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ABSTRACT: Aeropyrum pernix is an aerobic hyperthermophilic archaeon that grows
in harsh environmental conditions and as such possesses unique structural and metabolic
features. Its membrane interfaces with the extreme environment and is the ﬁrst line
of defense from external factors. Therefore, lipids composing this membrane have special
moieties that increase its stability. The membrane of A. pernix is composed predominantly of two polar lipids 2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-1′(2′-O-αD-glucosyl)-myo-inositol (AGI) and 2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-myoinositol (AI). Both have methyl branches in their lipid tails and ether linkages and
carbohydrates in their headgroup. These moieties signiﬁcantly aﬀect the structure and
dynamics of the bilayer. To provide a molecular level insight into these characteristics,
we used here Molecular Dynamics (MD) simulations of lipid bilayers of composition similar to those of the archaeal membranes.
First, we show that the electron density proﬁles along the normal to the bilayers derived from the simulations are in good agreement
with the proﬁles obtained by the small-angle X-ray scattering (SAXS) technique, which provides conﬁdence in the force ﬁelds used.
Analyses of the simulation data show that the archaeal lipid bilayers are less hydrated than conventional phosphatidylcholine (PC)
lipids and that their structure is not aﬀected by the salt present in the surrounding solution. Furthermore, the lateral pressure in their
hydrophobic core, due to the presence of the branched tails, is much higher than that at PC-based lipid bilayers. Both the methyl
branched tails and the special headgroup moieties contribute to slow drastically the lateral diﬀusion of the lipids. Furthermore, we
found that the lipid head groups associate via hydrogen bonding, which aﬀects their reorientational dynamics. All together, our data
provide links between the microscopic properties of these membranes and their overall stability in harsh environments.
95 °C, pH 7.0, and salinity of 3.5%. The shape of the cells is
spherical with a diameter from 0.8 to 1.2 μm.4 The membranes of
these archaea are composed of two lipids: 2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-1′(2′-O-α-D-glucosyl)-myo-inositol
(AGI) and 2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-myoinositol (AI) with molar ratio of AI and AGI as 9:91 mol %.5 It
has been shown that vesicles composed of AI and AGI lipids are
very stable, capable of encapsulating potential substances, and
may be uptaken into cells endocytotically.6,7 It was also found
that these lipids are nontoxic to CACO-2 and Hep G2 cells,
only mildly toxic to B1-6F1 and CHO cells, and very toxic to
EA.hy926 cells.7
In this Article, we investigate the structural properties of
archaeal lipid bilayer, composed of polar lipids isolated from
A. pernix, at diﬀerent temperatures. The bilayers were ﬁrst
investigated using the small-angle X-ray scattering (SAXS)
technique, which provided corresponding thickness pair-distance

1. INTRODUCTION
Archaea are microorganisms that survive and grow at harsh
environmental conditions and as such possess unique structural
and metabolic features. They can be grouped on the basis of the
extreme environmental conditions as follows: into halophiles
that grow in high salt concentration, acidophiles that grow at low
pH, alcalophiles that grow at high pH, thermophiles that grow at
high temperatures, psychrophilic that grow at low temperatures,
and many others.1−3 The membranes of archaea cells interface
with the extreme environment and are the ﬁrst line of defense
against external factors. Therefore, archaeal lipids that form these
membranes have special moieties that increase their stability.
They are composed in general by glycerophosphate head groups,
ether linkages between glycerol moiety and hydrocarbon tails,
methyl branching of hydrocarbon chains or hydrocarbon chains
with cyclopentane rings, and sometimes are rather bipolar lipids
with tetraether core and headgroup composed of carbohydrates.2
Aeropyrum pernix K1 is an aerobic hyperthermophilic archaea
that grows in a coastal solfataric vent at Kodakara, Juma Island,
Japan. It can live in temperatures up to 100 °C. The optimal
growth conditions of A. pernix are temperature between 90 and
© 2014 American Chemical Society
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factor can be written as the cosine transformation of the thickness pairdistance distribution function pt(r):20−22

distribution functions and the electron density proﬁles. These
were then compared to the electron density proﬁles derived
from MD simulations. From the equilibrated bilayers in the
MD simulation, we fully characterized the structural and electrostatic properties of these bilayers. This study is an extension of
our previous study entitled “Electroporation of Archaeal Lipid
Membranes using MD Simulations”.8

I(q)q2 = 2πAIt(q) = 4πA

∫0

∞

pt (r ) cos(qr ) dr

(1)

where r is the distance between two scattering centers within the
particle. The resulting pt(r) function serves as a tool for the determination of the scattering particles geometry.19−23 At distances r bigger
than the thickness of the bilayer, the pt(r) function adopts the value of
zero and in this way provides a useful tool for the determination of
the bilayer thickness. In addition, the scattering contrast proﬁle across
the bilayer in direction perpendicular to its plane, which provides
valuable information on the bilayer internal structure, can be calculated
from the pt(r) function by a convolution square root operation utilizing
the DECON program:24−26

2. MATERIALS AND METHODS
2.1. Growth of Aeropyrum pernix K1. A. pernix was grown in a 1 L
ﬂask at 92 °C. The maximal biomass was obtained by adding Na2S2O3 ×
5H2O (1 g of per liter) (Alkaloid, Skopje, Macedonia) to Marine Broth
2216 (Difco, Becton, Dickinson and Co., Sparks, U.S.) at pH 7.0
(20 mM HEPES buﬀer) as described before.9 After growth, the cells
were harvested by centrifugation, washed, and lyophilized.
2.2. Isolation and Puriﬁcation of Lipids, and Vesicle
Preparation. The total polar lipid methanol fraction composed of 91
mol % AGI and 9 mol % AI5 (average molecular mass, 1181.42 g mol−1)
was puriﬁed from lyophilized A. pernix cells, as described previously.6
After isolation, the lipids were fractionated with adsorption chromatography.10 The liposomes were prepared by thin lipid ﬁlm formation
by drying the lipid sample on a rotary evaporator. The dried lipid
ﬁlms were then hydrated by 20 mM HEPES buﬀer pH 7.0 or deionized
water (Milli-Q), temperature 45 °C. Multilamellar vesicles (MLV) were
prepared by vortexing the lipid suspensions vigorously for 10 min. MLV
were further transformed into large unilamellar vesicles (LUV) by
six freeze (liquid nitrogen) and thaw (warm water) cycles and by
pressure-extruded 21 times through 400 nm polycarbonate membranes
on an Avanti polar mini-extruder (Avanti Polar Lipids, Alabastr, AL), at
temperature between 50 and 60 °C. The lipid concentration in the
samples for SAXS experiments was 10 mg/mL.
2.3. Small-Angle X-ray Scattering (SAXS) Measurements.
SAXS measurements were performed on the modiﬁed Kratky compact
camera (Anton Paar KG, Graz, Austria)11 equipped with the focusing
multilayer optics for X-rays (Osmic, Max-Flux). The camera was
attached to a conventional X-ray generator Kristalloﬂex 760 (Bruker
AXS GmbH, Karlsruhe, Germany) with a sealed X-ray tube (Cu Kα
X-rays with a wavelength λ = 0.154 nm) operating at 40 kV and 35 mA.
The samples were measured in a standard quartz capillary with an outer
diameter of 1 mm and wall thickness of 10 μm. Position-sensitive detector
PSD-50 M (M. Braun GmbH, Garching, Germany) was used for detection of
the scattered x-rays in the small-angle regime of scattering vectors 0.1 < q <
7.5 nm−1, where, q = 4π/γ·sin(ϑ/2), ϑ representing the scattering angle.
To get suﬃcient measuring statistics, each sample was measured for a
period of 20 h. Prior to the detailed data analysis, the scattering data
were corrected for the empty capillary and solvent scattering, and put on
the absolute scale using water as a secondary standard.12
2.4. Evaluation of SAXS Data. Experimental SAXS data were
evaluated utilizing the Generalized Indirect Fourier Transformation
(GIFT) software package.13−18 There were no interlamellar interference
peaks observed in the scattering curves in our case. Similarly, the maximum dimension of the scattering particles (large unilamellar vesicles)
was much bigger than the size resolution of the SAXS method; therefore,
solely the basic part of the GIFT, that is, the Indirect Fourier
Transformation (IFT) technique, was used.19,20 In such cases, one can
still extract the structural information on the thickness of the lipid bilayer
from the scattering curves, because the thickness of the bilayer is usually
still well within the experimental resolution of the SAXS method.
For this purpose, the IFT technique is used in a special mode, where
I(q)q2 is cosine transformed into the real space yielding the thickness
pair distance distribution function pt(r).20−22 In this procedure, a
considerable cutoﬀ must be applied to the scattering curves in the
regime of very low q values to exclude the part of the scattering curve
that is strongly aﬀected by the scattering contribution originating from
the large dimensions of the lipid bilayer; in this way, solely the structural
information related to the thickness of the lamellar bilayer can be
extracted. Such an approach is based on the thickness form factor, It(q),
which represents the scattering due to the structure in perspective of the
bilayer thickness and is completely model-free. The thickness form

∞

pt (r ) =

∫−∞ Δρe (z)·Δρe (z − r) dr

(2)

with Δρe(z) representing the local scattering contrast, that is, the
diﬀerence between the local electron density at distance z from the center
of symmetry (central plane in the middle of bilayer) and the average
electron density of the sample ρ̅e. To facilitate comparison of MD and
SAXS results, in further text the scattering contrast proﬁle ρe(z) will be
referred to simply as the electron density proﬁle and denoted with the
symbol ρe(z). Note that r in pt(r) corresponds to the distance in real space
(information on the overall bilayer thickness), but z in the electron density
proﬁle is determined with respect to the central plane of the bilayer.
2.5. MD Simulations. The molecular dynamics (MD) models and
simulations were adopted from our previous study.8 The MD simulations presented here were carried out using the program NAMD.27
The systems were examined in the NPT (constant number of atoms,
pressure, and temperature) ensembles employing Langevin dynamics
and the Langevin piston method. The time step for integrating the
equations of motion was set at 2.0 fs. Short- and long-range forces were
calculated every one and two time steps, respectively. Bonds between
hydrogen and heavy atoms were constrained to their equilibrium value.
Long-range, electrostatic forces were taken into account using the
particle mash Ewald (PME) approach.28,29 The structures of AI and AGI
molecules, which compose the membrane of A. pernix, were suggested
by Morii et al.5 The MD models were built by combining the CHARMM
36 lipid force ﬁeld and the CHARMM 36 carbohydrate force ﬁeld. The
parameters for ester linkages were adopted from Shinoda et al.30
First, the bilayer was composed of 64 lipids (6 AI and 58 AGI). The
composition of the bilayer was a molar ratio of 9:91, which was measured
experimentally.5 The bilayer was surrounded by 10 283 water molecules, 144
potassium (K+), and 80 chloride (Cl−) ions (∼0.45 M KCl). That system was
equilibrated for 120 ns at constant numbers of atoms, constant pressure
(1 atm), and constant temperature (50 °C) (NPT). The system then was
replicated twice in the X and Y directions of the bilayer plane to aﬀord a large
membrane patch and equilibrated again at 90, 70, and 25 °C (NPT) for 30 ns.
After the equilibration of systems at 70 and 25 °C, the potassium (K+) and
chloride (Cl−) ions were removed, and then the counterions (Na+) were
added to neutralize the systems and equilibrated again for the 30 ns. The
systems with counterions (Na+) mimicked the situation during the SAXS
experiments. The electron density proﬁles of these two systems were
compared to electron density proﬁles obtained by experimental SAXS.
These SAXS data were measured for the systems containing ∼0.45 M KCl.
In all of the simulated systems, the average area per lipid was
estimated by dividing the total area of the bilayer by the number of lipids
in each leaﬂet. The thickness of the bilayer was deﬁned as the distance
between the two highest peaks of the electron density proﬁle. The
positions of these peaks correspond to the location of the lipid
phosphate groups in bilayer. The radial distribution functions (RDFs)
were calculated using the VMD GofRGUI Plugin. The in-plane lateral
diﬀusion coeﬃcients (D) of the lipids were estimated from the slopes of
the mean squared displacements (MSDs) of the center of the molecules
in the interval from 5 to 15 ns according to

D=
8309

1
1
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Figure 1. (A) Experimental SAXS curves of liposomes composed of archaeal lipids at 25 °C (red ○) and 70 °C (○) on absolute scale and IFT ﬁts for the
lamellar symmetry (gray lines). (B) The corresponding results of the IFT evaluation for lamellar symmetry−thickness pair-distance distribution
functions pt(r). (C) Electron density proﬁles ρe(z) determined on the basis of the experimental SAXS results obtained from the pt(r) functions by a
convolution square root operation. (D) Electron density proﬁles of archaeal lipid bilayers derived from MD simulations. The electron density proﬁles of
liposomes composed of archaeal lipids at 25 °C (E) and 70 °C (F). The proﬁles are derived from MD simulations (archaeal lipids in water with
counterions Na+) (blue) and electron density proﬁles ρe(z) determined on the basis of the experimental SAXS results (black). These comparisons of
electron density proﬁles between SAXS measurements and MD simulations have already been published by Polak et al.8
We have also estimated the local pressure proﬁles31 along z, the
bilayer normal, at various system conﬁgurations. The pressure proﬁles
may be calculated from simulations as

where d = 2 is the number of translational degrees of freedom and t0 = 5 ns.
The rotational motion of the head groups moieties was calculated
using the second rank reorientational autocorrelation function:
C(t ) =

1
⟨3[V⃗ (t )·V⃗ (0)]2 − 1⟩
2

p(z) =

(4)

where V is unit vector deﬁned in Figure 5A.
All tof he analyses were performed on the data of the last 15 ns of each
simulation run.

1
[∑ mi vi ⊗ vi −
ΔV i

∑ Fij ⊗ rijf (z , zi , zj)]
i<j

(5)

where p(z) is the local pressure tensor in the slab centered on the
coordinate z, the sum over the kinetic term running over all atoms in the
slab, and f(z,zi,zj) is a weighting function. The calculations were all
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performed on the ﬂy27 from the simulations performed at constant
temperature and constant pressure. The lateral pressure proﬁles were
calculated using built-in function in NAMD. The simulation space is
partitioned into slabs, and one-half of the virial due to the interaction
between two particles is assigned to each of the slabs containing the
particles. To evaluate local pressure, the Harasima contour was used.
The algorithm is based on that of Lindahl and Edholm,32 with modiﬁcations to enable Ewald sums based on Sonne et al.33 The total virial
contains contributions from kinetic energy, bonded interactions,
nonbonded interactions, and an Ewald sum. In lipid bilayers, the
pressure proﬁles arise due to the amphipathic nature of the lipids
composing it: the hydrophilic head groups are squeezed together
to prevent exposure of the hydrophobic tails to the solvent leading to
a negative lateral pressure, while the attractive dispersion forces and
entropic repulsion between the lipid tails result mainly in a positive
lateral pressure.

shells of the bilayer (∼1.5 nm) and their slight changes with the
temperature. The comparison of the MD electron density
proﬁles of the bilayers in two diﬀerent buﬀers shows (water with
counterions (Na+) and 0.45 M KCl) that the buﬀer has
practically no eﬀect on the electron density proﬁle of the bilayer
(data not shown). The shift in positions of the ρe(z) peaks that
is observed with the temperature increase corresponds to the
changes in the outer shells in the bilayers increases. Figure 1 also
shows that the bilayers at lower temperatures are somewhat
thicker.
The comparison of electron density proﬁles derived from MD
simulations and SAXS results shows a good agreement. Slight discrepancies in the absolute values of ρe(z) can be noticed (Figure 1).
These can arise either from the diﬀerent nature of the two
techniques, from the numerical model of the system itself, or from
impurities in the real samples that cannot be taken into account in
the simulations. Nevertheless, these results conﬁrm the structural
accuracy of the model and the force ﬁeld used in our study.
The time evolutions of the surface area per molecule (Am)
for archaeal lipid in water with the Na+ counterions and in the
0.45 M KCl solution at diﬀerent temperatures show that the
bilayers were well equilibrated within few tens of nanosecond
(data not shown). The values of Am and of the bilayer thickness
(phosphates peak-to-peak distance) are reported in Table 1.

3. RESULTS AND DISCUSSION
The experimental SAXS curves of the vesicle sample composed
of archaeal lipids at 25 and 70 °C are depicted in Figure 1A.
These scattering curves show three broad scattering peaks that
are increasing in intensity with decreasing scattering vector q and
a steep upturn of the scattering intensity at very low values of q.
The broad scattering peaks occur in the q region corresponding
to the thickness of the lipid bilayer, whereas the steep upturn
at very low values of q occurs due to the very large overall
dimensions of the bilayer that are above the resolution of the
SAXS experiment. As the temperature increases, the broad
scattering peaks decrease in intensity and shift toward higher q
values. This indicates an increase in the bilayer thickness, which
possibly leads also to a slight change in the scattering contrast of
the bilayer.
Because of the limited experimental resolution, the
information on the overall size of the vesicles is not complete
in these SAXS results; therefore, the steep upturn at low q needs
to be cut oﬀ before the detailed IFT evaluation of the SAXS data
containing information on the internal structure of the bilayer.
The ﬁts obtained by the IFT analysis are shown as gray lines
in Figure 1A, whereas the resulting thickness pair-distance
distribution functions pt(r) are depicted in Figure 1B. These
functions reveal a rather similar internal structure of these
bilayers in terms of the scattering contrast, with somewhat larger
overall thicknesses of the bilayer at lower temperature (6 nm at
25 °C vs 5.5 nm at 70 °C). At higher temperature, the thermal
energy of lipid molecules is higher; the hydrophobic tails become
more ﬂexible and hydrophobic heads are hydrated to a lesser
extent, and so therefore the lipid molecules can obviously pack
themselves into thinner bilayers.
The internal structure of the lipid bilayers is revealed in more
detail through the electron density proﬁles. These proﬁles were
obtained via convolution square root procedure of the experimentally obtained pt(r) functions and also by the MD simulations. The electron density proﬁles obtained by MD and SAXS
method at 25 and 70 °C are shown in Figure 1. These proﬁles
show that the central part of the bilayer is negative, whereas the
outer layers have the positive electron density in comparison to
the average electron density of the sample; the latter deﬁnes ρe =
0. This is in agreement with the lower electron density of the
hydrophobic hydrocarbon parts of the lipid molecules
(comprising the central part of the lipid bilayer) in comparison
to the higher electron density of the polar headgroup parts of
the lipid molecules (comprising the outer shells on each side of
the bilayer). They also reveal the approximate thickness of the
central hydrophobic part (∼3 nm) and the outer hydrophilic

Table 1. Properties of the Equilibrated Archaeal Lipid Bilayers
in Diﬀerent Buﬀers and at Diﬀerent Temperatures from MD
Simulationsa

a

buﬀer

T [°C]

Am [Å2]

d [Å]

Na+ counterions

25
70

83.4 ± 0.4
86.7 ± 0.7

42.5
42.1

0.45 M KCl

25
70
90

82.5 ± 0.3
86.8 ± 0.6
90.4 ± 0.7

42.5
42.1
41.8

T, temperature; Am, area per molecule; d, thickness of the bilayer.

As expected, they increase and decrease, respectively, with
increasing temperature. Again, we found that the presence of
buﬀer in the systems has practically no eﬀect on Am. Shinoda et
al.34 showed that the concentration of NaCl does not aﬀect the
structure of DPhPC-ether. This supports our ﬁndings of archaeal
lipids. On the other hand, Knecht and Klasczyk35 suggest that
chloride ions bind almost as strongly to PC bilayers as sodium
ions, and they do not aﬀect the structure of bilayer. This was
calculated by experiments and compared to molecular dynamic
simulations. They are suggesting that a range of published
simulation results on the interaction of NaCl with PC bilayers
have to be reconsidered and revised.
To further characterize the systems under study, we derived
from the MD simulations the density proﬁles of the bilayers main
components across the membrane normal. The potassium ions
penetrate more deeply into the bilayer as compared to the
chloride ions, which is expected due to the negative charges
carried by the lipid head groups. Quite interestingly, the same
components of the AI and AGI molecules (lipid hydrocarbon
tails, glycerol, phosphate, inositol, and glucose moieties) have
similar distributions along the bilayer normal, although the AGI
molecules carry an additional glucose group. The latter partition
in the region of phosphate and inositol groups and are indicated
by a broader density distribution pointing to its high mobility and
conformational freedom.
8311
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Figure 2. Radial distribution functions (RDFs).

The average location of the lipid components with respect
to the solvent indicates that hydration of the head groups in these
lipids is quite diﬀerent from that in simple lipid bilayers. To
characterize the latter, we have measured the radial distribution
functions (RDF) of the solvent (water molecules) around the
phosphorus atom in the archaeal lipids (Figure 2) and that of
POPC and DPPC bilayers for the purpose of comparison. The
data show that there is hardly any diﬀerence between these
distribution functions for the two PC-based lipids, but a large one
between PC and archaeal lipids. Furthermore, the RDFs at 70
and 90 °C are exactly the same (data not shown). Table 2 reports
Table 2. Coordinate Number, the Number of Atoms in the
First Shell around Phosphorous Atom in Archaeal Lipids,
POPC, and DPPC
Figure 3. Lateral pressure proﬁle of archaeal lipid (red), POPC (black),
and DPPC (blue) bilayers.

coordination number
atom pair

archaeal lipid

POPC

DPPC

P−Hwater
P−Owater
P−water

4.60
5.64
3.98

5.87
5.98
5.45

5.64
5.98
5.20

∼1−4 × 10−7 cm2/s,36−38 and for 1,2-diphytanoyl-sn-glycero-3phosphocholine (DPhPC)-ether at 25 °C D is ∼4.8 × 10−8 cm2/s.39

the coordination numbers and indicates that the phosphorus
head groups in archaeal lipid are indeed less hydrated than those
in PC-based lipid bilayers.
Interactions between the lipid components probably play a
major role in the stability of the bilayer. They moreover slow the
overall dynamics of the lipid head groups as well as the lateral
diﬀusion of the lipids, as we further quantify in the following
paragraphs. Because of the diﬀerence in interactions between
the headgroup moieties and the tails, one expects also a difference in the pressure proﬁles along the membrane normal
for these archaeal and simple PC-based lipids with acyl chains.
These proﬁles have been calculated and are reported together
with those of POPC and DPPC bilayer in Figure 3. Aside from
a diﬀerence due to the change in bilayer hydrophobic core
thickness, the peaks of the pressure at the interfacial regions are
much higher in archaeal lipids as compared to PC-based lipids. As
it was observed, the archaeal lipid bilayers have a much larger
positive lateral pressure in the hydrophobic region.
Turning back to the dynamical characteristics of the archaeal
lipid bilayer, we estimated the molecules lateral diﬀusion coeﬃcients D from the MSD curves by linear ﬁtting (Figure 4).
They indicate that archaeal lipids have much lower lateral diﬀusion than other phosphatidylcholine (PC) lipids at temperatures
above the gel to liquid crystal phase transitions. For instance,
the lateral diﬀusion coeﬃcients of DPPC lipids (measured
experimentally or estimated from MD simulations) amount to

Figure 4. Mean square displacement (MSD) of lipids in the bilayer
composed of archaeal lipids, POPC, and DPPC. The gray linear curves are
ﬁtted curves to the data from 5 to 15 ns. From ﬁtted curves was the diﬀusion
coeﬃcient (D) calculated. The D values of POPC, DPPC, and DPhPCester were determined on our unpublished and published MD system.40
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Figure 5. (A) AGI molecule with labeled vectors in the headgroup. The distributions of angle (α) between VPino, Vino, and Vglu, and normal to archaeal
lipid bilayers at 25, 70, and 90 °C (B−F). Vertical lines represent the median value of α. The graphs G−K present the reorientation autocorrelation
function C(t). The data are derived from MD simulations.

from C-1 to C-4 of the glucose (representing the orientation of
glucose group) (Figure 5A). As the angles are not normally
distributed, we calculated median values of angles between
vectors (Figure 5 and Table 3). We notice small diﬀerences in the
distribution of VPino and Vino in AGI molecules at diﬀerent
temperatures. The VPino and Vino in AI molecules have similar
distributions at 70 and 90 °C. At 25 °C, there is a large change in

Figure 5 shows the orientations and reorientation autocorrelation functions of the archaeal lipid headgroup components with
respect to the bilayer normal. We introduce here several vectors
along these head groups to characterize the conformation of the
lipids: VPino pointing from the phosphorus atom to the C-1 atom
of inositol, Vino pointing from C-1 to C-4 atoms of the inositol
(representing the orientation of the inositol), and Vglu pointing
8313
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Table 3. Median Values of Angle (α) between VPino, Vino, and Vglu, and Normal to Archaeal Lipid Bilayers Composed of AI and AGI
Molecules and Half Time Constant of Reorientation Autocorrelation Function (τ1/2) at 25, 70, and 90 °C
25 °C

70 °C

90 °C

vector

molecule

α [deg]

τ1/2 [ns]

α [deg]

τ1/2 [ns]

α [deg]

τ1/2 [ns]

VPino
VPino
Vino
Vino
Vglu

AI
AGI
AI
AGI
AGI

51.5
70.1
50.4
64.2
87.6

7.51
−
5.54
−
−

80.5
80.1
72.1
70.5
80.1

0.69
1.78
0.75
1.94
1.40

70.5
72.3
69.5
66.5
84.2

0.50
0.60
0.19
0.69
0.58

the conformation of the AI headgroup. It ﬂips to almost
perpendicular orientation with respect to the bilayer plane.
The glucose in the headgroup has a bimodal distribution. This
means that the latter are tilted into or out of the bilayer.
The reorientational autocorrelation functions provide insight
into the dynamics of the lipid head groups (Figure 5G, I, J, K).
As expected, the time constants of the auto correlation decay
are higher for larger temperatures, but we also observe that
headgroup moieties of AI lipids are moving faster than the
headgroup moieties of AGI lipids. The presence of glucose in the
AGI molecule appears to lower the dynamic of the headgroup
moieties, probably due to the formation of hydrogen bonds with
surrounding headgroup moieties. In comparison to simple PCbased lipids (e.g., DPPC), the dynamic of VPino reorientation
even at 90 °C is much slower than the dynamics of P−N vector
estimated at 50 °C (τ1/2 = 0.3 ns).41

but, more importantly, due to the large sugar moieties of the lipid
head groups. Inositol and glucose indeed interact with each other
through hydrogen bonding. The orientation of the headgroup
moieties is quite similar at all temperatures studied with the
exception of that of the AI molecule at 25 °C. The glucose in AGI
molecules has a bimodal distribution (facing inward and outward
the bilayer plane). The dynamics of the headgroup moieties
described by reorientational correlation functions is faster at
the higher temperatures studied. Furthermore, this headgroup
dynamics is faster for the AI head groups, as compared to AGI, as
the former are not only smaller, but lack the glucose groups that
form stable hydrogen bonds with neighboring lipids.
The lateral pressure proﬁle of archaeal lipid bilayers also shows
signiﬁcant diﬀerences from that of PC-based lipid bilayers.
In particular, the lateral pressure in the hydrophobic core is much
higher, and the negative pressure due mainly to attractive forces
just beneath the head groups is also much higher. The surface
tension of bilayers that corresponds to the integral of the pressure
proﬁle along the bilayer is important for the function of membrane
proteins and determines in general the elastic properties of lipid
bilayers.43 The diﬀerences highlighted here, between simple PCbased lipids and archaeal lipids, relate directly to their interesting
and unusual physical properties.

4. SUMMARY AND CONCLUSIONS
The Aeropyrum pernix is a rare cell organism, whose membrane is
composed predominantly of two polar lipids (AI and AGI).
There is no report whether the AI and AGI molecules are
randomly distributed or aggregate in the membrane of A. pernix.
Accordingly, in this study, we modeled archaeal lipid bilayers
assuming a random distribution of its components. The bilayers
were simulated at a wide range of temperatures and at diﬀerent
salt concentrations. We considered in particular temperatures
where the archaeal lipid bilayers are in the liquid crystalline
phase. For comparison, DPhPC phospholipids that carry methyl
groups in lipid tails as do AI and AGI lipids2 are also liquid
crystalline in a wide range of temperatures (−120 and 120 °C).42
The structural properties of AI and AGI bilayers were calculated
and compared to electron density proﬁles extracted from SAXS
measurements. The agreement obtained provided conﬁdence
in the force ﬁeld parameters and protocols used in the MD
simulations.
The properties of the archaeal bilayers as the average area
per lipid, the hydrophobic core thickness, the orientation of the
lipid head-groups, and the dynamics of the lipids signiﬁcantly
change with temperature in the range studied here (25−90 °C),
while the salt nature and content seem to have no eﬀect on
the structure of the bilayer (area per lipid and thickness).
The presence of salt seems also to have a negligible eﬀect on
the bilayer structure as the archaeal lipids associate through
hydrogen bonding between their headgroup moieties. As
compared to PC-based lipid bilayers, the archaeal lipids head
groups are less hydrated than PC-based lipids.
The in-plane dynamics of the archaeal lipids in the bilayers is
much slower than that of other PC-based lipids. The lateral
diﬀusion coeﬃcient (D) of AI and AGI lipids is indeed lower than
that of other PC-based lipids, even when comparing archaeal
bilayers at 90 °C and PC-based bilayers at 25 °C. The slower
dynamics is in part due the methyl-branches in the lipid tails,39
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