'7) x (1 +%¢2)2 n

where f is a scaling factor that depends on the sample geometry,
I’ is the rate of decay, 7 is the correlation time and p, is the
first moment about the mean corresponding to the variance.
The diffusion coefficient (D) can be determined from the relation-
ship, I' = Dg” where the scattering vector (q) is defined by:
g = 4mn/)_HeNesin(6/2). The refractive index n = 1.33, the
wavelength of the HeNe laser = 632.8 nm, and the scattering
angle 0 = 90°. The hydrodynamics radius (R;) can then be
determined through the Stokes-Einstein relationship,

ksT

:6n><11(T)><D )

Ry
where kg is the Boltzmann constant, 7T is the temperature, 7(7) is
the viscosity of the solvent. The polydispersity index PDI = y,/I">.

(ii). Neutron diffraction experiments. Neutron diffraction
experiments were performed on multistacks of oriented
membrane bilayers on the D16 small momentum transfer
diffractometer'® at the Institut Laue Langevin (France) using
the incident wavelength 4 = 4.55 A, and an accessible g-range
from 0.06 A™' to 0.51 A~'. The scattering wave vector q is
defined as:

q = 4nsin(0)/A (3)

where 20 is the scattering angle. The wafer with the sample was
or placed inside a cylindrical high pressure cell'> and the high-
pressure sample stick® or in a flat Al sample holder. The Si
wafer was positioned vertically parallel to the neutron beam so
that the multistack of lipid bilayers on its surface was also
parallel to the beam, and its angle, i.e. Q, was rotated from —1°
to 12° by 0.05° steps. The detector was placed at I = 12° from
the sample. The ILL data is available at 10.5291/ILL-DATA.8-02-
919 and 10.5291/ILL-DATA.8-02-951.

The lamellar d-spacing of the lipid bilayer was determined
from the observed scattering angles 20 of the Bragg peak
positions according to d = 2n/q. For the data analysis, we used
the software Origin (OriginPro, Version 2016. OriginLab
Corporation, Northampton, MA, USA).

Neutron scattering length density (NSLD) profiles were
constructed using the following equation:

2@ 2nh
CEPLIT (7) ()

where d is the lamellar spacing of the bilayer in the z direction,
z € [—d/2,d/2], |Fs| = £VT,0x, Qn is the Lorentz correction
factor equal to g for oriented bilayers, I, is the integrated
intensity of the hth Bragg peak and v, is the phase of the
structure factor, corresponding to [—1,—1, + 1, —1].

For the determination of the membrane lateral spacing, the
location of peaks along the Q-axis was determined. The data
was reduced to intensity vs.  plots for several values of 20.

This journal is © the Owner Societies 2023

View Article Online

Paper

Gaussian fits were then used to determine the center of the
satellite peaks. Numbering of the satellite peak order along the
g axis (h) began at Q = 2.45° corresponding to # = 1. The angle
between the peaks (AQ) was determined by plotting the peak
locations as a function of peak order. The scattering vector g
was then determined using eqn (3) where 0 in this case is the
half angle between the two omega peaks. The repeating dis-
tance in the membrane plane (d,) was calculated by d, = 2n/q.

(iii). NMR experiments. Solid-state *'P and *H NMR were
performed on a Bruker NEO 800 MHz SB spectrometer (Bruker
Biospin, France) equipped with a triple 'H/”H/*>'P 4 mm MAS
probe. *'P-NMR spectra were acquired at 323.94 MHz by using a
proton decoupled Hahn-echo pulse sequence.'” Typical acqui-
sition parameters were as follows: spectral window of 96 kHz,
n/2 pulse width of 4.64 ps, interpulse delay of 40 ps and recycle
delay of 5 s. Typically 500 scans were accumulated. >H-NMR
spectra were acquired at 122.84 MHz by means of a quadru-
polar echo pulse sequence,'® with a spectral width of 500 kHz,
a /2 pulse width of 4.7 pus, a 40 ps interpulse delay and a recycle
delay of 2 s. Typically, 1k scans were recorded depending on
temperature. A Lorentzian noise filtering of 100 and 200 Hz, for
31p and *H respectively, was applied prior Fourier transforma-
tion from the top of the echo signal. Samples were allowed to
equilibrate at least 20 min at a given temperature before the
NMR signal was acquired.

Magic angle sample spinning (MAS) and Cross Polarization
(CP),"® Insensitive Nuclei Enhanced by Polarization Transfer
(INEPT)*® and Direct Polarization (DP) experiments were
accomplished for carbon detection. A spinning rate of 11 kHz
and temperature stabilization at 20 °C was applied for experi-
ments. Acquisitions were performed on a Bruker Avance III
500 MHz WB spectrometer equipped with a dual H/X MAS
probe. A ramped CP with 1 ms contact time was used for the
'H-"*C polarization, 100 kHz proton high-power decoupling,
using the SPINAL-64 decoupling sequence, was applied during
the 20 ms acquisition time and 2 k scans were acquired with a
recycle delay of 5 s for CP, INEPT and DP sequences. A Lorentzian
noise filtering of 30 Hz was applied prior Fourier transformation.

Spectral simulations. Wide-line ssSNMR spectra were simu-
lated in the time domain and then Fourier transformed.
Individual components are constructed from experimental
estimates of chemical shielding anisotropies (Ac) or quadru-
polar splittings (Avg), isotropic chemical shifts and individual
line widths. Small variations are allowed to match with sharp
experimental features on spectra and comparison between
experimental and calculated spectra is made until a satisfactory
superimposition is obtained. For lipids containing perdeuterated
chains, weights for individual C->H, or C-*H; are determined
from the number of deuterons per labelled carbon position; the
individual time dependent signals are then added accordingly
leading after Fourier transformation to the multicomponent
spectrum. Such a simulation leads to individual quadrupolar
splittings, A, for labelled carbon positions, k, and subsequently
to Sk, order parameters in bilayer membranes.>' The simula-
tion also implements partial orientation/deformation of
vesicles, tubes, bicelles, etc., using the theory developed by Pott
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and Dufourc.”” The simulation program for wide line spectra
has been developed in FORTRAN and implemented in a
user-friendly graphical interface (Microsoft.NET) for Windows
platforms. The program is available on demand.

Calculation of spectral moments and chain length. For wide-
line solid-state >H-NMR and when the spectrum is composed
of a single lamellar phase, spectral moments allow to quanti-
tate thermally-induced spectral changes and were calculated
according to Beck et al.' and Davis®® using a FORTRAN code
implemented in a user-friendly routine, NMRFriend, by
Buchoux et al®* Calculation of deuterated chain length is
performed according to Douliez et al.>®> by making use of the
sk order parameters obtained from simulations. Briefly, the
average C~-C;, segment length projected onto the bilayer
normal (molecular lipid long axis) is obtained from the St
order parameter derived from Sk, using a recurrent mathema-
tical expression. All C~C;;, projected lengths are summed up
all along the chain to obtain its average length.

(iv). X-Ray scattering experiments. The WAXS/SAXS data
were measured at 298 K on a Rigaku FRX rotating anode X-ray
generator at the copper wavelength (Ko, / = 1.54 A). The source
is equipped with Osmic Varimax HF optics and a Dectris©
Eiger 1 M detector on a 20 arm of a Rigaku partial chi AFC11
goniometer. The samples were mounted in MicroLoops covered
with microRT tubes from MiTeGen on a goniometer head
under the cryostream nitrogen flux. The diffraction pattern
corresponds to a 360° rotation along the phi axis (perpendicular
to the direct beam with omega and chi axes at the 0 position)
with an exposure time of 360 s at a detector distance of 114 mm.
Data were integrated with CrysalisPro (Rigaku Oxford Diffrac-
tion, Ltd, Yarnton, Oxfordshire, England) with median filter
and baseline correction.

The scattering factor g is calculated according to the equa-
tion g(n) = 2mn/a;, where g; is the lattice parameter with
i = lamellar, hexagonal, cubic. For lamellar symmetry, n* = h?,
k =1 = 0, for hexagonal, n* = h* + ¥ + hk, | = 0,
q(n) = 2mn/ahexagonai2/V/3, for cubic n* = B> + ¥* + . In the

PhC(OMe); (1.1 eq)
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latter case the permitted combinations depend on the cubic
phase of interest, for Pm3n, n*=2,4,5,6, 8, 10, 12, 13, ....%°
Calculations were performed using a home-made program
written with MATLAB 2021a and compared to the experimental
SAXS curves to obtain the best fit.

Results
Chemical synthesis

The myo-inositol-derived compound 5 is not commercially
available and therefore a new practical synthesis had to be
designed (Scheme 1). Thus, a per-benzylation of myo-inositol
followed by a regioselective TiCl,-mediated deprotection was
initially planned, as described by Koto et al.>” However, per-
benzylation attempts only afforded a complex mixture of pro-
ducts (not described). Thus, a protected inositol derivative 5
with a free alcohol at position 1 was synthesized using a
protection/deprotection sequence involving orthogonal protect-
ing groups. First, hydroxyl groups at positions 1, 3 and 5 were
protected as an orthobenzoate 1, then positions 2, 4 and 6 were
benzylated under standard conditions to give compound 2.
Position 5 was selectively opened by DIBAL-H, and the alcohol 3
was protected as benzyl ether 4. Finally, the latter was opened
with DIBAL-H to afford the desired compound 5 in 89% yield as
a racemic mixture.

In order to rapidly access the archaeol synthesized in the
literature from protected glycerol and phytanyl bromide®® or
phytanyl mesylate/triflate,*** several options were investigated
in this study in order to build this 1,2-diphytanylglycerol
fragment. First, regioselective epoxide opening of protected
glycidol derivatives by alcohols, as described by Abousalham
et al.,*" was unsuccessfully attempted. Then, a second pathway
was investigated with phytyl bromide, starting from rac-solketal
(Scheme 2).**> Benzyl protection of the hydroxyl group of solk-
etal followed by hydrolysis of the isopropylidene moiety pro-
vided diol 1 in 89-97% yields over two steps. Allylation of the

Ph

OH
HO CSA (2 mol%) NaH (6 eq), BnBr (6 eq) 0 0
DMSO, 80°C DMF. rt o
o OH i o8
HO 72% 82% 5Bn n
myo-inositol BnO 2
Ph Ph
&F NaH (2.5 eq), OBn
DIBAL-H (2eq) M 00 Brgh;l (F2 ff‘) BnO OO DIBAL-H (3 eq) HO
g , DCM, 0°C-rt
DCM, 0°C-rt RO
OBn OBn Bn OBn
68% OBn 98% OBn 89% BnO
BnO BnO
> 4 ()5

Scheme 1 Synthesis of inositol precursor for grafting.
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1) NaH (1.2 eq),

BnBr (1.3 eq)

DMF, 0°C -rt, 22 h
2)HCI 1M/ THF, rt, 22 h

0\}\/OH
89-97%

solketal 6

Scheme 2 Synthetic sequence for the archaeol 8 starting from solketal.

latter with phytyl bromide provided ether 7 in 83-87% yields
(Scheme 2).

Because of the electrophilic activation of the allylic system,
this pathway was preferred to the alkylation of 6 with electro-
philic phytanyl bromide or triflate. Concerted olefin hydroge-
nation and benzyl deprotection of 7 afforded 1,2-diphytanyl-
glycerol 8. This step in particular required an important
optimization (see ESIf on Protocols) due to an undesired
hydrogenolytic cleavage of the allylic ether. With 2 mol% of
Pd/C 5%, conversion was completed and the desired alcohol 8
was isolated in 30% yield along with tri-ether 8’ in 70% yield.
When the catalyst was added in two portions (global loading
of 4%), the substrate was converted into alcohol 8 in complete
conversion of 8’ into 8, with an isolated yield of 85%.
Although hydrogenolytic cleavage of the allyl ether bond
could not be entirely suppressed, this modification allowed
scaling up of the procedure at 0.9-8 mmol scale in average to
good yields.

Our next goal was to couple archaeol 8 with the phosphate
moiety 9 and myo-inositol derivative 5 following a one-pot
procedure described by Guanti et al.** (Scheme 3).

The strategy of coupling archaeol 8 and phosphoradiamidite
9 was considered, allowing the use of archaeol as the limiting

HO._A._0OBn
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NaH (2.2 eq)
phytyl bromide
(2.5 eq) V{/
DMF / THF W
0°C-rt, 18 h
a0 H, cat. 1 atm
83-87% Pd/C 5% (2 x 2 mol%)
EtOAc, rt
85%
(0]
3
O\/E\/OR
R=H:8
R=Bn: 8§

agent. Thereby, phosphate ester 10 was obtained in 49% yield
after these three steps.

The final step involves the release of the protecting groups
(Scheme 4). Under standard conditions of catalytic hydrogeno-
lysis with 10 mol% Pd/C, the choice of the solvent was critical
due to the low solubility of the product. Further investigation
highlighted a most effective procedure by using a water/THF
(1/4) mixture. Under those conditions, the phosphatidylinositol
derivative 11 was obtained in 79% yield.

Characterization by DLS

1,2-Diphytanylglycerol (archaeol) based lipids containing a
phosphatidylinositol head group (derivative 11) was then
assessed for the ability to self-assemble into classical bilayer
structures. Hereafter, derivative 11 will be referred to as
DoPhPI. First, DoPhPI was mixed with different ratios of the
commercially available and zwitterionic diphytanyl phosphati-
dylcholine (DoPhPC, Avanti Polar Lipids, ref. 999984) and
solubilized in 50 mM Tris buffered D,O pH 7.4. The mixtures
of DoPhPI and DoPhPC (PI: PC) formed turbid solutions, which
were then extruded through a 100 nm polycarbonate filter
leading to the production of unilamellar vesicles (ULVs). The

1)

OBn
BnZ:CKOBn
(i—Pr)ZN\P,OBn Bni £ OH
(i-Pr) I\Il OBn Tetrazole
-Pr),l
9 120eq mls] S M
’ OBn 20 I o
tetrazole ; OM 1.30 eq RO-P, 3
3 10 (0]
(i—Pr)zN'P\OQ\/O OBn\)\/ V\M
A 2) TBHP 3
49 % over 3 steps 10
8 OBn OBn
1.00 eq BnO:G:OBn BnO._~._.OBn
R= +
BnO” o/\ BnO" ”‘0/\
OBn OBn

Scheme 3 Synthetic strategy for final grafting.
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H, (1 bar), Pd/C 10% (1 eq)
THF/H,O (4/1), rt

1]
10 RO—P~
79% / O\)\/O\/M
HO H
3

1

Scheme 4 Deprotection step affording the synthetic phospholipid.

DoPhPI alone did not solubilize completely at concentrations
used for this experiment and was therefore not measured
by DLS.

ULVs composed of DoPhPC, as well as 1:2, 1:1 and 2:1
mixtures of PI:PC were then probed using dynamic light
scattering (Fig. 1, part a). The DLS data at 25 °C was fit using
the method of cumulants to determine the rate of decay (see
eqn (1)). The decay rate is proportional to the diffusion coeffi-
cient which could be used to determine the hydrodynamic
radius of the vesicles calculated using the Stokes-Einstein
relationship (see eqn (2)). Pure DoPhPC ULVs were found to
have a hydrodynamic radius (Ry,) of 73.8 £ 0.4 nm. The R;, of
ULVs containing a mixture of DoPhPI and DoPhPC were found
to be larger than that of DoPhPC alone and increased with an
increase in the proportion of DoPhPI present from 82.2 +
0.1 nm, to 85.7 + 0.14 nm, to 106.3 £+ 0.1 nm for DoPhPI:
DoPhPC ratios of 1:2,1:1 and 2: 1 respectively (Fig. 1, part b).
Temperature-dependent changes in vesicle Ry, as well as poly-
dispersity index (PDI) values at 25 °C between 0.17-0.19 for all
samples can be found in Fig. S2 (ESIt).

Characterization by neutron diffraction

Next, the ability of DoPhPI containing membranes to form
oriented bilayer structures was confirmed using neutron dif-
fraction on the instrument D16 at the Institut Laue Langevin
(ILL) Grenoble, France.** In typical bilayer forming systems, the
hydration of lipid films by water vapor leads to the formation
of stacks of lipid bilayers separated by layers of water. The
repeating structure of these lipid multistacks, composed of the

a) DLS at 25°C
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bilayer and the associated water layer, leads to the appearance
of Bragg peaks in the diffraction data which can be used to
characterize the bilayer structure (Fig. 2).>*°

Pure DoPhPI membrane as a function of temperature.
DoPhPI was able to produce two sets of evenly spaced Bragg
peaks which confirmed that these lipids form lamellar (bilayer)
structures. The distance between the repeating units within the
membrane stack (d-spacing) is inversely proportional to the
distance between the Bragg peaks. The two sets of Bragg peaks
indicate that two different lamellar phases, Phase 1 with a
larger d-spacing and Phase 2 with a smaller d-spacing, are
present (Fig. 2, part a).

At 25 °C, the d-spacing was found to be to 69.1 A for Phase 1
and 48.7 A for Phase 2. Diffraction data for DoPhPI was also
measured at 40, 55, 70 and 85 °C. As the temperature increased
there was a loss in intensity of the Phase 2 peaks with the
d-spacing decreasing slightly to 47.8 A, and Phase 2 was no
longer seen at >40 °C. At least one Bragg peak was detected for
Phase 1, at all temperatures tested (Fig. 2, part b). The peaks
shifted to higher values of ¢, indicating a temperature depen-
dent decrease in the d-spacing. The d-spacing of Phase 1
decreased to 65.6 A at 40 °C, 64.0 A at 55 °C, 62.2 A at 70 °C,
and 59.8 A at 85 °C. The errors, based on the uncertainty of the
peak position, are +1.0 A.

A similar temperature-dependent decrease in membrane
d-spacing could be seen for the DoPhPI membrane at pressures
of 10, 250, 500 and 1000 bar (Fig. S3, ESIY), which are the
pressures relevant for piezophiles. Increasing pressure had the
opposing effect, where increasing pressure led to an increase in

b) 150 - R, of PI:PC mixed vesicles at 25°C

140
130
120
110

PI:PC](1:2) PI:PC'(1:1) PI:PCI(2:1)

T
DoPhPC

Fig. 1 Characterization of unilamellar vesicles (ULVs) containing DoPhPI by dynamic light scattering. (a) DLS correlation data at 25 °C. Data was fit using
the method of cumulants. (b) Hydrodynamic radius (Ry) calculated from DLS data for ULVs containing DoPhPI.
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Fig. 2 Neutron diffraction from DoPhPI membrane multistacks at 100% D,O contrast. (a) 2D diffractogram of DoPhPl membranes at 25 °C and ambient
pressure in flat aluminium cell. Intensity profile was taken along the g, axis. Two lamellar phases were seen. Peaks belonging to each phase are noted with
either black arrows (Phase 1) or white arrows (Phase 2). (b) 1D diffractograms of DoPhPI membrane generated at 100% D,O contrast with increasing

temperature.

d-spacing, and also a stabilization of the DoPhPI Phase 2
(Table S1 and Fig. S4, ESIT).

Demixing in DoPhPI: DoPhPC (1:1) membrane. The diffrac-
tion signal for DoPhPI alone was relatively poor, producing
a maximum of two Bragg peaks. In an attempt to improve
the diffraction signal, we performed further studies using the
DoPhPI mixed with DoPhPC in a 1:1 molar ratio at 25 °C
and ambient pressure (see Fig. 3, part a and Fig. S5, ESIT).
DoPhPC alone produced a single set of Bragg peaks with four
orders of diffraction whose locations correspond to a d-spacing
of 52.8 + 0.8 A. The PI:PC mixture produced two sets of
Bragg peaks corresponding to two phases. PI:PC Phase 1,
corresponded to a phase with a d-spacing of 73.5 + 4.3 A.
PI: PC Phase 2, corresponded to a phase with a d-spacing of

) .
100000 - —PIPC (111)
DoPhPC
]
> 10000+ .
[ |
o9
= 1000-A J l
'\.\w *
1004 N
01 02 03 04 05

a, (A

51.5 + 0.8 A. The errors were evaluated from three contrast
measurements.

Both DoPhPC and PI: PC Phase 2 had a sufficient number of
Bragg peaks to calculate a neutron scattering length density
(NSLD) plot to compare the two membranes.’” The NSLD was
plotted such that the center of the bilayer is located at 0 A. The
scattering minima at the center of the bilayer corresponds to
the terminal methyl groups and the scattering density from the
bilayer center to about 15 A corresponds to the hydrocarbon
chains. The scattering density maxima found at around 420 A
correspond to the polar region of the lipids including the
glycerol and the polar head group and the minima at around
+27 A correspond to the center of the water layer between
adjacent bilayers. A comparison of the NSLD plots for the

b) 15-
=0 =N o
5_

(]

-

O o

zZ
_5_
-10+ — PI:PC Phase #2

— DoPhPC

_15 T T T T T

~40 -20 0 20 40
distance from bilayer midplane (A)

Fig. 3 Comparison of neutron diffraction for DoPhPC and PI: PC (1: 1) membranes at 100% D,O contrast. (a) 1D Diffractogram of PI: PC (1: 1) compared
with DoPhPC alone. Arrows are used to denote PI:PC Phase #1 and * to denote PI:PC Phase #2. (b) NSLD plot of DoPhPC me membrane (red)

compared with Phase 2 of the PI: PC (1:1) membrane.
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Table 1 d-spacing of DoPhPC, PI: PC (1:1), and DoPhPI membranes as a
function of temperature measured in flat aluminum cell

PI:PC PI:PC PI PI
T(°C) DoPhPC  phase 1 phase 2 phase 1 (A) phase 2
25 52.8 £ 0.8 73.5+43 51.5+0.8 69.1 48.7
40 53.0£1.0 69.4+3.5 52.0+1.6 656 47.8
55 53.5+ 1.4 67.4+27 n.d. 64.0 n.d.
70 54.0 + 1.1 64.9 +2.8 n.d. 62.2 n.d.
85 54.7 £ 1.0 61.9+2.2 n.d. 59.8 n.d.

PI:PC Phase 2 (black) and the DoPhPC membrane (red) are
shown in Fig. 3, part b. The two NSLD plots are nearly identical.
Neutron diffraction was measured for the PI:PC (1:1)
membrane at temperatures up to 85 °C. PI:PC Phase 1
decreased in d-spacing as a function of temperature, similar
to PI Phase 1. PI: PC Phase 2 was only detected at low tempera-
tures (see Table 1).

Characterization by NMR

sSNMR of DoPhPC and DoPhPI mixtures in excess water.
Wide line *'P- and *H-NMR were performed as a function
of temperature for DoPhPC and for equimolar mixtures of
DoPhPC with DoPhPI (PI:PC). The temperature experiments
were conducted as follows. After careful sample preparation at
room temperature (ca. 60 min), the lipid dispersions were
poured into the NMR tube (100 pL) and left in thermal
equilibrium at 25 °C in the NMR spectrometer. *'P- and *H-
NMR were acquired (76 min) and the temperature was cooled to
5 °C. After a correct temperature reading in the probe, another
equilibration time of 20 minutes was allowed before starting
the acquisitions. Then the temperature was automatically
increased by 5 °C, and a thermal equilibrium of 20 min was
allowed after a correct temperature reading in the probe and
*p- and *H-NMR were acquired. The same procedure was
executed up to 67 °C (NMR setup limitation). The final experi-
ment consisted of same acquisitions after returning to 25 °C.
Fig. 4 shows selected *'P-NMR spectra of the entire thermal
variation (25 °C, 5 °C, 67 °C, 25 °C). All spectra are shown in
Fig. S6 and S7 (ESIt) with the corresponding >H-NMR spectra.

The *'P-NMR spectra of DoPhPC show an axially symmetric
powder pattern (non-oriented sample) characteristic of a lamel-
lar phase®® with a chemical shielding anisotropy (As) whose
absolute value decreases monotonically with temperature from
50.0 to 43.8 ppm. The lamellar phase is also confirmed by
*H-NMR (Fig. S6, ESIt). The spectra at 25 °C (initial, during the
increase from low to high temperatures and back from 67 °C)
are very similar, indicating that there is no hysteresis for the
formation of the lamellar phase. The DoPhPC/DoPhPI system
shows spectral features of lamellar plus cubic phases on start-
ing the experiment or at low temperatures. One detects for the
lamellar phase two axially asymmetric powder patterns with
Ac = —48.7 and —61.1 ppm assignable respectively to the
chemical shielding anisotropy of the PC and PI groups®® at
25 °C. On increasing the temperature to 67 °C one detects
spectral features characteristic of hexagonal (A¢ = +19.4 ppm)
plus cubic phases, the broad isotropic line (WHH = 300 Hz)

16280 | Phys. Chem. Chem. Phys., 2023, 25, 16273-16287
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dominating. Going back to 25 °C the system converts into
a single broad isotropic line, ie., there is a clear thermal
hysteresis.

Lipid phase determination and phase composition from
ssNMR and SAXS. The NMR technique is quantitative and
when detecting different spectral features that are in slow
exchange, the area under each line corresponds to the mole-
cular proportion of lipids engaged in this phase. *'P-NMR
spectra can be simulated to match the experimental and
afford determination of the respective proportions (Fig. 5).
The Table S2 (ESIt) compiles the results.

From this table, several graphs depicting the amount of each
phase as a function of temperature can be plotted (Fig. 6). As a
general comment it may be said that except for the DoPhPC the
lamellar phase is not the dominant feature: hexagonal and
cubic phases are detected. They determine the diagrams in the
temperature range 5 to 67 °C, the hexagonal phase growing in
importance with temperature.

We added 10 mol% 2H;;-DPPC to all systems to probe
membrane internal dynamics as reported by the perdeuterated
sn-2 palmitic chain (vide infra). The temperature variation as
recorded from *H-ssNMR can be seen on Fig. S6 and S7 (ESIf).
Comparison of simulations in **P-NMR and *H-NMR (Fig. 5) is
very informative as >H-NMR reports only on DPPC partitioning.
For instance, for the system DoPhPC/DoPhPI at 25 °C,
the lamellar phase amounts 49%, the cubic, 51% whereas
*H-DPPC is in lamellar phase for 90%. This clearly indicates
that at this temperature the lamellar phase is enriched in PC
species compared to the cubic that is rather a PI-rich phase.

WAXS/SAXS experiments were performed on NMR prepara-
tions by transferring the hydrated sample onto a Kapton loop,
data collection was performed at 25 °C. After circular integra-
tion we obtain the classical Bragg peak representation of
diffracted intensity as a function of ¢ = (4nsin0/1), Fig. S9
(ESIt). For lamellar phases, the diffracted peaks ratios scale as
1,2,3,4,5,6 ... as function of the Miller index A. For hexagonal
lattices they scale as (h* + k> + hk)'”> with spacing of 1, /3, 2,
7, 3,+/12, /14, ... For cubic phases they scale as (> + & + )",
for permitted combinations, with ratios spacings (e.g. for Pm3n)
of /2, 2, /5, /6, /8, /10, /12, /13, .... Depending on
samples investigated we indeed identified coexisting lamellar,
hexagonal and cubic phases, at 25 °C, in complete agreement
with ssNMR. The Table S3 (ESIt) reports the lattice parameters
which are around 49-61 A for lamellar, hexagonal and cubic
phases. By parametrizing the scattering curves according to
Braggs’ spacings the best fit for the cubic phase was found for
the Pm3n symmetry although other cubic symmetries may also
explain the spacings (due to low resolution in WAXS/SAXS
curves).

’H-ssNMR for membrane dynamics and thickness. When
there is only one lamellar phase in the system, calculation of
the first spectral moment, M;, allows to probe solid-ordered
(so, also called lamellar gel) to liquid-disordered (1d, lamellar
fluid) phase transitions. This is what is seen in Fig. 7a for
MLV of *H;;-DPPC. The sudden decrease of M; at around
37 °C indicates the sudden melting of palmitic chains at the
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Fig. 4 Selected *P-ssNMR wide-line spectra of a temperature run of water dispersions of (a) DoPhPC, (b) DoPhPI: DoPhPC (1:1). 2Hs,-DPPC is present
as a probe at 0.1:1 mol to total lipids. Hydration is 82% (22 mg lipids/100 mg water). After careful sample preparation (see materials and methods), the
samples were equilibrated to 25 °C (top spectrum), cooled to 5 °C for NMR acquisition (*!P-, middle top, and 2H-NMR), and then stepwise increased to
67 °C (middle bottom), before descending to 25 °C where a final spectrum was acquired (bottom). 20 minutes were waited after temperature equilibrium
before acquisition. Acquisition time at a given temperature is 42 min for 1P-NMR and 34 min for 2H-NMR representing a total time of 27 h for a full range
of temperatures (14 temperatures). Acquisition parameters were kept constant for all experiments and are given in materials and methods.
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Fig. 5 Proportion membrane phases as determined from >'P and 2H spectral simulations. (a) black: experimental **P NMR spectrum of DoPhPI : DoPhPC
(1:1mol) at 25 °C, red: simulation L,(PC) (Aai= —48.7 ppm, 19%), L,(Pl) (Ag, = —61.1 ppm, 30%), Cubic (51%). (b) black: experimental 2H NMR spectrum of
2Hz,-DPPC embedded in DoPhPI: DoPhPC (1:1 mol) at 25 °C, red: simulation L,(PC) (15 labelled positions, 90%), Cubic (10%) (see Tables S4 and S5, ESIt

for simulation parameters). Accuracy 5-10%.

’H,,-DPPC so-lo transition temperature (3-4 degrees lower for
perdeuterated chains than the usual Ty, = 41 °C). When *Hj;-
DPPC is embedded in DoPhPC in probe quantities, the so-lo
transition is no longer detected, *H;;-DPPC reports here on
DoPhPC dynamics. The latter is still in the fluid lamellar phase
at 5 °C and chain ®Hj;-DPPC dynamics expressed with respect
to the bilayer normal (2Scpehain) iS about 0.4 whereas it is 0.8 for
pure *H;,-DPPC; a value of 1.0 indicates the absence of chain
isomerization, Ze. full rigidity. The ordering of the entire
membrane appears lower than that of pure *H;;-DPPC on the
entire temperature variation (Fig. 7, part a). Detailed informa-
tion on ?Hz;-DPPC chain dynamics is obtained from simu-
lations: the 15 *H-labelled positions are estimated from quad-
rupolar splitting measurements on experimental spectra and
injected as first estimates in the calculation. Then, they are

This journal is © the Owner Societies 2023

varied until a satisfactory superposition is obtained with the
experimental spectrum. Fig. 7b brings details on *H;;-DPPC
ordering as a function of labelled carbon position on going
from the interface (C2) towards the bilayer center (C16). The
profiles are plotted for pure *Hs;-DPPC, *H;,-DPPC in DoPhPC,
in DoPhPC/DoPhPI (the lamellar phase only) at 40 °C. The
profiles all show a plateau or order parameters for positions
2-8/10, and a quasi-linear decrease on going to position 16 in
the center of the bilayer, a signature of lateral packing as
already observed in lamellar phases.>*

Order parameters can be used to calculate the average DPPC
chain length.>® This has been done in all cases where order
parameters could be measured, ie., in lamellar fluid phase.
Table S6 (ESIT) compiles the results. Values are much lower
than the 19.6 A of the fully extended palmitic chain as observed
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Fig. 7 Chain dynamics of DPPC, DoPhPC/DPPC, DoPhPC/DoPhPI/DPPC. (a) First spectral moment, M;, and corresponding whole chain ordering,
2Scpenaine (double y-axis) as a function of temperature for 2Hz;-DPPC (black squares) and DoPhPC/?Hz;-DPPC (red squares) water dispersions. 2Scpehain
is the absolute value of chain ordering projected onto the bilayer normal and is 1 for rigid systems and O for liquids.t Accuracy is 2.5%. (b) Absolute value of
carbon-deuterium order parameter, S&p as a function of labelled carbon position, k, on the sn-2 DPPC chain, for Hs;-DPPC (black squares),
DoPhPC/?Hs;-DPPC (red squares), DoPhPC/DoPhPI/?Hs,-DPPC (green squares), at 40 °C accuracy = 0.002.

in rigid phases (Lc, Lg): in all mixed systems one observes a
huge reduction of 30-40%. As the accuracy in order parameters
is 1%, that on chain length is 0.1 A, ie., very high. DPPC
reports on lamellar phases and has average lengths of ca. 13 A
in phytanyl PC, PI, mixtures, at 40 °C, a value lower by about 1 A
compared to pure DPPC membranes at the same temperature.
In all our systems, when there is a lamellar fluid phase one may
estimate its bilayer thickness by making the approximation that
it is close to twice the DPPC length. The latter is obtained by
summing chain length and glycerophosphocholine head group,
which has been estimated to be 7.0 + 0.5 A from neutron
data.?® This would lead to a DPPC length of 20.0 & 0.5 A in the
lamellar phase of DoPhPC at 40 °C. It indicates that the bilayer
thickness (approximated as twice the DPPC length) would be
40.0 + 0.5 A and would barely shrink to 39.4 = 0.5 A on going to
63 °C. Similar values can be obtained for other systems where
lamellar phases are detected.

16282 | Phys. Chem. Chem. Phys., 2023, 25, 16273-16287

Dynamics of phytanyl chains from MAS ">C-NMR. *H;,-DPPC
incorporated in lipid dispersions provides ordering information
on the phase in which it is embedded (vide supra, hexagonal,
lamellar). However, for the PI-containing system, we have observed
a cubic phase that is featureless from the *H-NMR viewpoint
(isotropic line) and from which no chain dynamics can be obtained
from wide line spectra. We therefore utilized other NMR method
to obtain complementary information on lipid dynamics: magic
angle sample spinning (MAS) using INEPT and CP “*C-NMR pulse
sequences. This was applied to DoPhPC and DoPhPC: DoPhPI at
25 °C. INEPT and CP-MAS lead to high resolution natural abun-
dance *C-NMR spectra by using the strong polarization transfer
from protons to the low abundant *C nuclei (Fig. 8). The reso-
nances of the CH;, CH,, CH and C groups in the phytanyl chains
can easily be assigned and are significantly different from those of
the corresponding groups in the saturated chains (see assignment
in Fig. 8 and Table S7, ESIf). The choline head group shows 3
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structures of DoPhPC and DoPhPI with carbon numbering spectra by comparison of 1D and 2D experiments performed on pure DoPhPC solubilized in
CDCls (Fig. S8, ESIT). Acquisition parameters were kept constant for all experiments and are given in materials and methods.

resonances, o, B, v (59.2, 66.9 and 54.9 ppm respectively). The PI
head group has characteristic resonances of the inositol ring
around 65-75 ppm.

The dynamical information is obtained by comparing reso-
nance intensities obtained from the 2 techniques: INEPT
refocuses the proton polarization of very mobile parts of the
molecules, whereas CP does the same for the more rigid
parts.>*™*" We performed both experiments using the same num-
ber of acquisitions. Spectra are shown in Fig. 8. Signals are
observed both in INEPT and CP sequences indicating, not sur-
prisingly, that there are mobile and more restricted parts in the
lipid molecules. More specifically, for DOPhPC + 10% *Hs;-DPPC,
one detects with the INEPT sequence choline (-CH,-CH,-
N*(CH;);) resonances, common to both lipids, and the isopropyl
(-CH(15), CH3(15Me-16)) end group of the phytanyl chains. These
resonances are only detected with the INEPT sequence meaning
that theses molecular parts are very mobile. The other branched
CH,s""*?® are also mobile as they dominate the INEPT spectrum.
CH, and CH in chains, are mainly detected in CP experiments
indicating a more restricted situation, as for glycerol resonances
(g1, 22, g3)- A similar dynamical contrast is obtained for DoPhPC:
DoPhPI + 10% *Hj;,-DPPC. The very mobile choline, inositol and
isopropyl group resonances are only detected in INEPT, whereas
the CP resonances are mainly seen for glycerol, CH, and CH
groups of phytanyl chains.

Discussion
(i) DLS

We were able to form unilamellar vesicles (ULVs) of diphytanyl
membranes containing up to 2/3 DoPhPI, although we had

This journal is © the Owner Societies 2023

difficulties with pure DoPhPI Increasing the proportion of
DoPhPI in PI:PC mixtures led to ULVs with a larger Ry,. This
is consistent with findings that in mixtures of DPPC and DPP],
the size of the vesicles increased with DPPI content.*> An
increase in vesicle radius is indicative of a decrease in the
membrane curvature due to the PI head group. Lamellar phases
have a curvature close to zero. Reducing curvature will even-
tually lead to non-lamellar phases such as cubic or hexagonal
(type 1I) phase.

Extrusion through the 100 nm filter forces the formation of
ULVs of given radius in DoPhPI containing membranes, but it
cannot change the local bilayer structure which is defined by
the lipid composition. DLS gives information on a distribution
of particle sizes, but does not permit for distinguishing the
organization or the type of lipid phase within the particles,
which might be present anyway.

(ii) Neutron diffraction

DoPhPI alone is capable of assembling into lamellar structures
when hydrated on a solid support. Interestingly, DoPhPI assem-
bled into two different lamellar phases with the d-spacing of PI
Phase 1 >» PI Phase 2 by ~20 A at 25 °C. The exact nature of
these phases is not known but the very large difference in spacing
likely indicates a change in the thickness of the water layer
between the two phases. In addition to hydration, the orientation
of the head group or the racemic nature of the synthesized
DoPhPI lipid could also impact the different behavior of the
two phases.

Mixtures of PI: PC also assemble into two different lamellar
phase at 25 °C. The NSLD plots of PI: PC Phase 2 and DoPhPC
are nearly identical indicating that PI:PC Phase 2 is likely
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composed almost entirely of DoPhPC. If PI: PC Phase 2 is a PC-
rich phase then PI:PC Phase 1 is therefore PI-rich. This is
consistent with the finding that PI:PC Phase 1 had a much
larger repeat spacing than DoPhPC and in particular with PI
Phase 1. The PIL-rich phase (PI: PC Phase 1) consistently had a
d-spacing which was larger than that of the largest phase seen for
pure DoPhPI, suggesting that this phase, while PI-rich, contains
some DoPhPC. The quantity of DoPhPC within the PI-rich phase
is sufficient to influence the lamellar repeat spacing of the phase.

The PI:PC membrane exhibited phase coexistence, in this
case, due to demixing between the two lipids. Not only did the
diffraction data show the coexistence of PC-rich and a PI-rich
phases, but it also gave information about the lateral organiza-
tion of these phases. In addition to the Bragg peaks found
along the g, axis, satellite peaks could be seen both above and
below the g, axis indicating organization within the membrane
plane (Fig. S5, ESIT). Analysis of the location of these satellite
peaks was then used to calculate a repeating distance in the
plane of the bilayer d, = 321.2 + 3.8 A.

Increasing the temperature above 40 °C, led to a loss of both
PI Phase 2 and PI:PC Phase 2. The d-spacing of PI Phase 1
decreased significantly with increasing temperature. Similarly
the PI-rich phase of the PI:PC membrane also experience a
decrease in d-spacing with temperature. These changes are
most likely the result of dehydration of the membrane stack.
The behavior of PI containing membrane phases is quite
different from DoPhPC which shows a slight increase in
d-spacing with increasing temperature, consistent with find-
ings for other PC lipids.**™*° Increases in the d-spacing of other
PC lipids at full hydration have also been reported. In these
examples, the increase was attributed to a rise in the thickness
of the water layers, which was caused by larger membrane
fluctuations at higher temperature drawing additional water
into the lamellar phasew.’® The differences between DoPhPI
and DoPhPC lipid behavior highlights the importance of the
polar head group in the assembly of lipid structures.

Only lamellar phases were seen by neutron diffraction. The
preparation of the lipids on a solid support may promote
lamellar phases over non-lamellar phases which could other-
wise be observed in multilamellar vesicles by ssNMR or SAXS
(vide infra).

(iii) NMR & SAXS
Our work on fully hydrated mixtures of synthetic archaeal lipids
shines a new light on the assembly and dynamics of such
systems. In accordance with DLS, neutrons and SAXS we found
that DoPhPC forms lamellar phases whereas addition of
DoPhPI promotes the appearance of cubic and hexagonal
phases, the latter being observed at high temperature. The
dynamics of the membrane interior is very high due to the
branched phytanyl chains and does not very much on large
temperature scales. These results will be discussed below and
their biological relevance in the context of the first appearance
of life on earth will be commented on.

DoPhPI promotes non-lamellar phases. Our experiments
clearly demonstrate that non-lamellar phases are observed for
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DoPhPI lipids added in equimolar amounts to DoPhPC. This is
in accordance with neutrons scattering that found coexisting
lamellar spacings probably due to the geometry of the stacked
layers of the neutrons setup. The ssSNMR and SAXS samples had
no such constrains and non-lamellar phases can freely be
formed. By increasing the temperature, the cubic phase is first
observed and then the hexagonal type II phase appears for a
further thermal increase. Coexistence is observed at ambient
temperatures in the NMR time scale, that is in our case greater
than the ms. The SAXS technique also detects several phases
which means that they are in thermal equilibrium on even
longer time scales (minutes). Lattice parameters (Table S3,
ESIt) are of ca. 50-60 A. The bilayer thickness has been
estimated by NMR to be around 40 A indicating that the water
layer in the different structures is ca. 10-20 A. The appearance
of hexagonal phases at high temperature could be understood
as a formation at the expense of cubic phases, the system
undergoing a kind of dehydration, the trapped water being
ejected to the bulk water reservoir. This could be explained by a
slightly smaller lattice parameter for the hexagonal phases, as
observed, the small spacing of ca. 47 A being also observed with
neutrons. This dehydration phenomenon could also explain a
slight irreversibility of some systems when the sample tem-
perature is decreased from high temperatures. The induction of
non-lamellar phases is not surprising, per se, as the area of the
two phytanyl chains (ca. 100-120 A%)*” is much larger than that
of head groups of PC and PG (50-65 A%), PS (40-60 A%), PI (> PC)
or PE (40-50 A?).*77°° Hence the tendency to induce inverted
curved structures such as Hy; or Pm3n is not surprising.
Non-lamellar phases were not seen by DLS or neutron
diffraction but the preparation of lipids differ between techni-
ques. Neutron diffraction experiments are performed on a solid
support which may promote organization into lamellar phases.
Extrusion of samples for DLS may also promote lamellar
phases. DLS results showed that DoPhPI promoted a larger
vesicle radius - indicating a more negative membrane curva-
ture. The formation of cubic followed by hexagonal phases seen
by NMR is also related to a decrease in membrane curvature.
Dynamics of lipids in lamellar, hexagonal and cubic phases.
Lipid chain dynamics was approached via deuterium and
carbon-13 NMR. Local dynamics promoted by intramolecular
(bond isomerization) or molecular motions (lipid wobbling in a
cone) is first reported by deuterium NMR of labelled DPPC
embedded as a probe in all the systems. Very interestingly, the
palmitoyl chains are still very fluid at ambient (20 °C) tempera-
tures indicating that phytanyl chains impose important chain
disordering. The DPPC chains are even more disordered than
in their pure fluid phase. This is confirmed by looking directly
at phytanyl chain dynamics using "C-NMR. All branched
methyl groups are very dynamic (free rotation) and the end
isopropyl group is also very mobile. CH and CH, groups of the
phytanyl chains and of the glycerol backbone have a more
restricted mobility although their low intensity in the CP-MAS
experiments indicates a high degree of disorder,*®*' in agreement
with deuterium NMR of *H;,-DPPC. Interestingly, in situation
of mixed phases, e.g.,, PC/PI (lamellar + hexagonal + cubic),
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the intensity is even lower suggesting an increased mobility of
the phytanyl chains when a non-lamellar phase is present. This
is due to the fact that chain dynamics in non-lamellar phases is
greater that in lamellar phases. It is again understandable, the
volume of the chains is greater due to the curved interface and
therefore less lateral packing is exerted in the chains, freeing
the fragments to reorient further.

Conclusions

A convenient synthesis of archaeal lipids including inositol
derived lipids has been reported using archaeol which was
further converted using the phosphoramidite methodology to
phosphodiester derivatives, allowing for the first time the
synthesis of the main phospholipid of hyperthermophilic
Archaea. Structural characterization of DoPhPI showed that
this lipid presents some original characteristics and is able to
form lamellar (bilayer) structures upon extrusion of water
dispersions or when oriented on plates. Very interestingly
membranes containing DoPhPI show a preference for more
negative membrane curvatures which can lead to the formation
of cubic and hexagonal phases when the water dispersions are
not constrained by the experimental set up, as has been seen
for bilayer membranes containing squalane in their midplane.>*
Phytanyl chains are also very dynamic and are capable to impose
their dynamics even in the presence of long saturated chains. The
ability of squalane to relax phytanyl chain frustration inside the
bilayer has been proposed as one of the mechanism by which it
increases membrane stability and functionality in the archaeal
membrane. Here, the high dynamics of the phytanyl chains and
the observation of very curved interfaces at high temperatures
observed for DoPhPI appears very similar, and might provide an
exceptional membrane plasticity and could be seen as another
adaptation route for hyperthermophilic Archaea to adapt to
extreme conditions of temperature and pressure.
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