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Abstract 1 

Archaea produce unique membrane lipids in which isoprenoid alkyl chains are bound 2 

through ether linkages to glycerol moieties. With the increasing availability of cultured 3 

representatives of the archaea over the past decade, archaeal genomic and membrane 4 

lipid composition data have become available. Here, we compare the amino acid 5 

sequences of the key enzymes of the archaeal ether lipid biosynthesis pathway and 6 

criticality evaluate past studies on the biochemical functioning of these enzymes. 7 

Considering these evidences we propose an alternative archaeal lipid biosynthetic 8 

pathway based on a multiple-key, multiple-lock mechanism. 9 

In 1977 Woese & Fox1 proposed a new domain of life, the Archaea (at that time called 10 

archaeabacteria), in addition to the Eubacteria (Bacteria) and Eukarya. Although 11 

initially it was thought that archaea were confined to extreme environments (e.g. high 12 

temperature or salinity, extreme pH), subsequent studies have shown that they occur 13 

ubiquitously in non-extreme settings, such as the ocean2, where they can be substantial 14 

contributors to total microbial biomass3. Archaea have now been shown to play 15 

important roles in global biogeochemical cycles such as the methane4 and nitrogen5 16 

cycles.  17 

In addition to their genomic make-up, the domain Archaea has also other traits that 18 

distinguish them from Bacteria and Eukarya. One of the most intriguing is the unique 19 

structure of their membrane lipids6. Bacterial and eukaryotic membranes are composed 20 

of fatty acid chains that are linked to the glycerol moiety through ester bonds. These 21 

bacterial and eukaryotic lipids are organized in a bilayer structure. In contrast, archaeal 22 

membrane lipids are characterized by (i) ether instead of ester linkages between the 23 

glycerol moiety and the alkyl chains, (ii) isoprene-based alkyl chains instead of acetate-24 
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based straight alkyl chains as building blocks of the apolar side-chains, and (iii) an 25 

opposite stereochemistry of the glycerol phosphate backbone, i.e. sn-glycerol-1-26 

phosphate (G1P)7. Soon after the discovery of archaeal membrane ether lipids, it was 27 

suggested that they could provide an advantage in surviving in extreme environments 28 

(e.g. high temperature, high salinity or extreme pH)7, based on the fact that the ether-29 

linked lipids present in Archaea are chemically more stable than the ester-linked lipids 30 

present in Bacteria and Eukarya8. This is most likely due to restrictions in the 31 

hydrocarbon chain mobility in ether-linked membranes which also may result in 32 

reduced permeability of this membranes. However, the discovery of ether lipids in 33 

ubiquitous mesophilic/neutrophilic archaea found in the ocean9 suggested that this 34 

hypothesis needed to be re-evaluated. 35 

In addition to an exact answer as to why archaea are producing ether membrane 36 

lipids, we also lack an answer to the important question of how they biochemically 37 

produce them. Many steps in the archaeal membrane lipid biosynthetic pathway are still 38 

unknown and most studies have focused mainly on evolutionary processes involved in 39 

the differentiation of bacterial and archaeal membranes6. Phylogenetic analyses of the 40 

enzymes involved in the archaeal membrane lipid biosynthetic pathway have been 41 

performed10, 11 but were limited to a small number of archaeal genomes available. In 42 

light of the recent availability of many more archaeal genome sequences, in particular of 43 

members of mesophilic and environmentally important archaea, and the much more 44 

detailed information available on membrane lipid composition of archaea12, it is timely 45 

to analyze the relationship between archaeal membrane ether lipid composition and the 46 

enzymes involved in their biosynthesis. The analysis of amino acid sequences of key 47 

biosynthetic enzymes presented here, as well as a critical evaluation of the current 48 

conception of the archaeal membrane ether lipids biosynthetic pathway based on 49 
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enzymatic studies in specific archaeal isolates, indicates that the concept of the archaeal 50 

membrane lipid biosynthesis pathway has to be reconsidered.  51 

Archaeal phylogeny and membrane lipids 52 

Initial studies based on 16S rRNA gene sequences originally supported a deep split 53 

within the Archaea forming two major phyla: Crenarchaeota and Euryarchaeota13. 54 

Based on culture studies and the analysis of environmental gene sequences 55 

Crenarchaeota are thought to consist mostly of hyperthermophiles and 56 

thermoacidophiles14. Most hyperthermophilic Crenarchaeota have been isolated from 57 

geothermally heated soils or waters, sulfur-rich springs, or hydrothermal vents, where 58 

they obtain their energy mainly from sulfur-containing compounds15. Euryarchaeota are 59 

abundant in a wide range of environments and have widely diverse physiological 60 

strategies (e.g. halophilic, thermophilic, methanogenic16). Horizontal gene transfer 61 

(HGT) is thought to have been especially important in the evolution of certain members 62 

of the Euryarchaeota. For example, Halobacteriales have acquired several genes from 63 

Bacteria and it has been proposed that HGT transformed a methanogen into the 64 

common ancestor of the Halobacteria17. The evolution of another order of the 65 

Euryarchaeota, the Thermoplasmatales, is believed to have involved extensive HGT 66 

from Sulfolobales (hyperthermophilic Crenarchaeota) and Bacteria18–19. 67 

In the last decade several other archaeal phyla have been discovered, e.g. 68 

Korarchaeota and Nanoarchaeota20–21, Thaumarchaeota22, and the recently proposed 69 

‘Aigarchaeota’ phylum23. Species of the Korarchaeota, Nanoarchaeota and 70 

‘Aigarchaeota’ have a limited environmental distribution, being mainly found in hot 71 

springs, and their physiology is not clear (e.g. REF 20). Thaumarchaeota, by contrast, 72 

are widespread in marine, lacustrine and terrestrial environments, as revealed by 73 

environmental genomics24.  74 
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Although there is a wide variety of archaeal membrane lipids25, they typically 75 

feature a variation of two main core structures, i.e. sn-2,3-diphytanylglycerol diether 76 

(archaeol) with phytanyl (C20) chains in a bilayer structure, and sn-2,3-dibiphytanyl 77 

diglycerol tetraether (also known as glycerol dibiphytanyl glycerol tetraether, GDGT), 78 

in which the two glycerol moieties are connected by two C40 isoprenoid chains, 79 

allowing the formation of monolayer membranes26–27. GDGTs can contain 0–8 80 

cyclopentane moieties  (i.e. GDGT-x, x equals the number of cyclopentane moieties; 81 

REF 12; Table 1). The presence of these cyclopentane moieties is thought to be 82 

essential in maintaining functional membranes and cellular homeostasis in situations of 83 

extreme pH or thermal stress; the number of cyclopentane moieties increases as growth 84 

temperature increases28 and pH decreases29–30.  85 

Comparison of an archaeal reference phylogeny with the membrane lipid 86 

composition distribution shows that most lipids are not specific for a certain 87 

phylogenetic group (Table 1; REF 12). Only the GDGT crenarchaeol9, containing four 88 

cyclopentane moieties and a cyclohexane moiety, is considered to be characteristic of 89 

the Thaumarchaeota31, suggesting that the biosynthesis of the cyclohexane moiety is 90 

unique for this phylum. GDGTs are the dominant lipid species in Crenarchaeota and 91 

Thaumarchaeota, while euryarchaeotal orders synthesize archaeol (Methanococcales, 92 

Halobacteriales, Methanosarcinales), GDGTs (Methanopyrales, Thermoplasmatales, 93 

Archaeoglobales, Methanomicrobiales), or both (Thermococcales, Methanobacteriales) 94 

(Table 1). GDGT-0 is found in all (hyper)thermophilic Crenarchaeota and several 95 

thermophilic euryarchaeotal orders, in some mesophilic methanogenic Euryarchaeota, 96 

and in Thaumarchaeota. GDGTs with 1–4 cyclopentane moieties are synthesized by 97 

hyperthermophilic Crenarchaeota, Thaumarchaeota, in the thermophilic euryarchaeotal 98 

order Thermoplasmatales, and the euryarchaeote ‘Ca. Aciduliprofundum boonei’ 99 
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(member of the DHVE-2 cluster, closely related to the Thermoplasmatales order)32. 100 

However, they are apparently not synthesized by methanogenic Euryarchaeota (Table 101 

1). GDGTs with more than four cyclopentane moieties (GDGTs 5–8, Table 1) are rare 102 

and only found in hyperthermophilic Crenarchaeota and some hyperthermophilic 103 

Euryarchaeota of the Thermoplasmatales order. GDGTs are absent in Halobacteriales 104 

(Euryarchaeota) that mainly contain archaeol or extended archaeol with one C25 105 

isoprenoid chain33.  106 

Archaeal lipid synthesis  107 

Previous studies have characterized some of the enzymes involved in the biosynthesis 108 

of archaeal membrane ether lipids (FIG. 1). Isopentenyl diphosphate  and dimethylallyl 109 

diphosphate (DMAPP) serve as basic building blocks of the isoprenoid chains and are 110 

synthesized by the mevalonate pathway6, 34. DMAPP is thought to be consecutively 111 

condensed with several isopentenyl diphosphate units to form geranylgeranyl 112 

diphosphate (GGPP, C20) by a short -chain (C20) isoprenyl diphosphate synthase, GGPP 113 

synthase (FIG. 1). The subsequent ether bond formation is catalyzed by two 114 

prenyltransferases: GGPP is attached to the glycerol-1-phosphate (G1P) to form 115 

geranylgeranylglyceryl phosphate (GGGP) catalyzed by the GGGP synthase. The 116 

attachment of the second side chain to GGGP generates digeranylgeranylglyceryl 117 

phosphate (DGGGP) and is catalyzed by the DGGGP synthase (FIG. 1). This is thought 118 

to be followed, after addition of a polar headgroup to the glycerol moiety, by a 119 

reduction of the unsaturated isoprenoid chains mediated by geranylgeranyl reductases6, 120 

forming archaeol. The formation of GDGTs is thought to initially involve a coupling of 121 

two archaeol molecules through head-to-head condensation of the phytanyl chains (FIG. 122 

1).  Cyclopentane moieties are subsequently thought to be formed by internal 123 
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cyclization. These latter two steps are highly unusual since they involve non-activated 124 

methyl groups and the enzymes involved are unknown6, 35.  125 

Evidence for the head-to-head coupling of archaeol comes from pulse-chase 126 

experiments with cell extracts of the euryarchaeon Thermoplasma acidophilum 127 

(Thermoplasmatales order) incubated with 14C-mevalonate, which showed incorporation 128 

of radioactivity first into archaeol and then into GDGT-036. Furthermore, pulse-chase 129 

experiments performed with cell extracts of T. acidophilum labeled with 14C-130 

mevalonate and using a squalene epoxidase inhibitor (terbinafine) led to accumulation 131 

of archaeol, with a modified headgroup, rather than GDGTs37. These experiments 132 

suggest archaeol as the precursor of GDGTs. However, Poulter et al.38 studied the in 133 

vivo incorporation of radiolabeled archaeol into cells of the euryarchaeon 134 

Methanospirillum hungatei (order Methanomicrobiales) and found no incorporation of 135 

radioactivity in GDGT-0. Furthermore, radiolabeled phytol, in which there is one 136 

double bond, was not incorporated into archaeol and GDGT-0, while geranylgeraniol 137 

was efficiently incorporated into both. Similar results were obtained by incorporation of 138 

deuterium-labeled DGGGP analogs in Methanothermobacter thermoautotrophicus 139 

(order Methanobacteriales)39–40. The deuterium-labeled DGGGP analogs with a terminal 140 

double bond or with a saturated terminal isoprene unit were not incorporated into 141 

GDGT-0, and only the DGGGP analog with a terminal isopropylidene group was 142 

incorporated into the GDGT. These studies thus suggest that the presence of double 143 

bonds in the DGGGP molecule is a prerequisite for the formation of GDGTs, which 144 

contradicts the idea that fully saturated phytanyl chains are coupled. 145 

Below we focus on three known key enzymes in the formation of glycerol ether 146 

lipids formation, i.e. GGPP, GGGP, and DGGGP synthases. We searched for 147 

homologues of those enzymes in all archaeal genomes available up to date, compared 148 
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the amino acid moieties involved in the selection of the substrate, used maximum 149 

likelihood analyses to reveal their phylogeny, and compared this with the distribution of 150 

ether membrane lipids (Table 1). 151 

Isoprenyl diphosphate synthase  152 

Isoprenyl diphosphate (IPP) synthases catalyze consecutive condensations of 153 

isopentenyl diphosphates with allylic primer substrates to form isoprenoid compounds, 154 

including steroids, triterpenoids, carotenoids, prenylated proteins and quinones41. IPP 155 

synthases synthesize short (i.e. C10–C20) or longer (> C20) prenyl groups. IPP synthases 156 

harbour two conserved aspartate-rich motifs typical of prenyltransferases, which form a 157 

deep hydrophobic cleft or substrate-binding pocket42. Short-chain (up to C20) IPP 158 

synthases are characterized by the presence of ‘bulky’ amino acids, i.e. phenylalanine 159 

(F) or tyrosine (Y), as the 5th amino acid residue before the first aspartate-rich motif, 160 

which limits the degree of isoprenoid chain elongation to the 20 carbon atoms of the 161 

GGPP42. Some IPP synthases are flexible in the chain length they synthesize, e.g. the 162 

single bifunctional short-chain IPP synthase of M. thermoautotrophicus synthesizes 163 

both the C15 precursor for the synthesis of squalene and GGPP (C20) for the synthesis of 164 

archaeal membrane lipids43.  165 

We searched for homologues of IPP synthases in 43 archaeal genomes (Table S1). 166 

Some of the identified sequences harbor a small amino acid residue (alanine, A; valine, 167 

V; serine, S) in the 5th amino acid residue before the first aspartate-rich motif, 168 

classifying them as putative long-chain IPP synthase (Table S1). Long-chain IPP 169 

synthases were only detected in species of the Thaumarchaeota phylum, in most orders 170 

of the Crenarchaeota, and in the orders Halobacteriales, Methanosarcinales, 171 

Archaeoglobales and Thermoplasmatales of the Euryarchaeota (Table S1). The role of 172 

the long-chain IPP synthase in these groups is unknown but it has been hypothesized 173 
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that is related to the synthesis of isoprenoid chains other than for ether lipids34, 44, such 174 

as respiratory quinones45. 175 

Putative short-chain IPP synthases harboring a ‘bulky’ amino acid residue (Y or F) 176 

at position 5 (FIG. 2) were detected in all the archaeal orders (Table S1), suggesting that 177 

the archaeal lipid biosynthetic pathway starts with the formation of isoprenoid chains 178 

with 20 carbon atoms (GGPP). According to the current picture of the archaeal lipid 179 

biosynthetic pathway (FIG. 1), short-chain IPP synthases should always encounter the 180 

same substrate (isopentenyl diphosphate units) and yield the same product, i.e. GGPP. 181 

However, the substantial differences between IPP synthases at the amino acid level (e.g. 182 

FIG. 2) seems at odds with this idea. Rather, the observed large amino acid sequence 183 

variability of the IPP synthases and, thus the expected plasticity in the structure of this 184 

enzyme suggests structural diversity in the intermediates synthesized from isopentenyl 185 

diphosphate units. 186 

Geranylgeranylglyceryl phosphate synthase 187 

The next step in the proposed biosynthetic pathway consists of the formation of an ether 188 

linkage between the C-3 of the G1P and GGPP to form GGGP (FIG. 1). This step is 189 

mediated by the GGGP synthase, which is selective for the G1P acceptor but also for 190 

the isoprenoid chain added, strongly favoring GGPP over shorter or longer chains47. 191 

GGGP synthase represents the first identified triose phosphate isomerase (TIM) barrel 192 

structure with a prenyltransferase function, which is thought to be unique to the 193 

archaea48. GGGP synthase is a homologue of PcrB protein that catalyzes the 194 

condensation of G1P with C35 heptaprenyl pyrophosphate (HepPP) to 195 

heptaprenylglyceryl phosphate (HepGP) in Gram-positive bacteria (e.g. Bacillus 196 

subtilis)49.  197 
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The only GGGP synthase characterized in detail so far is that of the euryarchaeon 198 

Archaeoglobus fulgidus48, which produces archaeol and GDGT-0 as membrane lipids 199 

(Table 1). The crystal structure of this enzyme displays a unique fold acting as a ‘greasy 200 

slide’ and a ‘swinging door’ due to the replacement of a helix α-3 by a strand that 201 

creates a large gap for the product of IPP synthase to fit in48. It is thought that a ‘bulky’ 202 

hydrophobic amino acid residue, i.e. tryptophan (W), at position 99 (α4a helix of A. 203 

fulgidus; here referred to as the ‘chain-length determination area’; FIG. 3), usually 204 

marks the end of the gaps in the barrel and would presumably select for the chain length 205 

of the substrate (in this case presumably GGPP, C20). The GGGP synthase of A. fulgidus 206 

and PcrB from B. subtilis share 35% sequence identity and the binding sites for G1P are 207 

conserved (FIG. 3; REF 49). Interestingly, the residue corresponding to alanine (A) at 208 

position 100 (A100) in PcrB from Bacillus, as well as the tyrosine (Y) 104, allow the 209 

binding of substrates longer than GGPP, i.e. >C20 (REF 50). This A100 residue 210 

corresponds to W99 in the A. fulgidus IPGP synthase (FIG. 3). The conversion of A100 to 211 

W100 in PcrB from Bacillus has been proven to prevent the formation of C35 products, 212 

and the one from Y104 to A104 to allow the formation of longer products up to C40 (REF 213 

50). Guldan et al.49 also showed that the conversion of W99 to A99 in the A. fulgidus 214 

GGGP synthase allowed the protein to use substrates longer than GGPP.  215 

We searched for GGGP synthase homologues in 72 archaeal genomes and aligned 216 

them with the GGGP synthase sequences from A. fulgidus (simplified alignment in FIG. 217 

3). Interestingly, the ‘bulky’ W99 amino acid residue found in A. fulgidus GGGP 218 

synthase, which is believed to restrict the length to C20 substrates, was only detected in 219 

sequences of the euryarchaeotal orders Archaeoglobales, Halobacteriales and 220 

Methanomicrobiales, while in the remaining sequences either a glycine (G) or alanine 221 

(A), both small amino acid residues, were found in the corresponding position. This 222 
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amino acid position also coincides with the presence of the A100 residue found in PcrB 223 

of Bacillus, which allows it to use longer (>C20) isoprenyl chains as substrates. Indeed, 224 

the secondary structure of the partial amino acid sequences (FIG. 3) showed that the 225 

G/A99 residue observed in most archaeal sequences (other than the euryarchaeotal 226 

orders Archaeoglobales, Halobacteriales and Methanomicrobiales) was included in an 227 

α-helix structure as in the case of W99 of A. fulgidus (α4a helix according to48). 228 

Moreover, the amino acid sequence alignment of GGGP synthases (FIG. 3), also reveals 229 

the presence of a ‘bulky’ tryptophan (W) residue in the α5’ helix (as defined for A. 230 

fulgidus) in all the thaumarchaeotal sequences (data not shown), while in the 231 

corresponding position in the rest of the sequences there is a small amino acid residue 232 

(glycine, G or alanine, A). In fact, the protein secondary structure analysis does not 233 

predict the existence of an α-helix in this position in the archaeal GGGP synthases other 234 

than A. fulgidus and the PcrB of Bacillus subtilis (FIG. 3). This amino acid change in 235 

the thaumarchaeotal sequences would certainly affect the positioning of the isoprenyl 236 

substrate in the GGGP synthase TIM-barrel structure.  237 

These key differences in the amino acid composition of GGGP synthases suggest 238 

that their structure, as well as the amino acid interactions between the isoprenyl 239 

substrate and the TIM-barrel structure of the GGGP synthase, are likely to be quite 240 

different from the enzyme characterized in the euryarchaeon A. fulgidus. Our analysis of 241 

the amino acid sequence diversity of archaeal GGGP synthases strongly suggests that 242 

they harbor functional plasticity and enable the selection of substrates that are longer 243 

than GGPP. 244 

The phylogeny of GGGP synthase reveals two main clusters (FIG. 4). Cluster 1 245 

includes the euryarchaeotal orders Archaeoglobales, Methanomicrobiales and 246 

Halobacteriales while cluster 2 can be further subdivided into cluster 2A, which 247 
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includes the Thaumarchaeota and the Crenarchaeota, and cluster 2B, which includes the 248 

remaining euryarchaeotal groups. The large difference between the three euryarchaeotal 249 

orders in cluster 1 and the other Archaea (FIG. 4) has been previously related to the 250 

presence of an ancestral divergent type of GGGP synthase in Halobacteria10. 251 

Interestingly, GGGP synthase sequences seem to roughly cluster according to the 252 

presence/absence of ring moieties in the membrane lipids with the notable exception of 253 

GGGP synthases from the Thermoplasmatales order. However, the phylogenetic 254 

positioning of GGGP synthases of the Thermoplasmatales order has probably been 255 

strongly affected by events of vertical inheritance from an euryarchaeotal ancestor18. 256 

Digeranylgeranylglyceryl phosphate synthase 257 

The next step in the proposed pathway consists of the catalysis of GGGP by the 258 

DGGGP synthase to form DGGGP (FIG. 1). DGGGP synthase is a member of the UbiA 259 

prenyltransferase family, which, apart from being involved in the archaeal ether lipid 260 

formation, also transfers prenyl groups to hydrophobic ring structures such as quinones, 261 

hemes, chlorophylls, vitamin E, or shikonin56.  262 

We searched for putative DGGGP synthases in archaeal genomes based on protein 263 

homology with the DGGGP synthase of the crenarchaeota Sulfolobus solfataricus 264 

which function has been previously tested experimentally56. DGGGP synthases were 265 

highly divergent between archaeal orders and no clustering was observed (FIG. 5). The 266 

most striking observation, however, is the lack of homologues of DGGGP synthases in 267 

the Thaumarchaeota, as observed previously for a more limited database34. However, 268 

several putative protoheme IX farnesyltransferases and other prenyltransferases were 269 

identified in thaumarchaeotal genomes (FIG. 5). The inability to clearly identify 270 

DGGGP synthases in thaumarchaeotal genomes suggests the existence of very 271 

divergent DGGGP synthases in this phylum compared to others. Interestingly, 272 



 13

Thaumarchaeota are the only archaea capable of biosynthesizing GDGTs containing a 273 

cyclohexane moiety (crenarchaeol). Sinninghe Damsté et al.9 showed that this 274 

additional cyclohexane ring led to a ‘bulge’ in one of the biphytanyl chains that 275 

prevents the dense packing of the biphytanyl chains in the thaumarchaeotal GDGT 276 

membranes. Possibly, this ‘bulky’ biphytanyl chain can only be accommodated by a 277 

DGGGP synthase that is rather different from those using regular biphytanyl chains as 278 

substrates. 279 

An alternative pathway for ether lipid biosynthesis 280 

Our results, together with the, sometimes contradicting, circumstantial evidences on e.g. 281 

the substrates utilized for formation of GDGTs (REF 37 vs REFs 38, 40), are difficult to 282 

reconcile with the current ether membrane lipid biosynthetic pathway (FIG. 1). We, 283 

therefore, propose an alternative pathway that better explains our, and earlier6, 284 

observations, while at the same time circumventing some unresolved issues (i.e. head-285 

to-head condensation of saturated phytanyl chains; ring formation) in the currently 286 

proposed pathway. The new hypothetical pathway is based on a multiple-key, multiple-287 

lock mechanism for which multiple keys with different structures, due to the 288 

presence/absence of rings, must accommodate and specifically interact at the molecular 289 

level with different locks (i.e. GGGP and DGGGP synthases) (FIG. 6). The large 290 

difference in amino acid sequences of IPP, GGGP and DGGGP synthases indicate a 291 

larger functional plasticity than previously anticipated. One explanation could be that 292 

the rings are already present in the prenyl chains before they are coupled to the glycerol 293 

unit (for GGGP and DGGGP synthases). Formation of ring structures at this early stage 294 

would avoid the need to form them by internal cyclization of saturated chains. 295 
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Potentially this cyclization may happen simultaneously with the chain elongation using 296 

isopentenyl diphosphate (FIG. 6). 297 

The presence of small amino acid residues in the chain-length determination area of 298 

archaeal GGGP synthases (cluster 2; FIG. 4) indicates that these synthases could 299 

accommodate prenyl substrates longer than C20. This implies that the substrates of 300 

GGGP synthases could be C40 prenyl substrates containing ring moieties. Thus, head-to-301 

head condensation of two C20 isoprenyl molecules may take place prior to attachment to 302 

the glycerol unit. These C20 isoprenyl molecules contain an isopropylidene double bond 303 

required for such condensation39–40, except for the unusual C20 isoprenyl unit with a 304 

cyclohexane moiety hypothesized for Thaumarchaeota (FIG. 6). This eliminates the 305 

need for an unusual (and experimentally poorly supported) condensation of the two 306 

saturated phytanyl chains of archaeol (FIG. 1). This proposed head-to-head 307 

condensation of two C20 isoprenyl molecules could be potentially catalyzed by phytoene 308 

synthase that converts two GGPP C20 into phytoene (C40) by tail-to-tail coupling in the 309 

second step in the biosynthesis of carotenoids57. Interestingly, homologues of phytoene 310 

synthase have been annotated in archaeal genomes (Table S2) of the orders Sulfolobales 311 

and Themoproteales of the Crenarchaeota phylum, and in the orders 312 

Thermoplasmatales, Methanomicrobiales, Methanobacteriales, Methanosarcinales and 313 

Halobacteriales of the Euryarchaeota phylum, but not in any of the available genomes of 314 

the Thaumarchaeota phylum. The latter might not be surprising as the intermediate C20 315 

GGGP containing the cyclohexane moiety, as hypothesized in our pathway, does not 316 

possess a terminal isopropylidene moiety (FIG. 6).  317 

After formation of the GGGP, the second IPP unit is attached to the glycerol moiety. 318 

The potential presence of ring moieties before the catalysis mediated by GGGP and 319 

DGGGP synthases would again explain the diversification of DGGGP synthases 320 
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observed in our study. It would also explain the apparent lack of the DGGGP synthase-321 

coding gene in genomes of the Thaumarchaeota phylum by the presence of a more 322 

divergent DGGGP synthase that can accommodate the bulky presence of the unique 323 

cyclohexane moiety of the biphytanyl chain. Finally, a second glycerol moiety is 324 

attached followed by saturation of the isoprenyl chains and attachment of the 325 

headgroup. Considering the alternative pathway presented here, we propose to rename 326 

the GGGP and DGGGP synthases as isoprenylglyceryl phosphate (IPGP) synthase and  327 

di-isoprenylglyceryl phosphate (DIPGP) synthase, respectively, in order to reflect the 328 

the more general nature of these enzymes and their independence with respect to the 329 

chain length of their substrate (FIG. 6). 330 

The proposed pathway is consistent with the analysis of the sequences of key 331 

enzymes of the pathway observed in our study, as well as most of the experimental 332 

evidence for the different GDGT biosynthetic steps. Furthermore, the isoprenoid 333 

glycerol dialkanol diethers (compounds with C40 isoprenoid chains and ring moieties 334 

but only attached to one glycerol group), recently detected in archaeal cultures58–59, as 335 

well as the biphytane diols detected in the environment60, are all products of potential 336 

intermediates that fit well with our proposed biosynthetic pathway. Clearly, the steps 337 

proposed in our hypothetical biosynthetic scheme require experimental verification 338 

using archaeal cultures, specifically of the Thaumarchaeota phylum. Such results, 339 

together with further genomic data mining, will shed further light on the unique 340 

membrane lipid pathway of the Archaea. 341 
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Figure legends 530 

Figure 1. Current conception of the archaeal lipid biosynthetic pathway (after6).  531 

The two basic building blocks are the five-carbon compound isopentenyl phosphate and 532 
its isomer dimethylallyl diphosphate (DMAPP) are synthesized by the mevalonate 533 
pathay in Archaea6. DMAPP consecutively condenses with several isopentenyl 534 
diphosphate units to form geranylgeranyl diphosphate (GGPP, C20) by an isoprenyl 535 
diphosphate (IPP) synthase, GGPP synthase. Dihydroxyacetone phosphate (DHAP) is 536 
catalyzed to form glycerol-1-phosphate (G1P). The formation of the two ether bonds 537 
between G1P and the GGPP units is catalyzed by the geranylgeranylglyceryl phosphate 538 
(GGGP) synthase and the digeranylgeranylglyceryl phosphate (DGGGP) synthase. 539 
Then, CDP (cytidine-diphosphate)-diglyceride synthase replaces the phosphate group of 540 
the unsaturated DGGGP by CDP generating CDP-DGGGP (unsaturated), which is then 541 
replaced by a polar headgroup by a CDP-alcohol phosphatidyl transferase34. Saturation 542 
of the side chains is supposed to be mediated by geranylgeranyl reductases. The 543 
formation of GDGTs is thought to involve a head-to-head coupling between the two 544 
archaeol lipids followed by internal cyclization to form cyclopentane moieties. The 545 
latter reactions are highly unusual and the enzymes involved are unknown. 546 

Figure 2. Partial isoprenyl diphosphate (IPP) synthases protein alignment.  547 

Alignment of amino acid sequences of putative IPP synthases identified in genomes of 548 
different archaeal orders showing a ‘bulky’ amino acid residue (tyrosine, Y; 549 
phenylalanine, F) at the 5th position before the first aspartate (D)-rich motif, indicating 550 
that they are short-chain IPP synthases elongating the isoprenoid chain up to 20 carbon 551 
atoms.  552 

Sequences were aligned by MUSCLE (multiple sequence comparison by log-553 
expectation; REF 46). Species detailed in the alignment: S.acidocaldarius (Sulfolobus 554 
acidocaldarius), D.kamchatkensis (Desulfurococcus kamchatkensis), A.fulgidus 555 
(Archaeoglobus fulgidus), M.smithii (Methanobrevibacter smithii), M.thermophila 556 
(Methanosaeta thermophila), M.maripaludis (Methanococcus maripaludis), M.hungatei 557 
(Methanospirillum hungatei), T.acidophilum (Thermoplasma acidophilum), 558 
N.maritimus (Nitrosopumilus maritimus). Accession numbers are listed in Table S1. 559 

Figure 3. Partial geranylgeranylglyceryl phosphate (GGGP) synthase protein 560 
alignment.  561 

Annotated putative GGGP synthases of representatives of different archaeal orders are 562 
aligned and compared to the GGGP synthase protein of A. fulgidus which crystalline 563 
structure has been previously determined48. The black star indicates the position of the 564 
amino acid residue corresponding to the W99 position of A. fulgidus. The red star 565 
indicates the position containing a tryptophan (W) in the thaumarchaeotal sequences as 566 
discussed in the text. The chain-length determination area is arbitrary and indicated for 567 
clarification purposes. Amino acids: W (tryptophan), A (alanine), Y (tyrosine), E 568 
(glutamine). Location of α-helixes according to the A. fulgidus crystal structure48 in the 569 
partial sequence is indicated above the alignment. Black boxes surrounding amino acid 570 
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sequences in the alignment correspond to α-helix prediction by the Jpred 3 server51. 571 
Cluster 1, 2A and 2B correspond to the clusters also indicated in Figure 4.  572 

Sequences were aligned by MUSCLE46. Species detailed in the alignment: A.fulgidus 573 
(Archaeoglobus fulgidus), H.salinarium (Halobacterium salinarium), M.limicola 574 
(Methanoplanus limnicola), N.maritimus (Nitrosopumilus maritimus), T.neutrophilus 575 
(Thermoproteus neutrophilus), A.pernix (Aeropyrum pernix), S.acidocaldarius 576 
(Sulfolobus acidocaldarius), D.kamchatkensis (Desulfurococcus  kamchatkensis), 577 
M.maripaludis (Methanococcus maripaludis), T.litoralis (Thermococcus litoralis), 578 
M.marburgensis (Methanothermobacter marburgensis), T.volcanicum (Thermoplasma 579 
volcanicum), unc. Euryarchaeota A.boonei (unclassified euryarchaeota 580 
Aciduliprofundum boonei), M.thermophila (Methanosaeta thermophila), PcrB Bs (PcrB 581 
protein of Bacillus subtilis; accession number YP_007532597.1).  582 

Figure 4. Maximum likelihood tree based on the protein sequences of archaeal 583 
putative geranylgeranylglyceryl phosphate (GGGP) synthases. 584 

Cluster 1 consists on divergent putative GGGP synthases of the euryarchaeotal orders 585 
Archaeoglobales, Methanomicrobiales and Halobacteriales. The second cluster is 586 
subdivided into cluster 2A, which includes GGGP synthases of the Thaumarchaeota and 587 
the Crenarchaeota, and cluster 2B, which includes the remaining GGGP synthases of 588 
other euryarchaeotal groups.  589 

The scale bar represents number of substitutions per site. Abbreviations: THAUM: 590 
Thaumarchaeota; CREN: Crenarchaeota; EURY: Euryarchaeota. The colored symbols 591 
indicate the presence of the various membrane lipids (Table 1); Archaeol (dark blue 592 
circle); extended archaeol (light blue pentagon); GDGT-0 (red rectangle; GDGT-1–4 593 
(yellow triangle); GDGT-5–8 (purple hexagon); Crenarchaeol (green cross). Sequences 594 
were aligned using MUSCLE46. Alignment was trimmed in Gblocks 0.91b with relaxed 595 
parameters52 and manually curated. Phylogenetic tree was computed by PHYML v3.053 596 
using the LG model plus gamma distribution and invariant site (LG+G+I) indicated by 597 
ProtTest 2.454. Branch support was calculated with the approximate likelihood ratio test 598 
(aLRT) and indicated on the branches (color code in the nodes: red (90%), blue 599 
(70%, <90%) and green (50%, <70%), less than 50% is not shown). Trees were 600 
edited in iTOL55.  601 

Figure 5. Maximum likelihood tree based on the protein sequences of archaeal 602 
putative digeranylgeranylglyceryl phosphate (DGGGP) synthases and 603 
thaumarchaeotal prenyltransferases.  604 

Star symbols indicate Sulfolobus solfataricus DGGGP synthase (AAK40896), and S. 605 
solfataricus UbiA-1 (AAK4048.1) previously tested56. †Ca. Caldiarchaeum 606 
subterraneum Aigarchaeota phylum23. For explanation of symbols and legends see FIG. 607 
4. The tree was computed as described in the legend of FIG.4. 608 

Figure 6. Alternative archaeal lipid biosynthesis scheme based on a multiple-key, 609 
multiple-lock mechanism.  610 

Isoprenyl diphosphate synthases generate C20 isoprenoid units with or without ring 611 
moieties during their catalysis. Triangles indicate the introduction of the cyclohexane 612 
moiety in the precursor of crenarchaeol in Thaumarchaeota. Condensation of two C20 613 
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isoprenoid units produce a variety of C40 substrates (multiple-keys) that are then used as 614 
substrate by isoprenylglyceryl phosphate (IPGP) (*) and di-isoprenylglyceryl phosphate 615 
(DIPGP) (**) synthases (multiple-locks), followed by the attachment of the 2nd glycerol 616 
moiety, saturation of the isoprenoid chains, and final attachment of the headgroups. 617 
Note that the hydrogenation step is indicated here after assembly of the GDGT but 618 
potentially could also occur prior to attachment of IPGP to the glycerol moiety. The 619 
formation of the cyclohexane moiety in Thaumarchaeota is indicated here during the 620 
formation of the C20 isoprenoid but this leads to an intermediate without a terminal 621 
double bond potentially inhibiting head-to-head-coupling of C20 isoprenyl units.  622 

 623 

Table 1. Distribution of archaeal membrane lipids in different orders of the 624 
Euryarchaeota, Crenarchaeota and Thaumarchaeota. 625 
 626 
Table S1. Isoprenyl diphosphate synthases in archaeal genomes. 627 

Table S2. Squalene/phytoene synthase homologues annotated in archaeal genomes.  628 

629 
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Glossary 630 

Isoprenoid: Group of natural products with diverse structures composed of various 631 
numbers of isopentenyl (C5) pyrophosphate (IPP) units 632 

Phytanyl: Saturated chain composed of 4 head-to-tail linked isoprene units (C20 633 
isoprenoid). 634 

Biphytanyl: Molecule composed of two head-to-head condensed phytanyl units (C40 635 
isoprenoid). 636 

Hyperthermophile: Organism that has an optimal growth temperature of at least 80°C. 637 

Thermoacidophile: Combination of thermophile and acidophile (thrive under highly 638 
acidic conditions, around pH 2.0 or below), microorganisms that thrive in acid, sulfur 639 
rich, and high temperature environments. 640 

Halophile: Extremophilic organism that thrives at high concentrations of salt. 641 

Methanogen: Archaeon that produces methane under anoxic conditions. 642 

Horizontal gene transfer: Transfer of genetic material between different species of 643 
microorganisms in which the acquired genes are transmitted to the next generation as 644 
the cell divides.   645 

Mesophile: Organism that grows at a moderate temperature, typically between 20 and 646 
45°C. 647 

Diphosphate: Also known as pyrophosphate, ester containing two phosphate groups. 648 

Allylic: Double bond at the terminal position of a carbon chain. 649 

Prenyltransferases: Enzymes that transfer (iso)prenyl moieties to acceptor molecules.  650 

Head-to-head condensation: Coupling of two isoprenyl units at position C1 of both 651 
units. 652 

Isopropylidene: An isopropyl moiety with a terminal double bond. 653 

Squalene: Biochemical precursor of the steroid and triterpenoid families. Synthesized 654 
by tail-to-tail condensation of farnesyl pyrophosphate (C15) by squalene synthase. 655 

Phytol: acyclic diterpene (terpene consist of two or more isoprene C5H8 units) alcohol. 656 

Geranylgeraniol: diterpenoid alcohol (3,7,11,15-tetramethyl-2,6,10,14-hexadecatraen-657 
1-ol). 658 

Paralogues: Genes that derive from the same ancestral gene.  659 
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Online Summary  660 

- Archaea were initially thought to be confined in extreme environments but now 661 
they are known to occur ubiquitously in nature and be important players in 662 
global biogeochemical cycles. Archaea are characterized by their unique 663 
membrane lipids containing isoprene units linked to the glycerol backbone by 664 
ether bonds (archaeol, C20, in a bilayer and glycerol diakyl glycerol tetraether, 665 
GDGT, C40 in a monolayer).  666 

- Comparison of the phylogenetic composition of Archaea with the distribution of 667 
membrane ether lipid shows that most lipids are not specific for a certain 668 
phylogenetic group. Only the GDGT crenarchaeol, containing four cyclopentane 669 
moieties and a cyclohexane moiety, is considered to be characteristic of the 670 
Thaumarchaeota, suggesting that the biosynthesis of the cyclohexane moiety is 671 
unique within this phylum. 672 

- The current conception of the archaeal membrane ether lipid biosynthetic 673 
pathway involves the condensation of units of isopentenyl diphosphate to form 674 
geranylgeranyl (GGPP, C20) by a GGPP synthase. The formation of the two 675 
ether bonds is catalyzed by the geranylgeranylglyceryl phosphate (GGGP) 676 
synthase and the digeranylgeranylglyceryl phosphate (DGGGP) synthase. The 677 
formation of GDGTs is thought to involve a head-to-head coupling between the 678 
two archaeol lipids followed by internal cyclization to form cyclopentane 679 
moieties. The latter reactions are highly unusual and the enzymes involved are 680 
unknown. 681 

- The analysis of the amino acid sequence of most of the archaeal GGGP 682 
synthases suggest that they could accommodate substrates >C20 and with rings 683 
already present. 684 

- The synthesis of the unique cyclohexane moiety-containing GDGT crenarchaeol 685 
by Thaumarchaeota might explain the inability to annotate DGGGP synthases in 686 
thaumarchaeotal genomes, as a yet-unknown or divergent DGGGP synthase 687 
would be required to accommodate the isoprenyl chain containing the ‘bulky’ 688 
cyclohexane moiety. 689 

- An alternative archaeal lipid biosynthetic pathway pathway is presented based 690 
on a multiple-key, multiple-lock mechanism for which multiple keys with 691 
different configurations due to the presence of rings, would need to 692 
accommodate and specifically interact at the molecular level with different locks 693 
(isoprenylglyceryl phosphate, IPGP and di-isoprenylglyceryl phosphate, DIPGP 694 
synthases). This pathway is consistent with most of the phylogenetic 695 
relationships observed in our study as well as with most of the experimental 696 
evidence for the different GDGT biosynthetic steps, and it is supported by 697 
possible intermediates previously described.  698 
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Table 1. Distribution of archaeal membrane lipids in orders of the Euryarchaeota, Crenarchaeota and Thaumarchaeota phyla. 
 

* DHVE-2 cluster (Aciduliprofundum boonei), closely related to the Thermoplasmatales order synthesize GDGT-0, GDGT-1/4 (REF 30). Temperature: M (Mesophile, 20–
45°C); T (Thermophile, 45–80°C); H (Hyperthermophile, > 80°C). pH: N (Neutrophile, 5–8); Al (Alkalophile, >8); Ac (Acidophile, <5). Metabolism: H (Heterotrophy); Met 
(Methanogenesis); S (sulfur dependent); Nit (Nitrifier); Org (Organotroph). Archaeal membrane lipids distribution information from Schouten et al.12.
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Table S1. Isoprenyl diphosphate (IPP) synthases in archaeal genomes. 
 

Phylum  Order Genus, species 
Short-chain  
IPP synthase‡ 

Amino 
acid† 

Long-chain  
IPP synthase‡ 

Amino 
acid† 

Crenarchaeota Sulfolobales Sulfolobus acidocaldarius YP_254812.1 F YP_255648.1  S 
Crenarchaeota Sulfolobales Sulfolobus solfataricus NP_341633.1  F NP_343706.1 A 
Crenarchaeota Sulfolobales Sulfolobus tokodaii NP_378047.1 F NP_376371.1 A 
Crenarchaeota Thermoproteales Pyrobaculum aerophilum NP_559016.1 Y NP_560635.1  V 
Crenarchaeota Thermoproteales Thermoproteus neutrophilus YP_001793568.1 Y YP_001794908  V 
Crenarchaeota Thermoproteales Pyrobaculum islandicum YP_930716 Y YP_930070.1 V 
Crenarchaeota Thermoproteales Caldivirga maquilensis YP_001540467.1 Y YP_001540335.1 A 
Crenarchaeota Desulfurococcales Aeropyrum pernix* BAA88983.1 F   
Crenarchaeota Desulfurococcales Desulfurococcus 

kamchatkensis 
YP_002429148.1 Y   

Crenarchaeota Desulfurococcales Ignicoccus hospitalis YP_001435752.1 F YP_001434928.1 S 
Crenarchaeota Desulfurococcales Staphylothermus marinus YP_001040510.1 Y   
Crenarchaeota Acidilobales Acidilobus saccharovorans YP_003815770.1 F YP_003815825 A 
Euryarchaeota Thermoplasmatales Thermoplasma volcanicum NP_110781.1 Y NP_111576.1 A 
Euryarchaeota Thermoplasmatales Thermoplasma acidophilum NP_394768.1 Y NP_393914 A 
Euryarchaeota Thermoplasmatales Ferroplasma acidarmanus ZP_05571075.1 F ZP_05570405.1  A 
Euryarchaeota Thermoplasmatales Acididuliprofundum boonei ZP_04875656.1 Y ZP_04875510.1 Y 
Euryarchaeota Thermococcales Thermococcus sp. AM4 YP_002582296.1 Y YP_002581574.1 A 
Euryarchaeota Thermococcales Pyrococcus horikoshii NP_142981.1 Y   
Euryarchaeota Methanobacteriales Methanobrevibacter smithii ZP_05975848.2 F   
Euryarchaeota Methanobacteriales Methanobacterium YP_004520238.1 F   
Euryarchaeota Methanobacteriales Methanothermobacter 

marburgensis 
YP_003849447.1 F   

Euryarchaeota Methanopyrales Methanopyrus kandleri NP_614058 F   
Euryarchaeota Methanococcales Methanococcus maripadulis NP_987165.1 Y   
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Euryarchaeota Methanococcales Methanocaldococcus sp. 
FS406 

YP_003458715.1 Y   

Euryarchaeota Methanosarcinales Methanosaeta thermophila  YP_842903.1 F YP_842784.1 A 
Euryarchaeota Methanosarcinales Methanosarcina barkeri YP_304956.1 F YP_303957 A 
Euryarchaeota Methanosarcinales Methanosarcina mazei NP_633791.1 F NP_632813 A 
Euryarchaeota Methanomicrobiales Methanospirillum hungatei YP_504297.1 F   
Euryarchaeota Methanomicrobiales Methanoplanus limicola ZP_09700978.1 F   
Euryarchaeota Archaeoglobales Archaeoglobus fulgidus AAD26851.1 F NP_070380.1 A 
Euryarchaeota Archaeoglobales Archaeoglobus veneficus YP_004341338.1 F YP_004340873 A 
Euryarchaeota Archaeoglobales Ferroglobus placidus YP_003435928.1 F YP_003435725.1 A 
Euryarchaeota Halobacteriales Haladaptatus 

paucihalophilus 
ZP_08044024.1 F ZP_08042560  A 

Euryarchaeota Halobacteriales Haloarcula hispanica YP_004795446.1 F YP_004795026 A 
Euryarchaeota Halobacteriales Halomicrobium mukohataei  YP_003178421.1 F YP_003177096 A 
Euryarchaeota Halobacteriales Natronomonas pharaonis** YP_327492.1 F YP_325962 A 
Euryarchaeota Halobacteriales Halobacterium sp. NRC-1 AAG19532.1 F NP_280810 A 
Thaumarchaeota Cenarchaeales Cenarchaeum symbiosum YP_876540 F YP_876597.1 E 
Thaumarchaeota Nitrosopumilales Ca. Nitrosoarchaeum limnia  ZP_08257374 F ZP_08257400.1  E 
Thaumarchaeota Nitrosopumilales Ca. Nitrosoarchaeum 

koreensis MY1 
ZP_08667311 F ZP_08667284.1  E 

Thaumarchaeota Nitrosopumilales Ca. Nitrosopumilus salaria 
BD31 

ZP_10118543 F ZP_10118596.1  E 

Thaumarchaeota Nitrosopumilales Nitrosopumilus maritimus  YP_001581646 F YP_001581621.1 E 
Thaumarchaeota Nitrososphaerales Ca. Nitrososphaera 

gargensis 
YP_006862746 F YP_006861760 E 

Short and Long-chain IPP synthases are defined in the text. ‡NCBI accession number. †Amino acid residue in the 5th position before the first aspartate-rich motif. 
*farnesylgeranyl diphosphate (FGPP) synthase of Aeropyrum pernix is involved in a pathway that only produces C25–C25 diether lipids. It has been previously suggested that 
this FGPP synthase has evolved from an ancestral IPP synthase of Desulfurococcales (Tabichana et al., 2000). **bifunctional geranyl/farnesylgeranyl diphosphate synthase 
(C20 and C25, respectively) described in the Halobacteriales Natronomonas pharaonis (Falb et al., 2005).  
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Table S2. Squalene/phytoene synthase homologues annotated in archaeal genomes.  
 
Phylum Order Genus species Accession number 
Crenarchaeota Sulfolobales Sulfolobus acidocaldarius YP_256333.1 
Crenarchaeota Sulfolobales Sulfolobus islandicus YP_002839942.1 
Crenarchaeota Sulfolobales Sulfolobus solfataricus NP_344224.1 
Crenarchaeota Sulfolobales Metallosphaera yellowstonensis WP_009069731.1 
Crenarchaeota Sulfolobales Metallophaera cuprina YP_004409628.1 
Crenarchaeota Sulfolobales Metallophaera sedula YP_001191163.1 
Crenarchaeota Thermoproteales Pyrobaculum oguniense YP_005260591.1 
Crenarchaeota Thermoproteales Pyrobaculum arsenaticum YP_001152662.1 
Euryarchaeota Thermoplasmatales Picrophilus torridus AAT_44120.1 
Euryarchaeota Methanobacteriales Methanobacterium sp.  WP_008515272.1 
Euryarchaeota Methanobacteriales Methanothermobacter thermoautotrophicus NP_276914.1 
Euryarchaeota Methanomicrobiales Methanoculleus marisnigri YP_001046034.1 
Euryarchaeota Methanosarcinales Methanosalsum zhilinae YP_004616025.1 
Euryarchaeota Halobacteriales† Natrialba madadii YP_003482007.1 
Euryarchaeota Halobacteriales Natronobacterium gregoryi YP_007177834.1 
Euryarchaeota Halobacteriales Halobacterium sp.  NP_280284.1 
Euryarchaeota Halobacteriales Haloferax prahovense WP_0080095376.1 
Euryarchaeota Halobacteriales Haloquadratum walsbyi YP_658569.1 
Euryarchaeota Halobacteriales Haloarcula marismortui YP_136629.1 
 
Phytoene/squalene synthase are defined as tail-to-tail isoprenyl diphosphate synthases. Squalene and phytoene synthases catalyze the condensation of two C15 (farnesyl) and 
C20 (geranylgeranyl) isoprenyl diphosphates, respectively. †Halobacteriales: phytoene/squalene synthases are commonly found in members of the Halobacteriales order and 
here we just list some of them. They are believed to be involved in the formation of rhodopsins formed by halophilic Archaea (Peck et al., 2002). 
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