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Abstract 

Archaeal membrane lipid composition is distinct from Bacteria and 

Eukarya, consisting of isoprenoid chains etherified to the glycerol carbons. 

Biosynthesis of these lipids is poorly understood. Here we identify and 

characterize the archaeal membrane protein CDP-archaeol synthase (CarS) 

that catalyzes the transfer of the nucleotide to its specific archaeal lipid 

substrate, leading to the formation a CDP-activated precursor (CDP-

archaeol) to which polar head groups can be attached. The discovery of 

CarS enabled reconstitution of the entire archaeal lipid biosynthesis 

pathway in vitro, starting from simple isoprenoid building blocks and using 

a set of five purified enzymes. The cell free synthetic strategy for archaeal 

lipids we describe opens opportunity for studies of archaeal lipid 

biochemistry. Additionally, insight into archaeal lipid biosynthesis 

reported here allow addressing the evolutionary hypothesis of the lipid 

divide between Archaea and Bacteria.  
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Introduction 

Glycerol linked hydrocarbon chains constitute the cellular membrane 

lipid composition of all living organisms. However, the versatility of this 

composition fundamentally distinguishes Archaea from Bacteria and 

Eukarya. The bacterial and eukaryotic membrane lipids are composed of 

an sn-glycerol-3-phosphate (snG-3-P) backbone esterified to mostly linear 

fatty acids. On the other hand, the archaeal membrane lipids are 

characterized by an sn-glycerol-1-phosphate (snG-1-P) backbone 

etherified to linear isoprenoids. This membrane lipid divide is considered 

evolutionarily very significant, and implicated in the differentiation of 

archaea and bacteria. It is not known why and how this differentiation 

occurred, and whether the two phospholipid biosynthesis pathway 

originated independently or from an ancestral cell with a heterochiral 

membrane lipid composition [4].  

Understanding the biosynthetic pathways leading to the formation and 

regulation of membrane lipid composition would help decipher the 

unknown aspects of early evolution. Although ether phospholipids or fatty 

acid based phospholipids are also found in a few bacteria and eukarya 

[96], they differ from the isoprenoid derived archaeal ether lipids. The 

unique structure of archaeal membrane lipids is believed to be vital for the 

adaptation of these organisms to the extreme environmental conditions 

[2,97] but the basic lipid architecture is found in all archaea including the 

mesophilic Thaumarchaea. Among archaea, a great diversity of lipids exists 

derived from the basic diether structure sn-2,3-diphytanylglycerol diether 

called archaeol. A frequent modification of archaeol is the formation of the 

dimeric tetraether structure called caldarchaeol which is prevalent in 

hyperthermophilic archaea and mesophilic Thaumarchaeota [10]. Due to 

its unique membrane lipid composition, studies on the lipid biosynthetic 

pathway of archaea (Figure 1) are of particular interest. Crucial steps of 

the pathway from the isoprenoid biosynthesis leading to the formation of 

unsaturated archaetidic acid have been investigated in detail. However, 

certain key enzymes [6,8] have not yet been identified, precluding a 

complete reconstitution of the pathway, while in vitro studies are 

hampered by the difficulty to acquire specific substrates. 
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In archaea, the biosynthesis of the isoprenoid building blocks isopentenyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) occurs 

via the mevalonate pathway [10]. The sequential condensation of IPP and 

DMAPP leads to the formation of an appropriate isoprenoid chain length of 

either geranylgeranyl (C20) and/or farnesylgeranyl (C25) diphosphate, 

involving enzymatic steps catalyzed by geranylgeranyl diphosphate 

(GGPP) synthase and farnesylgeranyl diphosphate (FGPP) synthase, 

respectively [19,44]. These enzymes belong to a wide-spread family of E-

isoprenyl diphosphate synthases [16] that is also found in bacteria and 

plays a role in the biosynthesis of quinones and pigments [16,98]. The snG-

1-P backbone is synthesized by the enzyme glycerol-1-phosphate 

dehydrogenase (G1PDH) that converts dihydroxyacetone phosphate 

(DHAP) to snG-1-P using nicotinamide adenine dinucleotide (NADH) or the 

reduce form of nicotinamide adenine dinucleotide phosphate as coenzyme 

[28,29]. The archaeal G1PDH enzymes share sequence similarity with 

alcohol and glycerol dehydrogenases, but belong to a different enzyme 

family than bacterial glycerol-3-phosphate dehydrogenases [2]. 

The two ethers that link the isoprenoid chains to carbon 3 and 2 of the 

snG-1-P backbone are formed by two enzymes of the prenyl transferase 

family. The first enzyme is a cytoplasmic geranylgeranylglyceryl phosphate 

synthase (GGGP synthase) and the second enzyme is the membrane bound 

digeranylgeranylglyceryl phosphate synthase (DGGGP synthase). GGGP 

synthases are conserved in archaea, but also occur in some bacteria, they 

are phylogenetically divided into two groups [35,46]. They fulfill an 

evolutionarily central reaction by mediating the three characteristic 

features of the ether lipid structure, selectively joining the snG-1-P 

enantiomer, rather than snG-3-P, to the isoprenoid chain via an ether 

linkage. The crystal structure of the Group I GGGP synthase from 

Archaeoglobus fulgidus shows a dimeric structure with a TIM-barrel fold 

[36] bound to snG-1-P, while the archaeal group II GGGP synthases show a 

similar structure but they form higher order oligomers with modified G1P 

binding pocket [35,45]. The mechanism forming the product 3-O-

geranylgeranylglyceryl phosphate (GGGP) leads to the release of 

pyrophosphate and is Mg2+ dependent [36,99]. The second ether bond is 

formed by the membrane protein DGGGP synthase that belongs to the  
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Figure 1| Archaeal lipid biosynthetic pathway. Enzymes of the pathway are colored in 

blue. CDP-archeaol synthase colored in orange is as identified in this study. Below the 

dashed line is the proposed pathway for polar head group attachment. The genes from 

Euryarchaeota A. fulgidus and Methanosarcina acetivorans are indicated. The enzyme 

for the hydrogenation of the double bonds (AF0464 and MA1484) is not included since 

it is unclear at which step of the pathway the hydrogenation occur. 
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UbiA prenyltransferase family. DGGGP synthase of Sulfolobus solfataricus 

was expressed in E. coli, and the enzymatic activity of the purified protein 

was found to be specific for the substrates GGPP and GGGP [38] 

synthesizing the product 2,3-di-O-geranylgeranylglyceryl phosphate 

(DGGGP). In a later study, DGGGP synthase was shown to accept both the S 

and R form of GGGP thus being rather enantio unselective [39]. 

For polar head group attachment, a CDP activated precursor is required. 

In Bacteria and Eukarya, the analogous reaction is catalyzed by the enzyme 

CDP-diacylglycerol synthase that binds the substrates CTP and 

phosphatidic acid and releases the products PPi and CDP-diacylglycerol 

[100,101]. CDP-diacylglycerol is the central intermediate in the 

biosynthesis and regulation of phospholipids in Bacteria [102,103] and in 

Eukarya [104–106], in particular for the biosynthesis of 

phosphatidylinositol, phosphatidylglycerol, and in some organisms 

phosphatidylserine [107]. It is believed that in Archaea a similar reaction 

takes place in which CDP is transferred to the unsaturated archaetidic acid 

DGGGP, forming CDP-archaeol. Biochemical studies using membrane 

fractions of the archaeon Methanothermobacter thermoautotrophicus 

indicated an activity wherein [3H]-CTP was incorporated into a lipid 

extractable fraction in the presence of DGGGP. The reaction was found to 

be Mg2+ dependent and was specific for the archaetidic acid substrates. 

Trace amounts of the compound CDP-archaeol were detected in cells of M. 

thermoautotrophicus [42]. Although this suggests the occurrence of CDP-

archaeol synthase activity in the organism, the gene encoding the enzyme 

in M. thermoautotrophicus or other archaea has remained elusive.  

Here we report the identification and characterization of the key 

enzyme CDP-archaeol synthase of the ether lipid biosynthesis pathway 

that is ubiquitously present in Archaea. In conjunction with the other 

enzymes of this pathway, the synthesis of CDP-archaeol could be 

reconstituted in vitro using purified enzymes and simple building blocks. 
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Results 

Bioinformatics analysis of putative CDP-archaeol synthase  

Except for the predicted CDP-archaeol synthase, all enzymes involved in 

the formation of archaeol have been identified, including enzymes for the 

hydrogenation of the double bonds [53] and the polar head group 

attachment (Figure 1). An National Center of Biotechnology Information-

BLAST analysis was carried out using the bacterial CDP-diacylglycerol 

synthase (CdsA) as query against the archaeal kingdom to identify 

candidate proteins with possible CDP-archaeol synthase activity. Further 

analysis of the retrieved sequences resulted in an extended list of 

conserved hypothetical proteins. These proteins belong to a family of 

unknown function (DUF46), contain several predicted transmembrane 

segments and are found in all archaea except the phylum Nanoarchaeota 

and in three families of the phylum Thaumarchaeota. The domain of 

unknown function (DUF) region of the putative CDP-archaeol synthase 

spans more than two thirds of the entire protein sequence. Multiple 

sequence alignment indicates conserved residues mostly in the predicted 

cytoplasmic loop regions (C1 and C2) and the extreme C-terminus while 

the sequence conservation at the amino terminus is low (Figure S1). The 

DUF46 family is grouped in the same clade (CTP-transferase like 

superfamily of the Pfam database) as the CTP-transferase 1 family that 

encompasses the bacterial CdsA protein. This indicates sequence or 

structure conservation among the two families as also recognized in a 

recent bioinformatics study [8]. 

To this end, a secondary structure analysis was performed by aligning 

the family averaged hydropathy profile of the CdsA and DUF46 families. 

Hydropathy profiles are evolutionarily better conserved than the primary 

amino acid sequence, providing a measure of the structural similarity of a 

membrane protein family [108]. The alignment of the archaeal family 

profile showed a common pattern with five predicted transmembrane 

domains (TMDs) and an extracellular amino-terminus (Figure 2A). The 

bacterial CdsA sequences are longer than the archaeal ones, containing 

additional TMDs at the N-terminal end that are poorly conserved. 

However, six bacterial sequences were retrieved that are shorter and 
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display homology to the archaeal sequences (Figure S1). Interestingly, the 

alignment of the archaeal with the bacterial hydrophobicity profile 

indicates overlapping transmembrane segments and cytoplasmic loop 

regions at the carboxy-terminal half of the proteins (Figure 2B), in spite of 

low sequence similarity. Analysis of cytoplasmic loop C2 revealed a 

consensus sequence (G/S)Dxxx(S/A)xxKR conserved between the two 

families (Figure 2C). The hypothetical proteins displayed no conserved 

gene context and only a single copy per genome was retrieved for each 

sequence. The phylogenetic tree distribution (Figure S2) and a detailed 

list of the hypothetical proteins from all the sequenced genomes of archaea 

can be found in Table S1. The bioinformatics analysis suggests that the 

hypothetical protein may function as a CDP-archaeol synthase designated 

as CarS. 

 

Identification and characterization of CDP-archaeol synthase 

The amino acid sequence of CarS from Archeoglobus fulgidus was codon 

optimized for the overexpression in E. coli. An octa-histidine tag was 

introduced at the C-terminus of CarS and the protein was overexpressed in 

E. coli Lemo21-DE3 strain under the control of T7 promoter, and purified 

by Ni-nitrilotriacetic acid (NTA) affinity chromatography after 

solubilization of the membranes with the detergent n-dodecyl-β-D-

maltopyranoside (DDM). On an SDS-PAGE gel, CarS showed a slightly 

anomalous running behavior than its theoretical molecular weight as 

expected for a polytopic membrane protein (FigureS3 and 5A). The 

protein was additionally identified by peptide mass fingerprinting using 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) to 

confirm the amino acid sequence (Figure S3) and western blotting using 

α-his antibody (Figure S3). To examine the activity of the purified CarS 

protein, we chemically synthesized the substrate DGGGP and confirmed its 

structure using nuclear magnetic resonance (NMR) as described in 

Supplemental experimental procedure. In an in vitro reaction using 

purified CarS, the formation of the product CDP-archaeol from the 

substrate DGGGP was observed in the presence of CTP and Mg2+ by LC-MS 

(m/z= 1020.55 [M-H]-), while the product was absent in the EDTA (+) 

control reaction (Figure 3A and S3). The nucleotide specificity of CarS for  
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Figure 2| Hydrophobicity profile of the family of CarS and CdsA proteins. (A) The 

averaged hydropahty profile (orange line) of the CarS family (Table S1) based on a 

multiple sequence alignment of 45 members those share between 20% and 60% 

sequence identity (see Figure S1 for multiple sequence alignment). The membrane 

topology model is depicted above the plot. Cytoplasmic loops (C1 and C2) are 

indicated. The structure divergence score (SDS) [108], which is a measure of the 

similarity of the individuals profiles, was 0.139. For phylogenetic tree distribution, see 

Figure S2. (B) Hydropathy profile alignment of the CdsA (maroon) and CarS (orange) 

families. The averaged hydropathy profile (maroon line) of the CdsA family was based 

on 234 sequences sharing identity between 20% and 69%. The profile alignment 

reveals a similar pattern at the C terminus half with an S score of 0.83 [108] (Figure 

S1 shows sequence alignment of CarS with six bacterial homologs). (C) Conserved 

sequence motif of the C2 region of CdsA and CarS family is generated using WebLogo 

[109], where the overall eight of each amino acid indicates its relative frequency of 

occurrence at that position.  
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CTP was analyzed and no product formation was observed when ATP, 

guanosine-5’-triphosphate (GTP), or thymidine triphosphate (TTP) was 

used instead of CTP (Figure 3B). When the reaction was incubated in the 

presence of deoxycytidine triphosphate (dCTP), the spectral analysis 

revealed the presence of a new product identified as deoxycytidine 

diphosphate (dCDP)-archaeol (m/z= 1004.55 [M-H]-), at almost the same 

retention time as CDP-archaeol (Figure 3C and S3). This result indicates 

that the absence of a hydroxyl group on the 2’ position of the ribose moiety 

of CTP does not affect the enzymatic activity as reported earlier for the E. 

coli CdsA [101]. CarS used in this study was derived from a thermophile. 

Consequently, the rate of product formation was found to be higher at 65 

˚C when compared to lower temperatures (37, 45 and 55 ˚C) (Figure 3D). 

The activity of CarS was also determined using [3H]-CTP where the 

chloroform extractable lipid fraction from the reaction was analyzed by 

thin layer chromatography [42]. A single spot of radiolabeled CDP-

archaeol was observed only in the presence of DGGGP (Figure 3E). Next, 

the CarS activity was measured at different concentrations of substrate 

DGGGP using [3H]-CTP. Normal saturation kinetic was obtained when the 

data were fitted to Michaelis-Menten equation using nonlinear regression 

and an apparent Km = 0.12 ± 0.02 mM and kcat = 0.55 ± 0.03 s-1 was 

observed (Figure 3F). Furthermore, no significant deviation from linearity 

was observed when the data was fitted using Lineweaver-Burk plot 

(Figure S3). Taken together, these data demonstrate that CarS functions as 

a CDP-archaeol synthase. 

 

CarS has a distinct activity versus CdsA 

CDP-diacylglycerol synthase (CDS) is a ubiquitous and essential enzyme 

as shown previously in bacterial and eukaryal systems [102,104,110]. A 

conditionally lethal strain of E. coli with a mutant cdsA gene (GN80) cannot 

grow at pH values above 8.0, showing greatly reduced CdsA activity and 

the accumulation of the substrate phosphatidic acid (PA) at levels around 

30% of the total lipid composition compared to 0.2% in the wild type 

[111]. Previous studies have shown that the Drosophila CDS gene 

expression could rescue the E. coli cdsA mutant pH sensitive phenotype 

[102,112], although the eukaryotic CDS has a longer amino acid sequence  
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Figure 3| Characterization of CarS activity. (A) In vitro reactions performed using 

purified CarS (Figure S3) and chemically synthetized substrate DGGGP (10 μM), 

product CDP-archaeol formation (m/z = 1,020.55 [M-H]-) was analyzed by LC-MS. (B) 

Nucleotide specificity of CarS examined for CTP, ATP, TTP and GTP in the reaction. (C) 

CarS activity measured using CTP or dCTP in a reaction to detect the formation of CDP-

archaeol  and dCDP-archaeol (m/z = 1,004.55 [M-H]-). (D) Enzymatic activity of CarS 

measured at different temperatures; the reaction was performed for 5 min. (E) TLC 

autoradiogram of chloroform extractable lipid fraction from in vitro reactions, single 

spot of [3H]-CDP-archaeol observed in lane3; solvent front (s.f.) and origin (ori). (F) 

Kinetic analysis of CarS using different substrate concentrations at 65°C for 5 min, the 

conversion of [3H]-CTP to lipid (see Figure S3 for Lineweaver-Burk plot). Unless 

specified, the reactions were performed for 1 hr at 37°C with 0.5 μM CarS, 100 μM 

DGGGP, and 2 mM nucleotides. Total ion counts from LC-MS data were normalized 

using DDM as internal standard. LC-MS data are the average of three experiments ± SE. 
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than the bacterial homolog. To examine this possibility also for the 

archaeal CarS, a complementation study was performed. A. fulgidus carS 

could not restore the growth defect of E. coli GN80 (cds-) strain at pH 8.5 

while the E. coli cdsA could complement the growth defect of the E. coli 

GN80 (cds-) strain (Figure 4A). As a control, the isogenic wild type E. coli 

GN85 (cds+) strain was also used and the expression level of CarS was 

found unaltered between the two strains (Figure 4B).  

To measure the specificity of A. fulgidus CarS and E. coli CdsA for their 

respective lipid substrates DGGGP and PA in vitro, E. coli CdsA was 

overexpressed and purified (Figure S3), and the assay was performed 

using radiolabeled [3H]-CTP. Since the enzymatic activity of CarS and CdsA 

is Mg2+dependent, EDTA (+) was used as a control for each reaction and 

the chloroform extractable lipid fraction of the reaction was measured. 

When CarS was incubated either with PA 18:1 (oleic acid) or PA 16:0 

(palmitic acid) (Figure 4C), only a very low background signale (<1%; 

likely spill over of radioactivity originating from incomplete phase 

separation) was detected in EDTA (+) control that did not differ from the 

reaction without EDTA. A very low activity was observed when CdsA was 

incubated with DGGGP in the reaction, whereas high levels of activity 

occurred with PA (18:1 and 16:0) (Figure 4D). These data demonstrate 

that CarS and CdsA have distinct substrate specificities. 

 

Enzymatic conversion of the precursors Isopentenyl 

pyrophosphate and Farnesyl diphosphate to CDP-archaeol  

To reconstitute the complete ether lipid biosynthesis pathway in vitro, 

enzymatic reactions were performed using a combination of five purified 

proteins of which three are encoded by archaea and two by bacteria as 

described in Table S2. The archaeal enzymes GGGP synthase, DGGGP 

synthase and CarS were codon optimized for the overexpression in the 

host E. coli. For the expression of DGGGP synthase, a synthetic ribosome-

binding site was introduced that greatly enhanced the expression levels 

[113]. The various enzymes were purified from the DDM-solubilized 

membrane fraction (DGGGP synthase and CarS) or the cytosolic fraction 

(IspA(Y79H, S140T), G1P dehydrogenase and GGGP synthase) by Ni-NTA  
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Figure 4| carS cannot complement cdsA lethal mutant phenotype. (A) Serial dilution 

(OD600 0.3) of E. coli pH sensitive GN80 (cdsA-) expressing A. fulgidus carS, E. coli cdsA, 

or EV were spotted on LB plates at pH 6.0 and pH 8.5. Arabinose (0.1%) was used to 

induce the expression. (B) The total membrane fraction of the specified strains were 

analyzed for expression of CarS (C-terminus his tag) by immunoblotting with α-his 

antibody, purified CarS was used as control. (C and D)  In vitro reactions with purified 

CarS (C) or CdsA (D) and various lipid substrates were performed using radiolabeled 

[3H]-CTP. EDTA (+) reactions were used as controls. Liquid scintillation counts from 

the chloroform extractable fraction were used as a measure of the product formation. 

Data are the average of three experiments ± SE.    
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affinity column (Figure 5A). Isoprenoid building blocks IPP and DMAPP 

undergo serial condensation to form oligomers of defined chain lengths 

(C10, C15, C20 etc.) [16]. In archaea, GGPP synthase catalyzes the 

formation of geranylgeranyl diphosphate (C20 and GGPP). Mutants of its E. 

coli homolog IspA (farnesyl diphosphate [FPP] synthase) were shown 

previously to synthesize GGPP instead of farnesyl diphosphate (C15 and 

FPP) [25]. There was one such mutant IspA(Y79H, S140T) that was 

generated in this study and shown to catalyze the conversion of IPP and 

FPP to GGPP (m/z= 449.19 [M-H]-) as measured by LC-MS (Figure 5B, 

lane 2).  

Recently, it was discovered that the enzyme G1P dehydrogenase, 

responsible for the stereo-specificity of archaeal lipids, is also encoded by 

certain bacteria [32]. Of these, AraM of Bacillus subtilis was functionally 

characterized and shown to perform the same reaction as the archaeal 

homolog, thereby synthesizing G1P from DHAP and NADH [31]. In our 

study, we thus expressed G1P dehydrogenase (AraM) of B. subtilis in E. coli 

and purified the enzyme accordingly (Figure 5A, lane 2). The G1P 

dehydrogenase was catalytically active in an NADH oxidation assay using 

DHAP and NADH as substrates as described previously [31] (Figure S4).  

GGGP synthase catalyzes the first ether formation between the 

substrates GGPP and G1P, leading to the synthesis of the compound GGGP 

[36]. Like the other enzymes of the family [45], GGGP synthase of M. 

maripaludis also purifies as a higher order oligomer (data not shown). Its 

activity was established using an in vitro reaction where formation of the 

product GGGP (m/z= 443.26 [M-H]-) was detected in LC-MS only after 

addition of the substrates GGPP and racemic G1P (rG1P) (Figure S4). 

When GGGP synthase was added to the reaction in combination with 

enzymes IspA(Y79H, S140T) and G1P dehydrogenase and in the presence 

of substrates IPP, FPP, DHAP and NADH, formation of the product GGGP 

and consumption of GGPP was observed (Figure 5B, lane 3). 

The second ether is formed by the first integral membrane protein of 

the pathway, DGGGP synthase, using substrates GGGP and GGPP [38]. In 

this study, DGGGP synthase encoded by A. fulgidus was first monitored in a 

reaction added in different ratios to the M. maripaludis GGGP synthase, the 

common substrate GGPP and the substrate rG1P for the  
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Figure 5| In vitro conversion of Isopentenyl pyrophosphate and Farnesyl diphosphate 

to CDP-archaeol. (A) Coomassie stained SDS-PAGE gels showing the Ni-NTA purified 

proteins from different sources overexpressed in E. coli. IspA(Y79H and S140T) 

mutant of E. coli (33kDa), G1P dehydrogenase of B. subtilis (44 kDa), GGGP synthase of 

M. maripaludis (29 kDa), DGGGP synthase of A. fulgidus (34 kDa), and CarS of A. 

fulgidus (20 kDa). For the description and activities of the individual proteins, see 

Table S2 and Figure S4. (B) In vitro reactions were performed using purified proteins 

as specified and substrates IPP, FPP, DHAP, and NADH in the presence of Mg2+ and 

0.1% DDM. The products were extracted and analyzed by LC-MS. The spectral data 

constituting total ion counts (measured as peak area using Thermo Scientific XCalibur 

processing software) of the products FPP (m/z = 381 [M-H]-), GGPP (m/z = 449.19 [M-

H]-), GGGP (m/z = 443.26 [M-H]-), DGGGP (m/z = 715.51 [M-H]-), and CDP-archaeol 

(m/z = 1,020.55 [M-H]-) were normalized using DDM (m/z = 509.3 [M-H]-) as internal 

standard and plotted on the y axis. The graph represents average of three experiments 

± SE, see Figure S4 for the total ion counts and Figure S5 for the TLC based 

quantitation of the metabolites. 
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formation of the product DGGGP (m/z= 715.51 [M-H]-) (Figure S4). In a 

subsequent coupled reaction with the other enzymes of the pathway, 

DGGGP synthase dependent formation of DGGGP was observed (Figure 

5B, lane 4).  

The subsequent reactions were performed in the presence of CarS 

where a CTP dependent synthesis of CDP-archaeol was only detected in 

conjunction with other enzymes (Figure 5B, lanes 5 and 6). No other 

unique products were found while comparing the LC-MS spectral data of 

reaction in lane 5 and 6 indicating that CarS does not utilize GGGP as a 

substrate. The total ion counts acquired for each product during the LC-MS 

analysis of the assay are shown in Figure S4.  

To estimate the amount of different metabolites formed in these 

reactions, a similar assay was performed using radiolabelled substrate 

[14C]-IPP, and the products were analyzed by thin layer chromatography 

(TLC) (Figure S5). Quantitation of the spots revealed that picomole 

amounts of products were formed in a 100 μl reaction starting with 90 

pmoles of [14C]-IPP indicating an efficient conversion (Figure S5). The data 

showed a similar spectrum of metabolites being formed in the different 

reactions as observed for the LC-MS based analysis. TLC analysis further 

confirmed that CarS does not utilize GGGP as substrate. 

The reaction described here thus constitutes the biosynthetic route of 

the archaeal lipid precursor CDP-archaeol formation (Figure 1), 

establishing the role of CarS in context with the other enzymes of the 

pathway.  

 

Discussion 

CDP-activated precursors are important intermediates in the 

biosynthesis of phospholipids in bacteria and eukarya and are 

subsequently modified in various pathways for polar head group 

attachment. It is synthetized by the conserved and essential enzyme CDP-

diacylglycerol synthase [111]. In this study, we elucidated the formation of 

the CDP-activated precursor CDP-archaeol, the uncharacterized key step in 

the lipid biosynthetic pathway of archaea. The enzyme required for its 

synthesis in archaea, CarS, was identified and characterized in vitro. 
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Bioinformatics analysis of CarS indicated a conserved hypothetical protein 

in the kingdom archaea with remote homology to the bacterial CdsA as 

predicted previously [8]. Structure analysis by the hydropathy profile 

alignment revealed a partial fold similarity between the two families that 

share conserved aspartate, lysine and arginine residues in the cytoplasmic 

loop (C2) region where they may be involved with the CTP associated 

activity of the enzyme. Bacterial CdsA proteins are longer than the archaeal 

CarS, with their N-terminal region less conserved and of unknown 

function. Interestingly, the homologous eukaryotic CDS proteins are even 

longer, having an extended N-terminal hydrophilic region. However, six 

bacterial sequences with shorter length and high sequence similarity to 

archaeal CarS were retrieved suggesting an event of horizontal gene 

transfer.  

The CarS sequence was retrieved from all sequenced genomes of 

archaea, with some exceptions. It is not present in the phyla 

Nanoarchaeota which is a symbiont that encodes no genes of the lipid 

biosynthetic pathway [33]. The lack of CarS sequence in the three families 

of the phylum Thaumarchaeota (where CarS is found only in the 

unclassified family Candidatus Caldiarchaeum subterraneum) is intriguing 

since they contain ether lipids. In our analysis, we retrieved GGGP synthase 

sequences from these families, but not the DGGGP synthase sequences 

which is recently reported to exhibit high sequence divergence in 

Thaumarchaeota where it might be related to the synthesis of cyclohexane 

moiety specific to Thaumarchaeota lipid structure [6]. We therefore 

hypothesize that the CarS is also poorly conserved in these organisms and 

thus difficult to identify. Another possibility could be that an additional 

enzyme with low sequence homology performs the same function, a 

situation similar to what was observed previously for folate biosynthesis 

in archaea [114]. 

In this study, we used the chemically synthesized unsaturated 

archaetidic acid DGGGP as substrate to examine the enzymology of CarS. 

Biochemical investigation performed with purified CarS and DGGGP clearly 

showed CTP dependent formation of the product CDP-archaeol. Similar to 

CdsA, CarS uses metal (Mg2+) ions for co-ordination, accepts CTP and dCTP 

as substrate, and does not utilize ATP, GTP or TTP nucleotides in the 
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reaction. The apparent Km for DGGGP (measured with constant detergent 

concentration) was calculated as 0.12 ± 0.02 mM, which only serves as an 

indication for the affinity towards the lipid substrate due to the presence 

of detergent in the reaction. The Km for PA of CDS from various organisms 

has been studied before and in general ranges from 0.28 mM (E. coli) to 0.9 

mM (Plasmodium falciparum) [107,115], and thus the Km of CarS for 

DGGGP compares favorable with those studies. In some studies, the Km was 

measured in constant lipid:detergent ratio, thereby taking surface dilution 

kinetics [116] into account. However, in those cases, the influence of 

detergent variation on the activity of the protein cannot be excluded. A. 

fulgidus carS could not complement the pH sensitive E. coli cdsA- 

phenotype in vivo, while the enzyme CarS also did not accept PA as a 

substrate in the in vitro reactions, thereby distinguishing the archaeal and 

bacterial enzymes for their lipid substrate specificity. 

Having identified the fate of DGGGP in the pathway, we attempted to 

reconstitute the conversion of IPP to CDP-archaeol in vitro. This technically 

challenging aspect of the study was accomplished by selecting the 

appropriate combination of enzymes for the reaction. Several proteins 

were individually screened for expression, purification and activity. The E. 

coli IspA and archaeal GGPP synthase belong to the prenyl transferase 

family that have two highly conserved aspartate rich regions called the 

FARM and SARM domains. Mutations close to these domains lead to 

alteration in product length formation probably due to change in the 

hydrophobic pocket of the enzyme [16]. IspA(Y79H,S140T) mutant 

described previously [25] was therefore selected with the Y79 residue 

being five amino acids upstream of the FARM domain. The B. subtilis AraM 

is the only characterized bacterial G1P dehydrogenase, but homologs are 

found in several other bacteria as hypothetical proteins [31]. G1P in B. 

subtilis is further converted into an archaea type lipid (heptaprenylglyceryl 

phosphate), the physiological function of which is still unknown [32,35]. 

The E. coli IspA mutant and B. subtilis AraM were used in our study for the 

optimum overexpression in the host E. coli compared to their instable 

archaeal homologues that readily form inclusion bodies (unpublished 

data). Here we report on the activity of the purified GGGP synthase 

encoded by M. maripaludis, a methanogen that grows at 37 °C. Like the 
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other archaeal species [35,36,45,46], the GGGP synthase of M. maripaludis 

converts G1P and GGPP to GGGP and is purified as an oligomer. The 

archaeal membrane proteins DGGGP synthase and CarS encoded from A. 

fulgidus, a hyperthermophile, were selected for this study that display 

higher expression levels and stability than the methanogenic counterparts. 

The in vitro coupled reaction showing the conversion of archaeal lipid 

precursor IPP into CDP-archaeol demonstrates that all the enzymes are 

functional in detergent (DDM) and at 37 °C. This holistic approach further 

establishes the enzymatic role of CarS in the archaeal lipid biosynthetic 

pathway.  

The subsequent step of the pathway is polar head group attachment. 

Since the polar head groups are shared among the three domains of life, 

their biosynthesis is thought to be mediated in a similar manner [2,8]. The 

enzymes for polar head group attachment that accept the CDP-activated 

precursors indeed belong to a large family called CDP-alcohol 

phosphatidyltransferase with homologs in bacteria and archaea, but their 

classification is unclear with mixed sequence distribution [8]. 

Interestingly, the archaeatidylserine synthase and the bacterial subclass II 

phosphatidylserine synthase were shown to even accept lipid substrates of 

each other, suggesting a broad substrate specificity and possibly common 

mechanism [47]. In archaea, it is unclear at what step of the pathway the 

saturation of the membrane lipids takes place [52]. 

The strategy described here to synthesize archaeal lipids in a cell free 

manner paves the way for future studies on archaeal lipid biochemistry 

like the mechanism of tetraether linkage, sugar group attachment, 

cyclopentane and macrocyclic ring formation, and various other 

derivatives of the archaeal lipids. A further challenge is to reprogram 

bacterial ester-based lipid biosynthesis into ether-based lipids to test the 

evolutionary hypothesis of the lipid divide between Archaea and Bacteria 

[4]. 
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Experimental Procedures 

Protein expression and purification 

Proteins were overexpressed in E. coli BL21 strain and induced with 0.5 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG). For overexpression of 

CarS, the E. coli Lemo strain was used and induced using 0.4 mM of IPTG 

and 0.5 mM of L-rhamnose. After 2 hr of induction, the cells were 

harvested and washed with 50 mM Tris-HCl pH 7.5, and re-suspended in 

the same buffer supplemented with 0.5 mg/ml of RNAse and DNAse and 

complete EDTA free protease inhibitor tablet (Roche). The suspension was 

subjected to cell disruption at 13,000 psi and the cell lysate was 

centrifuged for 10 minutes at low spin (12,000 xg) to remove unbroken 

cells. The cytoplasmic and membrane fractions were separated with high-

speed centrifugation at (235,000 xg) for 1 hour.  

For the purification of soluble proteins (IspA(Y79H, S140T), G1P 

dehydrogenase and GGGP synthase), the cytoplasmic fraction was 

incubated with Ni-NTA beads (Sigma) in buffer A (50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 10% glycerol) for 30 min at 4 °C. The beads were washed 

five times with 20 column volumes (CV) of buffer A supplemented with 20 

mM Imidazole and eluted two times with 2 CV of buffer A supplemented 

with 250 mM imidazole.  

For purification of membrane proteins (DGGGP synthase, CarS and CdsA), 

inner membrane vesicles (IMVs) of E. coli were isolated as described 

previously [117] and re-suspended in buffer A. The IMVs (1 mg/ml) were 

solubilized at 4 ˚C for 1 hr in 2% DDM detergent. Insolubilized materials 

were removed by centrifugation (173,400 xg) for 30 minutes and the 

supernatant was incubated with Ni-NTA beads for 30 min at 4 °C. The 

beads were washed five times with 40 CV of buffer B (0.2 % DDM, 50 mM 

Tris pH 7.5, 150 mM NaCl, 10% glycerol), supplemented with 10 mM 

imidazole and eluted three times with 0.5 CV of buffer B supplemented 

with 250 mM imidazole. The purity of the proteins was checked by 15% 

SDS-PAGE, stained with Coomassie Brilliant Blue. Absorbance was 

measured at 280 nm in a spectrophotometer to determine the 

concentration of purified protein. 
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In vitro assays for lipid synthesis 

Reactions were performed using assay buffer with an end concentration of 

50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 75 mM NaCl, 0.1 % DDM, 125 mM 

imidazole and 5% glycerol. Where specified, 2 mM CTP, 20 mM EDTA, 0.25 

mM NADH, 0.1 mM DHAP, 0.1 mM IPP, 0.1 mM FPP, 4 mM rG1P and 0.1 

mM GGPP were used in a 100 l reaction volume. After incubation at 

specified temperature and time, the products were extracted two times 

with 0.3 ml n-butanol and evaporated under a stream of nitrogen gas. The 

samples were re-suspended in 0.05 or 0.1 ml methanol and analyzed by 

LC-MS. 

 

Assays using radionucleotides 

Purified CarS or CdsA (0.5 µM) was incubated with specified amounts of 

DGGGP or 200 µM PA in assay buffer with 5 µCi [3H]-CTP (1.68 µM) and 2 

mM cold CTP in a 100 µl reaction volume. The reaction for lipid 

biosynthesis had same composition as described above for the LC-MS 

assay with the addition of 0.005 µCi [14C]-IPP (0.9 µM) in a 100 µl reaction 

volume. The reaction was incubated for 5 minutes at 65 °C (for kinetic 

measurements) or for 1 hr at 37 °C. Acidic Bligh and Dyer extraction [118] 

was performed and the chloroform extractable lipid fraction was 

evaporated. The radioactivity was counted after the addition of 10 ml 

Emulsion Scintillation liquid (PerkinElmer) using Packard scintillation 

counter. When analyzed by thin layer chromatography, the samples were 

re-suspended in 10 µl chloroform and spotted on Silica Gel 60 (Merck) 

plates. Solvents chloroform, methanol, 7 M ammonia in the ratio 60:35:8 

[42] were used as mobile phase. Using phosphor screen or tritium 

sensitive phosphor screen, the autoradiograph was obtained by the 

phosphorimager (Roche). The spots were quantitated along with [14C]-IPP 

dilution series using Image J software and the amounts were extrapolated 

using the [14C]-IPP calibration curve.  

 

Genetic complementation  

E. coli strains GN80 and GN85 [111] were transformed with two plasmids, 

pSJ122 (CarS under the control of T7 promoter) and pTara [119] (under 
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the control of araBAD promoter). In this manner, the addition of arabinose 

to the culture led to the controlled expression of T7 polymerase that 

subsequently led to the expression of CarS. For the controls, pSJ122 was 

replaced by pSJ148 (E. coli CdsA under the control of T7 promoter) or 

empty vector (EV) and transformed in GN80. To perform the pH sensitivity 

assay, serial dilutions of the transformants with OD600 of 0.3 were plated 

on LB agar plates with pH 6.0 (pH adjusted using 50 mM 2-9N-morpholino 

ethanesulfonic buffer) or pH 8.5 (pH adjusted using NaOH) that were 

prepared as described previously [111]. Expression was induced by the 

addition of 0.1% arabinose. 

 

Liquid chromatography mass spectrometry (LC-MS) 

Samples were analyzed using an Accella1250 high-performance liquid 

chromatography system coupled with a bench top electrospray ionization 

mass spectrometry (ESI-MS) Orbitrap Exactive (Thermo Fisher Scientific). 

A sample of 5 or 10 µl was injected into a COSMOSIL 5SL-II packed C4 

column with dimensions 4.6 mm I.D. x 150 mm (Nacalai tesque) operating 

at 40 °C with a flow rate of 500 µL/min. Eluents A (25 mM ammonium 

bicarbonate) and B (acetonitrile) were used as follows :- 97% A isocratic 

for 5 minutes, gradient 97% A to 100% B (Acetonitrile) for 30 minutes, 

100% B isocratic for 25 min, gradient 100% B to 97% A for 10 minutes 

and 97% A isocratic for 5 minutes. The column effluent was injected 

directly into the Exactive ESI-MS Orbitrap operating in negative ion mode. 

Voltage parameters of 3 kV (spray), -52.5V (capillary) and -160 V (tube 

lens) was used. Capillary temperature of 300 °C, sheath gas flow 60, 

auxiliary gas flow of five was maintained during the analysis. For 

performing fragmentation, high-energy collision induced dissociation 

(HCD) gas was used at 35eV. Data analysis was performed using the 

Thermo XCalibur processing software for automated peak integration and 

quantification. The ICIS algorithm for component peak detection was 

applied in this analysis.  
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Chemical synthesis of unsaturated archaetidic acid, DGGGP 

DGGGP was chemically synthesized according to the scheme in 

Supplementary Experimental Procedures. Compound A was prepared 

as described previously [86]. The (S)-1,2-isopropylidene glycerol was 

protected with a dimethoxybenzyl group, followed by hydrolysis of the 

acetonide and bis-alkylation with geranylgeranyl chloride. Oxidative 

deprotection with 2,3-dichloro-5,6-dicyanobenzoquinone afforded A. The 

phosphorylation of A proved to be surprisingly challenging, possibly due 

to the polyunsaturation of the geranylgeranyl side chains. Treatment of A 

with POCl3 and subsequent hydrolysis led to decomposition. 

Phosphorylation using (MeO)2POCl as previously reported [42] gave the 

desired bismethoxy phosphoric ester B. However, the demethylation 

conditions described in that study using TMSBr led to decomposition of B. 

Other common PV reagents could not be used because these require either 

hydrogenation or strongly acidic conditions for deprotection. An 

alternative viable approach towards the phosphorylated product G is 

phosphoramidite methodology [120]. From a plethora of reagents 

reported for various purposes, we chose those that require relatively mild 

basic conditions for cleavage. Application of phosphoramidite C gave the 

desired bisprotected product D in 70% yield. The cyanoethyl groups were 

reported to undergo facile deprotection with an excess of a secondary or 

tertiary amine. However, this did not occur, although partial deprotection 

was observed. This led to application of the more base-sensitive 

phosphoramidite E bearing two 9-fluorenylmethyl groups [121]. The 

desired bisprotected derivative F was obtained in an excellent 94% yield. 

The first 9-fluorenylmethyl group could be readily cleaved using an excess 

of Et3N. After changing to more basic conditions, the remaining protecting 

group could be also removed. The desired phosphoric acid derivative F 

was obtained in 48% yield after column chromatography. Compared to the 

previously published synthesis with a yield of <6% [42], the procedure 

described here gave a higher yield (17%). 

The detailed experimental protocol and NMR data are described in 

Supplementary experimental procedures. 
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Figure S1 related to Figure 2| (A) Multiple sequence alignment of the archaeal CarS 

proteins. Parwise sequence alignment of 44 diverse sequence of CarS in archaea. 

Cytoplasmic loop C1 and C2 (orange bar) and consensus (yellow highlight) are 

indicated. Gene symbol/locus is denoted followed by the name of the organism in 

abbreviation (e.g. Archaeoglobus fulgidus as Aful). (B)  Multiple sequence alignment of 

the archaeal CarS and bacterial CdsA. CdsA of bacteria Methylobacterium nodulans, 

Hahella chejuensis, Mariinobacter aquaeolei, Methylocella silvestris, Methylococcus 

capsulatus and Nitrosococcus halophilus (highlighted green) and CarS of archaea 

Ignicoccus hospitalis, Sulfolobus solfataricus, Methanococcus maripaludis and 

Archaeoglobus fulgidus are represented. Cytoplasmic loop C1 and C2 (orange bar) and 

consensus (yellow highlight) are indicated. 

 



CDP-Archaeol Synthesis 
 

 
68 

 

 
Figure S2 related to Figure 2| Phylogenetic tree distribution of CarS in Archaea. The 

tree was reconstructed using neighbourhood joining method (bootstrap value set to 

1000) with pair wise alignment of 108 CarS representative sequences from archaea. 

The different colours highlight the phyla classification; Crenarchaeota (blue), 

Euryarchaeota (red), Korarchaeota (green) and Thaumarcheota (orange). The Roman 

numbers indicate the family distribution of the species; I - Thermococcaceae, II - 

Cenarchaeaceae, III - Methanopyraceae, IV - Mehtanobacteriaceae, V - 

Methanococcaceae, VI - Desulforococcacaeae, VII - Acidolobaceae, VIII - Sulfolobaceae, 

IX - unclassified traumarchaeota, X - Thermoproteaceae, XI - Halobacteriaceae, XII - 

Methanomicrobiaceae, XIII - Methanosarcinaceae, XIV - unclassified euryarchaeota, 

XV - Thermoplasmaceae and XVI - Archaeoglobaceae. 
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Figure S3 related to Figure 3 and 4| CarS and CdsA purification, mass spectra of the 

product formation and kinetic analysis. (A) SDS-PAGE showing the purified protein A. 

fulgidus CarS with C-terminus histidine tag and E. coli CdsA with N-terminus histidine 

tag. The proteins were overexpressed in E. coli and purified over Ni-NTA resin from 

DDM-solubilizd inner membrane vesicles. As a control for non-specific binding, empty 

vector IMVs was used for the purification. Expression of CarS was examined by 

immunoblotting with α-his antibody and coomassie brilliant blue staining (CBB). (B) 

Protein sequence coverage of CarS from the LC-MS/MS fragmentation analysis after 

tryptic digestion of the CarS protein band from A.  (C) Description of the list of 

peptides that were fragmented and assigned to CarS sequence, RT, retention time; 

PTM, post translational modification CarS (Accession number: O28534|Y1740_ARCFU) 

was identified exclusively (except keratin) with a score of 99.1%. (D) Mass spectra 

from the LC-MS run of a product sample from Figure 3A depicting the CDP-archaeol 

peak (m\z = 1020.55 [M-H]-). (E) Mass spectra from the LC-MS run of product sample 

from Figure 3C depicting the dCDP-archaeol peak (m\z = 1004.55 [M-H]-). (F) A 

double reciprocal or the Lineweaver-Burk plot of CarS activity measured at different 

concentrations of substrate DGGGP using [3H]-CTP. The unit of velocity is 

nmol/min/mg of CDP-archaeol formed and that of DGGGP concentration is µM. The 

[3H]-CTP concentration was 1.68 µM (cold CTP concentration was 2mM), and CarS was 

added at a concentration of 0.01mg/ml. The Y intercept (1/Vmax =0.0012) and the slope 

(Km/Vmax =0.04).  
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Figure S4 related to Figure 5| Enzymatic activities of G1P dehydrogenase and total 

ion counts (A) G1P dehydrogenase activity measured by NADH oxidation assay. G1P 

dehydrogenase catalyzes the conversion of DHAP to G1P using cofactor NADH [31]. 

Using different concentrations of purified G1P dehydrogenase in a reaction (0 µM - red 

circle, 0.5 µM - brown circle, 1 µM - green triangle and 2 µM - purple triangle); the 

consumption of NADH over time was determined by measuring the decrease in 

absorbance at 340nm. The reaction was performed at 37°C in the presence of 0.1 M 

DHAP, 0.25 M NADH and 0.5 mM NiCl2 using 50 mM Tris, pH 8 buffer in a 100 μl 

reaction volume. (B) GGGP synthase activity measured by LC-MS. In vitro reaction was 

performed using purified GGGP synthase and substrates 4 mM rG1P (racemic glycerol-

1-phosphate, Santa Cruz) and 20 µM GGPP (Sigma) in the presence of Mg2+ in a 100 l 

reaction volume. After incubation at 37 °C for 1hr, the product was extracted using n-

butanol, separated over a C18 column (Shimadzu) and analysed by ESI-MS in a 

negative ion mode. As a control, reaction was performed in the absence of GGPP. A 

mass spectrum with a peak corresponding to singly charged ions of GGGP was 

obtained and the relative peak area was calculated (Thermo Scientific XCalibur™ 

processing and instrument control software). The graph represents average of 

duplicate experiments ± S.E. (C) DGGGP synthase activity measured by LC-MS. In vitro 

coupled reaction was performed using indicated amounts of purified GGGP synthase 

and DGGGP synthase, substrates 4 mM rG1P and 100 µM GGPP in the presence of Mg2+ 

in a 100 µl reaction volume. After incubation at 37 °C for 1 hr, the product was 

extracted using n-butanol and analysed by LC-MS as before. The product GGGP formed 

by the enzyme GGGP synthase is converted by DGGGP synthase to DGGGP.  The 

spectral data constituting total ion counts (measured as peak area using Thermo 

Scientific XCalibur™ processing and instrument control software) of the products were 

normalized using DDM (m/z= 509 [M-H]-) as internal standard and plotted on the Y 

axis. (D) LC-MS data depicting total ion counts. Using the mass range as denoted, the 

total ion counts acquired during the LC-MS analysis for compounds FPP, GGPP, GGGP, 

DGGGP and CDP-archaeol are shown with their respective retention time when they 

are separated over a C4 column (using samples from the in vitro reactions for lipid 

synthesis, Figure 5).  
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Figure S5 related to Figure 5| Thin Layer Chromatography (TLC) based quantitation 

of in vitro lipid synthesis. (A) TLC autoradiogram of chloroform extractable lipid 

fraction from in vitro reactions performed using purified proteins as specified and 

substrates [14C]-IPP (0.9µM, 90 pmol/reaction), IPP (100 µM), FPP (100 µM), DHAP (2 

mM) and NADH (2 mM) in a 100 µl reaction volume. Solvents chloroform, methanol 

and 7 M ammonia (60:35:8) were used as mobile phase. The retention factor (Rf) of 

GGPP and CDP-archaeol were compared with the standards [3H]-GGPP (Perkin Elmer) 

and CDP-archaeol from lane3, Figure 3E spotted on the same TLC plate. Note that free 

[14C]-IPP does not extract in the organic phase.  s.f., solvent front, ori, origin. (B) 

Quantitation of the spots in (A) from lane 1 to lane 5. The spots were quantitated and 

analyzed using the [14C]-IPP calibration curve and corrected for the number of IPP 

molecules in each metabolite. The graph represents average of two experiments ± S.E. 
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Table S1 related to Figure 2. CarS identified in the sequenced genomes of 

Archaea 

Phylum Family Species 
length 
(AA) 

NCBI Reference 

Crenarchaeota Desulfuro-
ccocaceae 

Aeropyrum pernix K1 174 NP_147225.1 

  Desulfurococcus kamchatkensis 
1221n 

170 YP_002427844.1 

  Desulfurococcus mucosus DSM 
2162 

170 YP_004176488.1 

  Hyperthermus butylicus DSM 
5456 

168 YP_001013798.1 

  Ignicoccus hospitalis KIN4/I 171 YP_001435352.1 

  Ignisphaera aggregans DSM 
17230 

177 YP_003859825.1 

  Pyrolobus fumarii 1A 165 YP_004780313.1 

  Staphylothermus hellenicus DSM 
12710 

172 YP_003668220.1 

  Staphylothermus marinus F1 176 YP_001040632.1 

  Thermosphaera aggregans DSM 
11486 

168 YP_003650381.1 

 Sulfolobace
ae 

Acidianus hospitalis W1 164 YP_004457713.1 

  Metallosphaera cuprina Ar-4 165 YP_004408834.1 

  Metallosphaera sedula DSM 
5348 

165 YP_001192104.1 

  Sulfolobus acidocaldarius DSM 
639 

163 YP_255553.1 

  Sulfolobus islandicus Y.N.15.51 166 YP_002840495.1 

  Sulfolobus islandicus L.D.8.5 166 YP_003419524.1 

  Sulfolobus islandicus L.S.2.15 166 YP_002832112.1 

  Sulfolobus islandicus M.14.25 166 YP_002829416.1 

  Sulfolobus islandicus M.16.27 166 YP_002843342.1 

  Sulfolobus islandicus M.16.4 166 YP_002914630.1 

  Sulfolobus islandicus REY15A 166 YP_005648506.1 

  Sulfolobus islandicus Y.G.57.14 166 YP_002837547.1 

  Sulfolobus solfataricus 98/2 166 ZP_06388974.1 

  Sulfolobus solfataricus P2 166 NP_342283.1 

  Sulfolobus tokodaii str. 7 166 NP_376350.1 

 Thermo-
proteaceae 

Caldivirga maquilingensis IC-167 187 YP_001540558.1 

  Pyrobaculum aerophilum str. 
IM2 

164 NP_558747.1 
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  Pyrobaculum arsenaticum DSM 
13514 

164 YP_001154512.1 

  Pyrobaculum calidifontis JCM 
11548 

165 YP_001056967.1 

  Pyrobaculum islandicum DSM 
4184 

164 YP_930229.1 

  Pyrobaculum sp. 1860 164 YP_005085817.1 

  Pyrobaculum oguniense TE7 133 YP_005261183.1 

  Thermofilum pendens Hrk 5 204 YP_919845.1 

  Thermoproteus neutrophilus 
V24Sta 

164 YP_001795319.1 

  Thermoproteus tenax Kra 1 165 YP_004893382.1 

  Pyrobaculum uzoniensis 768-20 156 YP_004338600.1 

  Vulcanisaeta distributa DSM 
14429 

179 YP_003900811.1 

  Vulcanisaeta moutnovskia 768-
28 

179 YP_004244984.1 

 Acidolobace
ae 

Acidilobus saccharovorans 345-
15 

167 YP_003816664.1 

Euryarchaeota unclassified Aciduliprofundum boonei T469 186 YP_003483442.1 

 Archaeo-
globaceae 

Archaeoglobus fulgidus DSM 
4304 

179 NP_070568.1 

  Archaeoglobus profundus DSM 
5631 

179 YP_003400024.1 

  Archaeoglobus veneficus SNP6 179 YP_004341422.1 

  Ferroglobus placidus DSM 10642 179 YP_003436426.1 

 Halobacteri
aceae 

Halalkalicoccus jeotgali B3 181 YP_003735396.1 

  Haloarcula hispanica ATCC 
33960 

181 YP_004794952.1 

  Haloarcula marismortui ATCC 
43049 

181 YP_137505.1 

  Halobacterium salinarum 181 YP_001689902.1 

  Haloferax volcanii DS2 180 YP_003534409.1 

  Halogeometricum borinquense 
DSM 11551 

180 YP_004037825.1 

  Halomicrobium mukohataei 
DSM 12286 

181 YP_003176940.1 

  Halopiger xanaduensis SH-6 228 YP_004596780.1 

  Haloquadratum walsbyi DSM 
16790 

181 YP_658923.1 

  Halorhabdus utahensis DSM 
12940 

181 YP_003129842.1 

  Halorubrum lacusprofundi ATCC 
49239 

180 YP_002565024.1 

  Haloterrigena turkmenica DSM 
5511 

181 YP_003404486.1 
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  Natrialba magadii ATCC 43099 181 YP_003479096.1 

  Natronomonas pharaonis DSM 
2160 

189 YP_326154.1 

  Halobacterium sp. NRC-1 214 NP_280779.1 

  Halophilic archaeon DL31 180 YP_004809073.1 

 Methano-
bacteriaceae 

Methanobacterium sp. SWAN-1 172 YP_004519509.1 

  Methanobrevibacter 
ruminantium M1 

191 YP_003424435.1 

  Methanobrevibacter smithii 
ATCC 35061 

188 YP_001273423.1 

  Methanosphaera stadtmanae 
DSM 3091 

187 YP_447429.1 

  Methanothermobacter 
marburgensis str. Marburg 

171 YP_003850131.1 

  Methanothermobacter 
thermautotrophicus str. Delta H 

209 NP_275969.1 

  Methanothermus fervidus DSM 
2088 

167 YP_004003773.1 

 Methano-
coccaceae 

Methanocaldococcus fervens 
AG86 

177 YP_003127650.1 

  Methanocaldococcus infernus 
ME 

170 YP_003615646.1 

  Methanocaldococcus jannaschii 
DSM 2661 

177 NP_248610.1 

  Methanocaldococcus sp. FS406-
22 

177 YP_003457889.1 

  Methanocaldococcus vulcanius 
M7 

177 YP_003247508.1 

  Methanococcus aeolicus Nankai-
3 

178 YP_001325400.1 

  Methanococcus maripaludis C7 178 YP_001330191.1 

  Methanococcus vannielii SB 178 YP_001323515.1 

  Methanococcus voltae A3 179 YP_003707888.1 

  Methanothermococcus 
okinawensis IH1 

206 YP_004576579.1 

  Methanotorris igneus Kol 5 179 YP_004484533.1 

  [Methanococcus maripaludis C5] 178 YP_001098219.1 

  [Methanococcus maripaludis C6] 178 YP_001549020.1 

  [Methanococcus maripaludis X1] 178 YP_004743461.1 

  [Methanococcus maripaludis S2] 178 NP_988818.1 

 Methano-
microbiaceae 

Methanocorpusculum 
labreanum Z 

185 YP_001029761.1 

  Methanoculleus marisnigri JR1 166 YP_001046917.1 

  Methanoplanus petrolearius 
DSM 11571 

163 YP_003894510.1 

  Candidatus Methanoregula 
boonei 6A8 

165 YP_001404003.1 
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  Methanosphaerula palustris E1-
9c 

166 YP_002467366.1 

  Methanospirillum hungatei JF-1 195 YP_502575.1 

  Methanocella paludicola SANAE 185 YP_003357650.1 

 Methano-
pyraceae 

Methanopyrus kandleri AV19 173 NP_614356.1 

 Methano-
sarcinaceae 

Methanococcoides burtonii DSM 
6242 

175 YP_565734.1 

  Methanohalobium evestigatum 
Z-7303 

175 YP_003726570.1 

  Methanohalophilus mahii DSM 
5219 

175 YP_003541776.1 

  Methanosaeta concilii GP6 178 YP_004383635.1 

  Methanosaeta thermophila PT 178 YP_843801.1 

  Methanosalsum zhilinae DSM 
4017 

191 YP_004615711.1 

  Methanosarcina acetivorans C2A 175 NP_618196.1 

  Methanosarcina barkeri str. 
Fusaro 

175 YP_306966.1 

  Methanosarcina mazei Go1 175 NP_632165.1 

 Methano-
cellaceae 

Methanocella arvoryzae MRE50 174 YP_685268.1 

 Thermo-
coccaceae 

Pyrococcus abyssi GE5 171 NP_127296.1 

  Pyrococcus furiosus DSM 3638 167 NP_578127.1 

  Pyrococcus horikoshii OT3 170 NP_142321.1 

  Pyrococcus sp. NA2 168 YP_004423875.1 

  Pyrococcus yayanosii CH1 166 YP_004624735.1 

  Thermococcus barophilus MP 168 YP_004072009.1 

  Thermococcus gammatolerans 
EJ3 

171 YP_002960495.1 

  Thermococcus kodakarensis 
KOD1 

171 YP_184532.1 

  Thermococcus onnurineus NA1 170 YP_002308011.1 

  Thermococcus sibiricus MM 739 168 YP_002995251.1 

  Thermococcus sp. 4557 171 YP_004763035.1 

 Thermo-
plasmaceae 

Ferroplasma acidarmanus fer1 185 ZP_05570787.1 

  Picrophilus torridus DSM 9790 184 YP_023882.1 

  Thermoplasma acidophilum 
DSM 1728 

176 NP_393585.1 

  Thermoplasma volcanium GSS1 177 NP_110705.1 

Korarchaeota unclassified Candidatus Korarchaeum 
cryptofilum OPF8 

158 YP_001737866.1 
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Thauma-
rchaeota 

unclassified Candidatus Caldiarchaeum 
subterraneum 

185 BAJ47591.1 

 Cenarchaeace
ae 

Cenarchaeum symbiosum  Not found 

 Nitroso-
pumilaceae 

Nitrosopumilus maritimus SCM1  Not found 

 Nitroso-
sphaeraceae 

Candidatus Nitrososphaera 
gargensis 

 Not found 

Nano-
archaeota 

unclassified Nanoarchaeum equitans Kin4-M  Not found 

 

Table S2 related to Figure 5. Enzymes used in this study for in vitro 

reconstitution of the ether lipid biosynthesis pathway  

Locus (gene) Source Protein expressed Function Reference 

ECK0415 (ispA with 
base mutation T235C 

and T418A) 

E. coli 
His6-IspA(Y79H, 
S140T) 

IPP+DMAPP→FPP,  
FPP+IPP→GGPP [25] 

BSU28760 (araM) B. subtilis 
G1P dehydrogenase-

His6 

DHAP + NADH → 

G1P [31] 

MmarC7_1004 M. maripaludis 
His8-GGGP synthase 
(codon optimized) 

G1P + GGPP → 
GGGP 

[45] 

AF0404 (ubiA) A. fulgidus 
His8-DGGGP synthase 
(codon optimized) 

GGPP + GGGP → 
DGGGP 

[38] 

AF1740 A. fulgidus 
CarS-His8 

(codon optimized) 
DGGGP + CTP → 
CDP-archaeol 

This study 

 

 

Table S3 related to Experimental procedures. Plasmids and primers 

used in this study 

 
Plasmids Description References 

pRSFDuet-1 Cloning and expression vector (KanR), T7 promoter Novagen 

pETDuet-1 Cloning and expression vector (AmpR), T7 promoter Novagen 

pCDFDuet-1 Cloning and expression vector (StrR), T7 promoter Novagen 
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Primer 
 name 

Primer sequence  5’→3’ 

56 GCCGCCATGGGCAGCCATCACCATCATCACCACAGCATGGACTTTCCGCAGCAACTC 

57 GCGCGAATTCTTATTTATTACGCTGGATGATGTAG 

58 ACGATGATTTCTGAACTGGCGAGC 

59 AATTCTGTCGCGGTCCGACAC 

62 CACTCATTAATTCATGATGATTTACCGGCAATGG 

63 AGCGTGGATACACTCAACGGC 

70 GCGCCATATGAATCGTATCGCAGCTGAC 

71 GCGCCTCGAGTTAGTGATGATGGTGGTGATGTTCATATAGACCATGGTTGATCAGCG 

pTara T7 RNA polymerase expression vector (CmR), araBAD promoter [119] 

pSJ120 Synthetic gene encoding codon optimized CarS from A. fulgidus 
with C-terminus His8 tag was cloned into pRSFDuet vector using 

restriction sites NdeI and XhoI  

This study 

pSJ103 Synthetic gene encoding codon optimized GGGP synthase from 

M. maripaludis with N-terminus His8 tag was cloned into 
pRSFDuet vector using restriction sites EcoRI and HindIII 

This study 

pSJ122 Synthetic gene encoding codon optimized DGGGP synthase  

from A. fulgidus  with N-terminus His8 tag was  and  redesigned 
ribosome binding site AGGACGTTAACAT cloned into pRSFDuet 
vector using restriction sites HindIII and XhoI 

This study 

pSJ130 PCR product of araM gene  with C-terminus His6 tag was 
obtained from B. subtilis genomic DNA using primers 70 and 71 
and cloned into NdeI and XhoI sites of pETDuet vector 

This study 

pSJ140 PCR product of cdsA gene with  N-terminus His6 tag was 
obtained from E. coli genomic DNA using primers 105 and 106 

and cloned into BamHI and NcoI sites of pRSFDuet vector 

This study 

pSP002 PCR product of ispA gene with N-terminus His6 tag was obtained 
from E. coli K12 genomic DNA using primers 56 and 57 and 

cloned into NcoI and EcoRI sites of pCDFDuet vector.  

This study 

pSP003 Using primers 58 and 59 and template pSP002, PCR product 
with ispAS140T mutation was obtained. The linear fragment 

was closed by blunt ligation. 

This study 

pSP005 Using primers 62 and 63 and template pSP003, PCR product 

with ispAY79H, S140T mutation was obtained. The linear 
fragment was closed by blunt ligation. 

This study 
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105 GCGCGGATCCTTAAAGCGTCCTGAATACCAGTAAC 

106 GCCGCCATGGGCAGCCATCACCATCATCACCACAGCCTGAAGTATCGCCTGATATCTGC 

 

Supplemental Experimental procedures 

Reagents  

Isopentenyl pyrophosphate, IPP (CAS number: 116057-53-5), 

farnesylpyrophosphate, FPP (CAS number: 13058-04-3) and rac-glycerol-

1-phosphate, rG1P (CAS number: 34363-28-5) were purchased from Santa 

Cruz. Dihydroxyacetone phosphate, DHAP (CAS number: 102783-56-2), β-

nicotinamide adenine dinucleotide, NADH (CAS number: 606-68-8), 

cytidine 5′-triphosphate disodium salt, CTP (CAS number: 36051-68-0) 

were from Sigma and geranylgeranyl diphosphate, GGPP (CAS number: 

104715-21-1) from Echelon Biosciences. Lipids 1,2-dipalmitoyl-sn-

glycero-3-phosphate, 16:0 PA (CAS number: 169051-60-9) and 1,2-

dioleoyl-sn-glycero-3-phosphate, 18:1 PA (CAS number: 108392-02-5) 

were purchased from Avanti polar lipids. Radionucleotides [5-3H]-cytidine 

5`-triphosphate and [4-14C]-Isopentenyl pyrophosphate, triammonium salt, 

were obtained from Perkin Elmer with specific activity >20 Ci 

(740GBq)/mmol and 56.6 mCi (2.09GBq)/mmol, respectively. 

 

Bacterial strains and plasmids 

Escherichia coli strain DH5α (Invitrogen) was used for cloning and BL21 

(DE3) or Lemo21 (DE3) [122] (New England Biolabs) were used for 

protein over-expression. E. coli strains GN80 and GN85 [111] were gifts 

from William Dowhan. A list of plasmids and primers used in this study are 

listed in Table S3. E. coli cultures were grown aerobically at 37 °C in Luria-

Bertani (LB) medium supplemented with appropriate antibiotics; 

ampicillin (100 µg/ml), chloramphenicol (34 µg/ml), kanamycin (50 

µg/ml) or streptomycin (50 µg/ml). Codon optimized synthetic genes of 

GGGP synthase (GeneScript), DGGGP synthase and CDP-archaeol synthase 

(Invitrogen) were cloned in the expression vectors as described in Table 

S3. Ribosome binding site for DGGGP synthase was redesigned using RBS 
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web calculator [113]. Site directed mutagenesis of ispA was performed 

using primers with required mutations as described in Table S3. 

 

NADH oxidation assay 

G1P dehydrogenase enzyme activity was measured as described 

previously [31]. Different concentrations of purified enzyme were 

incubated with 0.25 mM NADH (Sigma) and 0.1 mM DHAP (Sigma) in 

buffer containing 0.5 mM NiCl2 and 50 mM Tris-HCl, pH 8.0 at 37°C in a 

100 µl reaction volume. The absorbance at 340 nm was measured every 

one minute for 30 minutes in a microtitre plate reader (SynergyMX, 

BioTek). 

 

Peptide mass fingerprinting of CarS 

Purified CarS was run on an SDS-PAGE gel and stained with coomassie 

G250 (Figure S3). The gel band was excised and in-gel digestion was 

performed with trypsin and the frgmented peptides were analyzed by LC-

MS/MS. Instrument parameters were as follows- Ion sourse, ESI (nano 

spray); fragmentation mode, CID, CAD (y and b ions); MS scan mode, FT-

ICR/Orbitrap; MS/MS scan mode, linear ion trap. The swissprot-fasta 

database was searched using search engine PEAKS 7.0 with parent mass 

error tolerance 10 ppm, fragment mass error tolerance 0.5Da, 

monoisotopic precursor mass, 1 missed cleavage, carbamidomethylation 

and oxidation as modifications. 

 

Western blotting 

Tetra his antibody (5 PRIME) was used with 1:3000 dilution and Anti-

mouse IgG alkaline phosphatase conjugated (Sigma) was used as the 

secondary antibody with 1:10000 dilution. The chemiluminescence signal 

was obtained using the CDP-star substrate (Roche) on a Luminescent 

image analyzer (Fujifilm). 

 

Chemical synthesis of unsaturated archaetidic acid, DGGGP 

Solvents for chemical reactions were dried according to the standard 

procedures. Solvents for flash chromatography were used without further 

purification. All reagents were obtained from Sigma-Aldrich and were used 
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without further purification unless noted otherwise. All the reactions were 

performed using Schlenk techniques. Glassware was dried by heating (150 

°C) for at least 2 h and subsequent cooling under vacuum before use. 

Reactions were monitored by GC/MS (GC, HP6890: MS HP5973) equipped 

with an HP1 column (Agilent Technologies, Palo Alto, CA) or by TLC on 

silica coated aluminum foils (60 Å, 0.25 mm coating thickness). TLC was 

performed with the solvent chloroform, methanol, 7 M ammonia in the 

ratio 60:35:8 [42]. TLCs were visualized by the following stains: iodine 

stain, Seebach’s stain, bromcresol green stain or Dittmer stain (for 

phospholipids). Flash column chromatography was performed on 230-430 

mesh silica gel. 1H, 13C, 31P NMR spectroscopy was recorded on Varian 

VXR300 or AMX400 spectrometers. Chemical shifts were determined 

relative to the residual solvent peaks (CHCl3, δ = 7.26 ppm for 1H NMR, δ = 

77.16 ppm for 13C NMR). The (–) sign stands for negative phase in APT 

(Attached Proton test). Optical rotations were measured on a 

Schmidt+Haensch polarimeter (Polartronic MH8) with a 10 cm cell. The 

mass spectra were recorded on a Thermoscientific LTQ OrbitrapXL 

spectrometer.  

 

 (S)-4-(((3,4-dimethoxybenzyl)oxy)methyl)-2,2-dimethyl-1,3-dioxolane 

 
A dry three-necked round-bottom flask equipped with a reflux condenser 

was charged with (S)-1,2-isopropylidene glycerol (744 mg, 4 mmol) and 

tetra-n-butylammonium iodide (10 mol%, 147 mg). Solids were degassed 

in three cycles before dry THF (12 ml) was added. To the obtained 

solution, KH (50% in paraffin, 370 mg, 1.15 equiv) was added in small 

portions. The mixture was stirred for 10 min before 4-(chloromethyl)-1,2-

dimethoxybenzene[123] (860 mg, 1.15 equiv) was added in one portion. 

The so-obtained reaction mixture was immersed into a preheated oil bath 
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(87 °C) and refluxed for 16 h. After removal from the oil bath and cooling 

down to rt, solid NH4Cl (1 g) was added. The mixture was stirred for 15 

min, filtered and the collected filtrate was evaporated to dryness. The 

yellow liquid residue was further purified by flash chromatography using 

50% Et2O in pentane. Fractions with an Rf = 0.37 (50% Et2O in pentane) 

were collected and concentrated to afford 1.04 g of the desired compound 

as colorless thick liquid (92%). 
1H NMR (400 MHz, CDCl3) δ 6.93 – 6.70 (m, 3H), 4.54 – 4.43 (m, 2H), 4.27 

(m, 1H), 4.03 (dd, J = 8.2, 6.5 Hz, 1H), 3.71 (dd, J = 8.2, 6.4 Hz, 1H), 3.51 (dd, 

J = 9.8, 5.8 Hz, 1H), 3.44 (dt, J = 12.3, 4.7 Hz, 1H), 1.40 (s, 3H), 1.34 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 149.20, 148.83, 130.66, 120.51, 111.21, 

111.02, 109.54, 74.93, 73.56, 70.96, 67.00, 56.06, 55.99, 26.95, 25.54. 

αD =+15.9 (c =0.067, CHCl3). 

Elemental analysis calculated for C15H22O5 (C: 63.81%, H: 7.85%) found (C: 

63.51%, H:7.88%). 

The spectroscopic data correspond to previously published [124]  

 

(R)-3-((3,4-dimethoxybenzyl)oxy)propane-1,2-diol 

 
The corresponding acetonide (950 mg, 3.36 mmol) was dissolved in 

CH2Cl2/MeOH (10ml/10ml). Amberlite IR120 (acid form, 100 mg) was 

added and the mixture was stirred at RT until full conversion (36 h). The 

catalyst was filtered off and the filtrate was concentrated in vacuo. 

The reaction afforded 815 mg of desired product (>99%) as colorless very 

thick liquid. 
1H NMR (400 MHz, CDCl3) δ 6.88 – 6.81 (m, 3H), 4.47 (s, 2H), 3.88 (s, 3H), 

3.87 (s, 3H), 3.69 (dd, J = 11.4, 3.9 Hz, 1H), 3.61 (dd, J = 11.4, 5.5 Hz, 1H), 

3.57 – 3.48 (m, 2H), 2.31 (s, 2H). 
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13C NMR (101 MHz, CDCl3) δ 149.02, 148.76, 130.18, 120.47, 111.16( − ), 

110.94( − ), 73.45, 71.44, 70.71( − ), 64.02, 55.89( − ), 55.86 ( − ). 

 

Farnesyl bromide 

 

 
 A dry flask was charged with farnesol (2.0 g, 8.9 mmol). Dry THF 

(30 ml) was added and resulting solution was immersed into a -47 °C bath 

(ethanol, cryostat). After stirring for 10 min, freshly distilled MsCl (900 µl, 

1.3 equiv) was added via syringe over 5 min. Subsequently, Et3N (2.5 ml, 

2.0 equiv) was added over another 5 min. After complete addition, the 

mixture was stirred for 45 min at -47 °C. To the resulting suspension 

a solution of LiBr (3.0 g, 4.0 equiv) in dry THF (10 ml) was added dropwise 

over 5 min. After complete addition, the reaction vessel was transferred to 

a 0 °C bath (ice/water) and stirred for 1 h. The reaction mixture was 

poured into chilled saturated NaHCO3 solution. The organic layer was 

separated, the aqueous layer was extracted with cold Et2O (a mixture of 

Et2O with pieces of ice, 3x25 ml), the combined organic layers were 

washed with cold water, brine, dried over MgSO4 and evaporated. The 

crude farnesyl bromide was obtained as a yellow liquid and used without 

further manipulation. 

The reaction afforded 1.91 g of the desired product as a light yellow oil 

(75% yield) which was stored at -80 °C, and used within 1 day. 

 

(6E,10E)-ethyl 7,11,15-trimethyl-3-oxohexadeca-6,10,14-trienoate 

 
A dry Schlenk flask was charged with NaH (60% dispersion, 880 mg, 3.3 

equiv). The mineral oil was removed by three washings with pentane 

(3x10 ml). The resulting white solid was dried in vacuum. Dry THF (16 ml) 

was added and the resulting white suspension was cooled to 0 °C 

(ice/water bath). To this suspension, freshly distilled ethyl acetoacetate 

(2.6 ml, 3 equiv) was added dropwise over 5 min. After complete addition 
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the suspension turned into a light yellow solution. To this solution was 

added a solution of nBuLi in hexanes (2.5 M, 8.3 ml, 3.1 equiv) over 15 min. 

The resulting orange solution was stirred for additional 15 min at 0 °C 

before a solution of farnesyl bromide (from the previous experiment 1.91 

g, 6.7 mmol) in dry THF (3.5 ml) was added dropwise over 5 min. The 

resulting solution was stirred at 0 °C for 15 min, during which formation of 

a precipitate was observed. The reaction was quenched by careful addition 

of chilled aqueous HCl (1 M, 10 ml, EXOTHERMIC). The mixture was 

transferred into a separatory funnel, where the organic layer was 

separated, the aqueous layer was extracted with Et2O (3x10 ml), the 

combined organic layers were washed with brine, dried and evaporated. 

The title compound was obtained after column chromatography using 

10% Et2O in pentane as 1.67 g of a light yellow liquid (55% starting from 

farnesol, lit 70%). 
1H NMR (400 MHz, CDCl3) δ 12.09 (s, 0.2H), 5.08 (d, J = 6.5 Hz, 3H), 4.19 

(dt, J = 7.2, 5.3 Hz, 2H), 3.42 (s, 2H), 2.56 (t, J = 7.4 Hz, 2H), 2.38 – 2.17 (m, 

3H), 2.05 -1.98 (m, 8H), 1.68 (s, 3H), 1.64 – 1.58 (m, 9H), 1.28 (t, J = 7.1 Hz, 

3H). This corresponds to the data reported in the literature[125].  

 

 
A dry Schlenk flask was charged with NaH (60% dispersion, 228 mg, 1.15 

equiv). The mineral oil was removed by three successive washings with 

hexane (3 x 5 ml) and the resulting white solid was suspended in dry Et2O 

(21 ml). The suspension was immersed in an ice/water bath of 0 °C and 

a solution of (6E,10E)-ethyl 7,11,15-trimethyl-3-oxohexadeca-6,10,14-

trienoate (1.65 g, 4.95 mmol) was added as a solution in dry Et2O (7 ml) 

over 15 min. After the addition was complete, the resulting light yellow 

solution was stirred for 15 min at 0 °C and for 15 min at 21 °C (RT). Then 

the solution was again cooled in the ice bath and neat (EtO)2P(O)Cl (1.1 ml, 

1.5 equiv) was added dropwise. The resulting reaction mixture was stirred 

for 15 min at 0 °C and subsequently quenched by addition of saturated 

aqueous NH4Cl solution (15 ml). The organic layer was separated, and the 
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aqueous layer was extracted with Et2O (3 x 15 ml). The combined organic 

layers were washed with saturated aqueous NaHCO3 (3 x 15 ml), brine (2 x 

15 ml), dried over MgSO4 and the solvent was removed in vacuo. 

The resulting crude (2.08 g) was obtained as a yellow liquid and used 

without further purification in the following step. 

 
A dry Schlenk flask was charged with CuI (1.7 g, 1.8 equiv) which was 

suspended in dry Et2O (5.5 ml) and cooled to 0 °C. The resulting 

suspension was treated with MeLi (1.6 M in Et2O, 3.6 equiv). The 

suspension turned yellow after initial addition of MeLi, after complete 

addition the CuI fully dissolved affording a nearly colorless solution.  

The reaction vessel with Me2CuLi was immersed in a cryostat at -78°C and 

a solution of the phosphate (2.08 g, previous step) in Et2O (dry, 7 ml) was 

added dropwise via the cold wall of the Schlenk flask (in order to chill the 

solution of the phosphate). After complete addition, the color changed to 

orange/red and the resulting solution was stirred at -78 °C. After 1 h the 

bath was allowed to warm to -47 °C and the reaction mixture was stirred 

at -47 °C for 2 h. After this time TLC showed full conversion of the 

phosphate and a new spot had appeared on TLC. MeI (630 µl) was added 

to quench the unreacted cuprate. After stirring for 10 min, the reaction 

mixture was carefully poured into a solution of NH4Cl (24 ml) and NH4OH 

(6 ml) (can be exothermic with gas evolution). The mixture was stirred 

until all solids dissolved. Layers were separated, the aqueous layer was 

extracted with Et2O (3 x 20 ml) and the combined organic layers were 

washed with NH4OH (10%, 2 x 40 ml), brine (2 x 40 ml), dried and 

evaporated. 

The reaction afforded 1.15 g of a yellow liquid which was used without 

further purification. 

 

 
The unsaturated ethyl ester from the previous step was dissolved in 

toluene (p.a. grade, 17 ml). This solution was cooled to -78 °C (N2/acetone 



Chapter 2 
 

 
87 

 

bath) and a solution of DIBAL (2.6 ml, 3 equiv) in hexane (15 ml) was 

added dropwise. The mixture was stirred until complete consumption of 

the starting material (TLC). The reaction was quenched by careful addition 

of MeOH (3 ml, added over 10 min, EXOTHERMIC, GAS EVOLUTION). 

When gas evolution ceased, the mixture was removed from the bath and 

stirred for 10 min at rt. The reaction mixture was poured into saturated 

NH4Cl (50 ml)/HCl (50 ml) solution and stirred until clear separation of 

the layers took place (ca 30 min). The aqueous layer was extracted with 

Et2O (3 x 50 ml). The combined organic layers were washed with water (2 

x 50 ml) and brine (2 x 50 ml), dried over MgSO4 and evaporated. The 

residual thick liquid was further purified by flash chromatography on silica 

using 30% Et2O in pentane as the eluent. 

The reaction afforded 857 mg of geranylgeraniol (60% over three steps) 

with >99% double bond isomer purity according to GC analysis. The 

spectral data correspond to those previously reported[125]. 

 
N-chlorosuccinimide (1.2 g, 1.3 equiv) was suspended in dry CH2Cl2 (15 

ml). The suspension was cooled to -30 °C (acetone/liquid N2 bath) and 

after stirring for 5 min, dimethyl sulfide (750 µl, 1.5 equiv) was added. The 

reaction was stirred for 10 min at -30 °C and 10 min at 0 °C. Then the 

solution was cooled to -40 °C. A solution of geranylgeraniol (2 g, 6.9 mmol) 

in CH2Cl2 (dry, 5 ml) was added dropwise. The resulting suspension was 

allowed to warm during 150 min to 0 °C, turning into a cloudy solution at -

15 °C. The reaction mixture was poured into pentane (150 ml), The organic 

layer was washed with water (2x50 ml), brine (50 ml), dried over MgSO4 

and evaporated. 

The reaction afforded 1.94 g of geranylgeranyl chloride as a colorless 

liquid which was used without further purification.  
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A dry Schlenk flask was charged with NaH (60% dispersion in mineral oil, 

2.1 equiv). The mineral oil was removed by washing with pentane (3 x 5 

ml) and the white solid was dried in high vacuum before suspending in 

DMSO (5 ml). The obtained suspension was immersed in a preheated oil 

bath (70 °C) and stirred for 40 min during which the suspension turned 

into a pale yellow solution. The flask was removed from the bath and 

allowed to cool to rt (21 °C). To this solution, a solution of (R)-3-((3,4-

dimethoxybenzyl)oxy)propane-1,2-diol in dry DMSO (5 ml) was added 

carefully. After the complete addition, the reaction mixture was stirred for 

1 h at rt (21 °C). Then a mixture of geranylgeranyl chloride (1.94 g from 

the previous experiment) in a small amount of DMSO (2 ml) was added. 

The resulting solution was stirred for 16 h before pouring into saturated 

aqueous NH4Cl solution (20 ml). The aqueous layer was extracted with 

Et2O (3 x 50 ml). The combined organic layers were washed with brine, 

dried and evaporated. The crude residue was further chromatographed 

using 30% Et2O in pentane to afford the desired product and the product 

of the mono-alkylation. 

The dialkylated product 1.52 g (61%) was obtained as a colorless liquid 
1H NMR (400 MHz, CDCl3) δ 6.97 – 6.75 (m, 3H), 5.35 (dt, J = 13.5, 6.6 Hz, 

2H), 5.10 (d, J = 5.8 Hz, 6H), 4.49 (s, 2H), 4.16 (d, J = 6.7 Hz, 2H), 4.01 (d, J = 

6.7 Hz, 2H), 3.87 (d, J = 2.6 Hz, 6H), 3.68 (dt, J = 10.0, 5.1 Hz, 1H), 3.62 – 

3.46 (m, 5H), 2.16 – 1.90 (m, 23H), 1.68 (s, 6H), 1.65 (s, 26), 1.59 (s, 16H) 
13C NMR (101 MHz, CDCl3) δ 149.06, 148.60, 140.20, 139.95, 135.43, 

135.40, 135.06, 131.39, 131.10, 124.51 ( − ), 124.32 ( − ), 124.31 ( − ), 

124.03 ( − ), 123.99 ( − ), 121.33 ( − ), 120.99 ( − ), 120.31 ( − ), 111.07 ( − 

), 110.91 ( − ), 77.03( − ), 73.40, 70.35, 70.19, 68.02, 66.95, 56.03 ( − ), 

55.92 ( − ), 39.86, 39.84, 39.78, 26.89, 26.78, 26.53, 26.50, 25.85( − ), 17.83 

( − ), 16.69( − ) , 16.66 ( − ), 16.15 ( − ) . 

αD =+5.2 (c =1.0, CHCl3) 

NMR data correspond to those previously published[86]. 
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The monoalkylated product 256 mg (16%) was obtained as a colorless 

liquid. 
1H NMR (400 MHz, CDCl3) δ 6.84 (m, 3H), 5.34 (d, J = 7.1 Hz, 2H), 5.10 (s, 

3H), 4.48 (d, J = 5.0 Hz, 2H), 4.01 (m, 3H), 3.87 (2x s, 6H), 3.76 – 3.40 (m, 

5H), 2.05 (m, 12H), 1.66 (d, J = 8.3 Hz, 6H), 1.59 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 149.11, 148.76, 148.73, 140.72, 140.67, 

135.49, 135.45, 135.05, 131.36, 130.62, 124.47 ( − ), 124.26 ( − ), 123.88 ( 

− ), 123.85 ( − ), 120.79 ( − ), 120.59 ( − ), 120.48 ( − ), 120.38 ( − ), 111.16 

( − ), 111.02 ( − ), 110.95 ( − ), 110.93 ( − ), 77.61 ( − ), 73.53, 73.48, 71.34, 

71.22, 69.93, 69.70 ( − ), 67.94, 66.67, 63.01, 56.01 ( − ), 55.93 ( − ), 55.92 ( 

− ), 39.83, 39.80, 39.72, 26.86, 26.72, 26.43, 25.82 ( − ), 17.80 ( − ), 16.66 ( 

− ), 16.63 ( − ), 16.13 ( − ) 16.12 ( − ). 

αD = +9.2 (c =1.0, CHCl3). 

HRMS calculated for C32H50O5Na [M+Na]: 538.354 found 538.355 

 

 
 

Protected (R)-2,3-bisgeranylgeranyl glycerol (1.44 g, 1.83 mmol) was 

dissolved in CH2Cl2 (30 ml). To this solution, water (0.75 ml) was added. 

The obtained biphasic solution was cooled in an ice bath (0 °C) and DDQ 

(830 mg, 2 equiv) was added. The reaction was stirred for 4 h at 0 °C until 

TLC showed full conversion of the starting material. The crude reaction 

mixture was filtered over a small silica pad and washed with CH2Cl2 (200 

ml). The washings were combined and evaporated. The obtained yellow 

liquid was further purified by column chromatography (30% Et2O in 

pentane).  
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The reaction afforded 705 mg of the desired product as yellow thick liquid 

containing traces of unknown co-eluting impurities. 
1H NMR (400 MHz, CDCl3) δ 5.35 (dt, J = 13.5, 6.7 Hz, 2H), 5.11 (t, J = 6.5 Hz, 

6H), 4.26 – 4.06 (m, 2H), 4.02 (d, J = 6.7 Hz, 2H), 3.77 – 3.41 (m, 5H), 2.16 – 

1.93 (m, 24H), 1.68 (s, 12H), 1.60 (s, 21H) 
13C NMR (101 MHz, CDCl3) δ 140.68, 135.49, 135.47, 135.07, 131.37, 

124.52 ( − ), 124.32 ( − ), 123.9 ( − )3, 120.91 ( − ), 120.69 ( − ), 77.61 ( − ), 

70.16, 68.08, 66.66, 63.21, 39.88, 39.86, 39.83, 39.75, 26.90, 26.77, 26.50, 

26.46, 25.83 ( − ), 17.82 ( − ), 16.68 ( − ), 16.65 ( − ), 16.15 ( − ), 16.14 ( − ). 

HRMS calculated for C43H72O3Na [M+Na]: 659.536, found: 659.537. 

 

 
PCl3 (7 ml, 80 mmol) was dissolved in pentane (700 ml). Via an addition 

funnel, a solution of diisopropylamine (distilled from CaH2, 23 ml, 2 equiv) 

in pentane (100 ml) was added dropwise over 15 min. After this time, 

a significant amount of white precipitate had formed. The suspension was 

stirred for 2 h. The mixture was transferred to a separatory funnel. The 

pentane layer was washed with acetonitrile (the pentane layer stays on 

top, 5 x 100 ml of acetonitrile, after the washing the pentane layer was 

fully transparent). Pentane was subsequently evaporated. The reaction 

afforded 1,1-dichloro-N,N-diisopropylphosphinamine (6 g, 38%) as 

colorless liquid (1H NMR (400 MHz, CDCl3) δ 4.02 – 3.83 (m, 1H), 1.28 (d, J 

= 6.8 Hz, 6H), 31P NMR (162 MHz, CDCl3) δ 169.59).  

From the obtained liquid, an aliquot was taken (2.0 g, 10 mml). This was 

dissolved in dry THF (40 ml) and DIPEA (3.5 ml, 2 equiv) was added. The 

solution was cooled in an ice bath and (9H-fluoren-9-yl)methanol (3.92 g, 

2 equiv) in dry THF (10 ml) was added. The solution was stirred for 10 h 

during which a white precipitate formed. The reaction was poured into 

aqueous phosphate buffer (1 M, pH = 7) and extracted with ethyl acetate (4 
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x 50 ml). The combined organic extracts were washed with the same 

phosphate buffer, brine, dried and evaporated. The crude product was 

used without further purification due to its sensitivity.  
31P NMR (162 MHz,CDCl3) δ 148.01. 

 

 
(R)-2,3-bisgeranylgeranyl glycerol was dissolved in CH2Cl2/CH3CN (0.5 

ml/0.5 ml) and bisfluorenylmethyl phosphoramidite (154 mg, 3 equiv) 

was added. The mixture was cooled to 0 °C and tetrazole (21 mg, 3 equiv) 

was added. The mixture was allowed to gradually warm to rt (21 °C) and 

stirred overnight. When full conversion of starting material was observed 

(TLC), the mixture was cooled and a solution of tBuOOH (5 M in decane, 3.2 

equiv) was added in one portion followed by stirring for 45 min. The 

mixture was subsequently poured into aqueous phosphate buffer (1 M, pH 

= 7) and extracted with Et2O (4 x 20 ml). The combined extracts were 

washed with brine, dried and concentrated. The crude residue was 

purified by flash chromatography using (50% Et2O in pentane). Fractions 

with an Rf = 0.4 (50% Et2O in pentane) were collected to afford 102 mg 

(94%) of the desired compound. 
1H NMR (400 MHz, CDCl3) δ 7.71 (dd, J = 12.2, 4.3 Hz, 4H), 7.64 – 7.47 (m, 

4H), 7.46 – 7.29 (m, 4H), 7.29 – 7.14 (m, 4H), 5.27 (q, J = 6.8 Hz, 2H), 5.20 – 

4.98 (m, 6H), 4.34 – 4.21 (m, 4H), 4.20 – 4.07 (m, 3H), 4.08 – 3.90 (m, 5H), 

3.59 (dd, J = 9.7, 4.9 Hz, 1H), 3.54 – 3.53 (m, 2H), 2.18 – 1.88 (m, 24H), 1.68 

(s, 6H), 1.59 (dd, J = 11.2, 6.0 Hz, 24H) 
13C NMR (101 MHz, CDCl3) δ 147.46, 147.40, 145.60, 144.69, 144.56, 

139.59, 139.57, 139.21, 135.52 ( - ), 132.10 ( - ), 131.36 ( - ), 129.48 ( - ), 

129.43 ( - ), 128.66 ( - ), 128.47 ( - ), 128.09 ( - ), 124.89 ( - ), 124.86 ( - ), 

124.25 ( - ), 124.21 ( - ), 80.44 ( - ), 80.36 ( - ), 73.59, 73.53, 73.07, 72.22, 

71.45, 71.40, 71.07, 52.24 ( - ), 52.16 ( - ), 44.00, 43.98, 43.87, 31.04, 30.93, 

30.70, 30.65, 29.98 ( - ), 21.97 ( - ), 20.78 ( - ), 20.29 ( - ). 

HRMS calculated for C71H93O6PNa [M+Na]: 1095.660, found 1095.660. 
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Bisprotected phosphoric ester (102 mg, 100 μmol) was dissolved in 

acetonitrile (5 ml). To this solution, Et3N (20 equiv) was added and the 

resulting mixture was stirred overnight. All volatiles were evaporated and 

the crude mono deprotected phosphoric ester (as assumed from the TLC) 

was suspended in aqueous NaOH (1 M, 5 ml) until full conversion of the 

monoprotected ester was observed (TLC, 3 h). The mixture was acidified 

with HCl (1 M) to pH = 1 and extracted with Et2O (3 x 20 ml). The 

combined extracts were dried over MgSO4 and concentrated. The crude 

residue was purified on a silica column using a carefully established 

gradient of 2% MeOH/CHCl3  33% MeOH/CHCl3. 

The reaction afforded 34.3 mg (48%) of the desired compound as a 

colorless liquid. 

NOTE: The final product was stored in the freezer (- 20 °C), due to its 

relative instability. 
1H NMR (400 MHz, CDCl3) δ 5.32 (m 2H), 5.09 (m, 6H), 4.15 (m, 2H), 4.00 

(m, 4H), 3.57 (m, 3H), 2.01 (m, 24H), 1.77 – 1.49 (m, 30H). 
13C NMR (101 MHz, CDCl3, the spectrum shows a considerable number of 

overlapping signals) δ 135.23, 134.85, 131.16, 124.38, 124.22, 123.88, 

120.71, 39.75, 39.72, 26.76, 26.61, 25.67, 17.66, 16.53, 16.00, 15.97. 
31P NMR (162 MHz, CDCl3) δ 1.37. 

HRMS: calculated for C43H72O6P [M-1]: 715.507 found: 715.506 

 

NMR Spectra 

The NMR spectras of the chemical synthesis can be found with article 

online at http://dx.doi.org/10.1016/j.chembiol.2014.07.022. 

http://dx.doi.org/10.1016/j.chembiol.2014.07.022


 

 
 

 

 

 

 

 




