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Chapterr 5 

Tetraetherr lipid membranes.* 

5.11 Introductio n 

Overr the three domains of life, the "new" Archaeal [103] domain differs from 
thee Eukarya and Bacteria by, for example, most of its genes [104]. Further-
more,, Archaeal organisms are delimited by a single membrane mainly made 
off  isoprenoid etherlipids [105] (instead of the abundant esterlipids found else-
where,, see for example [106]). The ability of archaeal organisms to live under 
extremee physical conditions, as high salt solutions, acid or alkaline medium, 
andd low, or nearly water-boiling temperature . . ., is directly related to the 
physicall  properties of the lipids of their membrane [107]. Archaeal mem-
braness contain an isoprenoid hydrophobic core responsible for a low proton 
permeabilityy which persists at high temperatures by an increase of the num-
berr of cyclopentane rings. The hydrophobic tails are linked to a glycerol 
groupp by an ether function, chemically more robust than an ester linkage. 

ThermoplasmaThermoplasma acidophilum is an archaeal organism with an optimal 
growthh temperature of 55-59 °C and an optimal growth between pH 1 and 
22 [108]. The lack of a cell wall supports the central role played by the mem-
branee as a barrier against ion diffusion from low to high temperatures, main-
tainingg physiological conditions (pH«6) inside the cell while the organism 
livess in a strong acidic medium, i.e., a pH gradient of 5 pH units. The 
membranee of Thermoplasma acidophilum contains a rich variety of lipids, 
mostt of them (82%) being polar. The structure of the most abundant polar 
component,, MPL (Main Polar Lipid, see Figure 5.1), has been recently iden-
tifiedd [109]. It is a tetraether lipid with cyclopentane rings, and headgroups 
off  phosphoglycerol and /?-L-gulopyranose. 

"basedd on: J.P. Nicolas and B. Smit. Molecular dynamics simulation of tetraether lipid 
membranes,, in preparation. 
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Figuree 5.1: Molecular structure of the Main Polar Lipid (top) from Thermoplasma 
acidophilum,, and five analogues studied in this paper, from top to bottom: '0000', 
'0200','0200', '0202', '1202', and '1212', where each digit gives the position of a ring, 
fromfrom one headgroup towards the mid-plane of the molecule, for the chain 2 and 1 
successively.successively. ("0" corresponds the absence of a ring, and only the two first positions 
alongalong each half-chain are considered). On the gulose side, the cyclopentane rings are 
allall  cis, while on the phosphate side, they are either trans, or cis, or a mixture. 
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Besidess the work of Gabriel et al. [110] where for the first time different 
tetraetherr lipid membranes have been modelled, and the effect of cyclopen-
tanee rings on chain packing investigated, to the best of our knowledge, there 
hass been no published molecular dynamics study of the structure and dynam-
icss of tetraether lipid membranes. In this chapter, we study the structure 
off  five membranes purely built from MPL analogues (see Figure 5.1). Fur-
thermore,, we investigate the influence of the cyclopentane rings and their 
stereochemistryy on the membrane organization and the lateral pressure pro-
file. . 

5.22 Molecular  dynamics 

Molecularr dynamics computer simulations were carried out using the DL-
POLYY package [59]. An all-atom model was employed to describe molecules 
att an atomic scale using the potential energy parameter set PARM27 from 
thee CHARMM package [55]. The TIP3P water model [56] was used in all 
simulations.. Bonds involving hydrogen were held fixed with the SHAKE 
algorithmm [18]. Electrostatic interactions were computed using the Smooth 
Particlee Mesh Ewald method [57]. Our simulations were performed in the 
NVTT ensemble [60], i.e., with constant temperature, volume, and number of 
particles.. Simulations were run with periodic boundary conditions. Al l the 
simulationss were performed using a cutoff radius of 12 A for the van der 
Waalss terms. 

Forr each of the five lipids, we have used the same protocol to build up the 
correspondingg hydrated membrane model. Initially , a single lipid molecule 
stretchedd along its longer axis was pre-equilibrated in vacuum. After, we have 
builtt our complete models by placing the lipids on a 6 x 6 grid, with carbo-
hydratee headgroups forming one outer side of the membrane, and phosphate 
headgroupss the other interface, mimicking the asymmetrical topology found 
inin vivo [111, 112], both membrane surfaces being parallel to the xy plane. 
Thee size of the grid is set such as to get a positive lateral pressure within 
thee membrane, and the length of the simulation box along the z axis such 
thatt the two membrane interfaces do not interact. The dry membrane has 
beenn equilibrated during a few hundred steps coupled to a gradual increase 
off  the time step until 2 fs. Subsequently, the box is filled by adding water 
molecules.. In such a way that the system contains 36 lipid molecules, and 
moree than 2.200 water molecules, thus approximatively 17.000 atoms, and 30 
waterr molecules per lipid headgroup, which corresponds to a fully hydrated 
membrane.. The molecular area per lipid is 59.27, 58.57, 60, 62, and 62.73 



68 8 Tetraetherr  lipi d membranes. 

A 2,, for the '0000', '0202', '0200', '1202', and '1212' MPL lipid analogues, 
respectively. . 

Thee complete system has been equilibrated for 250.000 steps, with a time 
stepp of 2 fs at a temperature of 300 K. During equilibration, density profiles 
andd energy convergence of the system have been monitored. After equilibra-
tion,, we have recorded the dynamics of the system by accumulating coordi-
natess at an interval of 0.1 ps during a period of 0.8 ns. An extension with 
1.66 ns of molecular simulation has been achieved to get an accurate lateral 
pressuree profile. 

5.33 Results and discussion 

5.3.11 M a ss a nd e lec t ron ic dens i ty prof i le s 

Figuree 5.2 reports the mass density profile and its components for the five 
membranes,, and the electronic density profile of the '1212' lipid membrane. 
Fromm the total mass and electronic density profiles of the '1212' lipid mem-
brane,, which is the model membrane which contains the larger number of 
cyclopentanee rings, we observe two high and sharp peaks, each located at 
thee headgroup-water interface. They correspond to the sum of the contribu-
tionss of the glycerol group, and the phosphate or gulose moiety. 

Fromm the '1212' model to the '0000' model, the decrease of the number of 
cyclopentanee rings yields a broadening and a diminishing of the headgroup 
densityy peaks. This is associated with a reduction of the ordering of the 
aliphaticc chains. The overlap between density profile components is rather 
importantt in the '0000' membrane model, while almost nonexistent in the 
'1212'' membrane model profile. The cyclopentane rings are responsible for 
aa higher ordering of both the membrane core and each interface. The width 
off  the aliphatic domain is reduced as the number of cyclopentane rings in-
creases,, as noticed from the first energy minimization study of a similar kind 
off  membranes [110]. 

Forr all the model membranes, the shape of the electronic (only the '1212' 
modell  is shown) and mass density profile is nearly identical. Both density pro-
filesfiles show small features in the membrane phase, which suggest, considering 
thee long recording time of the density profiles (0.8 ns), that the membranes 
aree in a phase where motions are rather slow, as a "gel" phase (a fluid phase 
wouldd have given a density profile with a smooth and almost flat density 
profilee in the hydrophobic region). This observation does not depend on the 
degreee of cyclization of the aliphatic chains and is consistent with previous 
resultss from molecular modelling [110]. 
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Figuree 5.2: Mass density profiles of the '0000' (top left), '0200' (top right), '0202' 
(centre(centre left), '1202' (centre right), and '1212' (bottom left) lipid membranes. Elec-
tronictronic density profile of '1212' (bottom right) lipid membrane. The gulose is on the 
rightright interface, while the phosphate group is on the left one. The total density profile 
isis represented by the dotted curve. From the centre of the membrane (za 0 A) to 
thethe right, are reported one half of the chain 1 and one half of the chain 2 (on the 
saccharidesaccharide side) (dashed curves), the glycerol linked to the gulose group and water 
(solid(solid curves). From the centre of the membrane to the left, are reported one half of 
thethe chain 1 and one half of the chain 2 (on the phosphate side) (dashed curves), the 
glycerolglycerol linked to the phosphate group and water (solid curves). 
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Furthermore,, while the aliphatic chains are identical in their connectiv-
itiess on both sides of the membrane mid-plane, the density profiles show 
aa slight asymmetry. Either the configurational isomerism of each aliphatic 
chainn moiety (resulting from the different absolute configuration of the car-
bonn stereocentres involved in cyclopentane rings) induces a peculiar molecular 
conformationn which yields specific density profile features, or the two sides 
off  the membrane simulated in the gel phase have been trapped in different 
conformations.. These hypotheses wil l be discussed later in this chapter. 

5.3.22 Mo lecu lar  o r ien ta t io n 

Thee orientation of parts of the lipid molecules, as the aliphatic chains or 
thee headgroups, can be described by an order parameter. In the case of the 
aliphaticc chains, we have defined two complementary parameters. First, we 
havee computed the orientation of carbon chains from the vector defined by 
thee coordinates of two carbons n and n + 2 belonging to the same chain. 
Byy skipping the carbon n + 1, the computed orientation of a chain segment 
iss given without the contribution of the peculiar zigzag conformation of an 
aliphaticc chain. Moreover, we have computed the C-H vector orientation, 
whichh can directly be compared to the Scd chain parameter obtained from 
NMRR spectroscopy. The order parameter reads: 

S(z)S(z) = i<3cos20(z) - 1), (5.1) 

wheree 6 is the angle between the vector C-C or C-H and the interface normal. 
AA value close to 1 corresponds to a distribution of vectors parallel to the nor-
mall  of the interface, while a distribution of vectors parallel to the membrane 
planee yields an order parameter close to —0.5. When the vector angles are 
randomlyy distributed, the order parameter wil l be equal to 0 (although an 
orderr parameter equal to 0 may also correspond to a phase perfectly ordered, 
withh a til t angle distribution centred on 54.7 degrees). 

Figuree 5.3 reports the C-C and C-H order parameters for each membrane. 
Thee numbering of atoms starts from the mid-plane of the molecule, and we 
assignn to the vector the number/label of the carbon atom which defines the 
originn of the C-H vector, or the (skipped) n + 1 carbon of the (n)-(n + 2) 
C-CC vector. Only C-C vectors computed from the main carbon chain are 
shown.. C-H vectors involved in cyclopentane rings are not reported. 
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Figuree 5.3: Order parameter of the hydrophobic chains for each lipid membranes: 
'0000''0000' (top left), '0200' (top right), '0202' (centre left), '1202' (centre right), and 
'1212''1212' (bottom left). The gulose is on the right interface, while the phosphate group 
isis on the left one. For comparison, the order parameter of a DPPC lipid molecule 
embeddedembedded in a membrane is reported too (bottom right). 
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MPLL lipid differs from the more classical DPPC (di-palmitoyl-phosphati-
dyl-choline)) phospholipid by the spanning geometry of the lipid within the 
membrane,, and the presence of methylene groups or cyclopentane rings on 
thee aliphatic backbones, plus a few other features as the ether linkage. As we 
comparee the two order parameters between a DPPC and a '0000' MPL mem-
brane,, we notice that the archaeal lipid membrane is on the whole much more 
ordered,, with a maximum value of the order parameter located within the 
hydrophobicc core of the membrane, close to the mid-plane of the membrane, 
whilee it is located on the headgroup side in the case of the DPPC membrane, 
andd decreases slowly as the carbons get closer to the mid-plane. This major 
differencee can be related to both the presence of methylene lateral groups, 
whichh act as spurs located on the chain backbone, and the transmembrane 
geometryy of the backbone itself. 

Promm Figure 5.4 which reports the angle distribution between the main 
axiss of the aliphatic chains and the normal to the membrane plane, we cannot 
detectt an effect of the number of rings. The orientation of the lipid molecules 
variess from 0 to 15 degrees. This is consistent with previous experimental 
resultss [112] obtained with bipolar lipid membranes at a water-water inter-
face.. Figure 5.3 shows an increase of the membrane order as soon as the lipid 
moleculess contain one cyclopentane ring. However, the presence of additional 
ringss does not improve the chain ordering. At the chain-ends, the aliphatic 
chainn orientation is perturbed by the linkage to the glycerol, especially con-
cerningg the chain-end connected to the centre of the glycerol (via the ester 
linkedd to the central carbon of the glycerol). This suggests that small mo-
tionss of both phosphate and gulose headgroups induce a slight disorder on 
thee position of the outermost hydrophobic carbons. 

Thee C-C bonds located at the hydrophobic mid-plane of the lipid molecu-
less are in some cases less oriented compared to the other C-C bonds. This 
behaviourr can be related to the length of the carbon chains which depends 
onn both the number of cyclopentane rings per chain, and the conformation 
imposedd by the stereochemistry of the carbons involved in the cyclopentane 
rings.. Last, the C-C bond vector related to the cyclopentane rings (see the 
positionss at 5 and 5 on the graphs) do not have a prefered orientation 
specificc to a peculiar cis or trans ring substitution, but give an insight on 
thee local conformation adopted by the rings. 

Last,, the cyclopentane rings, located in these membrane models on the 
twoo outest methylene group positions, improve the order of the chain, coun-
terbalancingg the effect of headgroup motions observed for the 0000 model. 
Thiss is consistent with the thin shape of the headgroup component peak of 
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Figuree 5.4: Orientation of the aliphatic chains relative to the membrane plane 
normal. normal. 

thee density profiles, described above. 

5.3.33 Pressure profi le s 

Figuree 5.5 reports the pressure profile for the five kinds of membranes. As 
seenn in the previous sections, when the number of cyclopentane rings in-
creases,, the ordering of the membrane both improves and differs from one 
sidee of the membrane to the other. We observe a similar trend in the pres-
suree profiles. For the '0000' membrane model, the symmetry associated with 
aa low ordering of the membrane yields a rather symetrical pressure profile. 
Butt as the number of rings increases, the pressure profile is different on each 
sidee of the membrane. This is especially noticeable for membranes made of 
lipidss containing more than 4 rings. Since the high pressure profiles are al-
wayss located on the same side of the membrane, characterized by a specific 
configuration,, this peculiar pressure profile shape is related to the absolute 
configurationn of the carbon stereocentres (and not to a trapped conforma-
tion). . 
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Figuree 5.5: Pressure profile of the 'OOOO' (top left), '0200' (top right), '0202' (centre 
left),left), '1202' (centre right), '1212' (bottom) lipid membranes. 
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Thee two interfacial headgroups are responsible for a negative or null con-
tributionn to the pressure profile. That means no stress is imposed by the 
twoo ends of the lipid. In addition, it is worth noticing that compared to 
phosphatidylcholinee membranes, the pressure profile does not vanish in the 
mid-planee region, but only depends on the membrane conformation. This is 
aa consequence of the spanning position of this peculiar kind of lipids. 

5.44 Concluding remarks 

Thee class of lipid, made of two spanning aliphatic chains linked to a phos-
phatee and a sugar headgroup by two ether bonds and a glycerol group, 
presentss properties dramatically different from the more familiar phospho-
lipids.. Chemically, they are much more stable, and form large and stable 
liposomes,, being an ideal candidate as a drug delivery vector model for ex-
tremee media. Consequently, the synthesis of archaeal lipid analogues repre-
sentss an interesting challenge for both a fundamental and an industrial point 
off  view (see for example, [113-117]). 

Whilee the complete inventory of the lipid structures present in archaeal 
organismss is still in progress [105,109,118-120], being a difficult task mainly 
byy the high variability of the sugar headgroups, very littl e information was 
availablee on the molecular shape and the membrane organization at an atomic 
scalee [110,121-129]. 

Too our knowledge, this work is the first report of a significant molecu-
larr dynamics study done on tetraether membrane models using simulation 
techniques.. The atomic description of the membrane model allows a detailed 
analysiss of the membrane organization. Thus, as suggested by experimental 
resultss [130], the membrane organization is determinated by the hydrophobic 
core.. We found from the analysis of the order parameters of the aliphatic 
chainss that the cyclopentane rings increase the ordering of the membrane, 
whichh maintains the low permeability of the membrane when the temper-
aturee increases. But, the main finding of this work concerns the relation 
betweenn the absolute configuration of stereocentres located on the aliphatic 
chainss and the organization of the membrane in its hydrophobic domain. 

Suchh peculiar properties of these lipids [107,131], correlated to the high 
dependencee of the pressure profile on the chain conformation, suggests this 
classs of molecules as an ideal tool in the study of the relation between the 
membranee pressure profile and the regulation of an ion-channel protein com-
plex. . 




