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Abstract 

The presence of fully saturated isoprenoid chains is one of the distinct 

features of the archaeal membrane lipids compared to phospholipids of 

eukarya and bacteria. Hydrogenation of the double bonds is achieved via a 

reduction reaction which is catalyzed by enzymes belonging to the 

geranylgeranyl reductase (GGR) family. However, it is still a matter of 

debate at which step of the biosynthetic pathway archaetidic acid is 

reduced. GGR and ferredoxin of two different archaeal organisms were 

tested for the formation of the saturated species of the archaeal lipids 

archaetidylglycerol (AG) and archaetidylethanolamine (AE) in an E. coli 

strain harboring the ether lipid biosynthetic pathway. 
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Introduction 

All living cells are surrounded by a barrier called cytoplasmic 

membrane that separates the inside from the outside of the cell. The 

membrane is involved in many important cellular processes. The lipid 

composition of cytoplasmic membrane is an important feature that 

distinguish organisms from each other, in particular with the 

differentiation between Archaea and Bacteria and Eukarya [88,126]. 

Archaeal lipids consist of fully saturated isoprenoid chain ether linked to 

the glycerophosphate backbone compared to the phosphatidic acid chain 

linked via ester bonds to the enantiomeric glycerophosphate form found in 

bacteria and eukarya. One of the striking features of archaeal lipids is the 

high chemical stability of their hydrocarbon chains which contribute to the 

survival in extreme environments [3,71]. This property is partially 

conferred by an important step in ether lipid biosynthesis which is the 

saturation of the double bonds on the isoprenoid chain. The archaeal ether 

lipid biosynthetic pathway has been extensively described in the thesis 

chapters, but the exact enzymology of saturation remains unclear.  

One mechanism proposed is that the hydrogenation of the double bonds 

of the isoprenoid chain to produce the final unsaturated archaeal lipids is 

catalyzed by a geranylgeranyl reductase (GGR) enzyme. It belongs to the 

GGR family which includes GGR members from bacteria [209] and plants 

[210] mainly involved in photosynthesis and carotenoid production [51]. 

Among archaea many GGR homologous are found that contain a highly 

conserved FAD binding site and a certain degree of conservation in the 

substrate binding domain. In particular the conserved motif sequence 

YxWxFPx7-8GxG is important for keeping the substrate in a FAD parallel 

position optimal for double bond reduction [50].  Several GGR enzymes 

from different archaeal organisms have been investigated and 

characterized in the past years. Reductase activity was initially observed in 

cell free extracts of the hyperthermophilic archaea associated protein 

[211] for which the crystal structure was solved in a FAD bound complex 

[50]. The proposed hydrogenation mechanism requires the presence of 

NADH or other reducing agents which reduce the flavin cofactor of the 

enzyme, followed by the hydrogenation of the lipid substrate double bonds  
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Figure 1 | Schematic representation of the geranylgeranyl reductase putative 
mechanism. The proposed mechanism for the hydrogenation of double bonds requires 
an initial step in which the flavin cofactor bound to the enzyme is reduced by NAD(P)H 
or other reducing agent. The reduced flavin cofactor transfers the received hydrogens 
to the substrate to saturate the double bonds on the archaeal lipid isoprenoid chain. 
The transfer of the two hydrogens (colored in red) are highlighted with arrows. The 
two steps are repeated to obtain full saturation of all the double bonds. 

 

 

by the reduced flavin (Figure 1). The GGR from Sulfolobus acidocaldarius 

has a similar structure as the GGR from T. acidophilum in the FAD binding 

and active sites [52]. The enzyme clearly shows a substrate preference for 

DGGGP, GGGP and to a lesser extent GGPP [212]. A recent study 

investigated the GGR from the mesophilic archaea Methanoscarcina 

acetivorans. The corresponding gene was expressed in a engineered E. coli 

strain containing four genes of the archaeal ether lipid biosynthetic 

pathway. Upon the expression of the reductase enzyme the saturated form 

of DGGGP could be detected [53]. Interestingly, the hydrogenation activity 

was enhanced when the ferredoxin gene, localized upstream the GGR gene 
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in M. acetivorans genome, was coexpressed in the bacterial strain. This 

suggested the possibly role of ferredoxin as biological electron donor. 

However, the overall saturation of double bonds was weak leaving high 

levels of the archaeal phospholipids unsaturated. 

In the present section the GGR and ferredoxin from M. acetivorans and 

Methanococcus maripaludis were used to characterized the double bonds 

hydrogenation step in the ether lipid biosynthetic pathway. The expression 

of these genes was realized in an engineered E. coli strain containing up to 

seven ether lipid genes [163] aiming to in vivo produce the two saturated 

form of archaetidylglycerol (AG) and archaetidylethanolamine (AE). 

 

Results 

In vivo saturation of AG and AE by GGR and ferredoxin of M. 

acetovirans 

On the basis of the ability of the GGR enzyme and ferredoxin from the 

archaeon M. acetivorans to generate fully saturated archaeal lipid species 

when coexpressed with four ether lipid biosynthesis genes in E. coli [53], 

the activity of GGR and ferredoxin was tested in the E. coli strain 

containing up to seven ether lipids enzymes in order to produce saturated 

AG and AE [163]. Herein, the codon optimized genes MA1484 and MA1485 

encoding for the GGR and ferredoxin from M. acetivorans, respectively, 

were added to the set of four compatible vectors listed in Table 1. 

Aerobically growing E. coli strains were induced with 0.25 mM IPTG for 3.5 

hours, and alternatively cells were grown aerobically until mid-

exponential phase (OD600 = 0.6) and then induced under oxygen depriving 

condition [213]. Total lipid analysis was performed by LC-MS using the 

previously described method [163]. Three different engineered E. coli 

strains were compared containing a various combination of ether lipid 

enzymes: 1 -  seven ether lipid enzymes (E. coli Idi, E. coli mutant IspA, B. 

subtilis AraM, M. maripaludis GGGPS, A. fulgidus DGGGPS, A. fulgidus CarS 

and B. subtilis PssA), II eight ether lipid genes as I but with M. acetivorans 

GGR and III – nine ether lipid enzymes as I with M. acetivorans GGR and M. 

acetivorans Ferredoxin. The LC-MS data revealed no differences in the  
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Figure 2 | In vivo saturation of the archaeal AG and AE lipids by GGR and ferredoxin 
from M. acetivorans. Total lipid analysis of three engineered E. coli strains harboring 
different ether lipids enzymes combinations. Growth and induction condition are 
indicated. (A) Two unsaturated AG and AE archaeal lipids. (B) Saturated AG species. 
(C) Saturated AE species. The H+ in the legend indicates the amount of hydrogens 
added to the substrate and therefore the number of the reduced double bonds. The LC-
MS ion counts were normalized using Eicosane as internal standard. 

 

 

amount of the two unsaturated archaeal species AG and AE in the two 

different tested induction conditions (Figure 2A). A detailed analysis on 

the saturated AG and AE species (Figure 2B and C) showed the presence 

of the two archaeal lipids with a different degree of double bonds 

saturation only in the E. coli strains containing all the ether lipids enzymes, 

including GGR and ferredoxin induced in an oxygen deprived condition. 
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However, incompletely saturated AG and AE were also observed in the 

other analyzed strains while the amounts of saturated lipid species were 

very low. 

 

In vivo optimization of the saturation activity 

The poor saturation activity of the GGR and Ferredoxin from M. 

acetivorans was optimized in order to produce higher amount of saturated 

AG and AE species in the engineered E. coli strains. To this end, two 

different IPTG concentration, 0.1 and 0.25 mM, were used to induce the 

two bacterial strains (with GGR and with GGR/Ferredoxin) at different 

growth phases (OD600 = 0.0, 0.2 and 0.5). Total lipid analysis of the 

membrane fraction of the tested strains revealed that induction of the E. 

coli strain harboring nine ether lipid enzymes (with GGR/Ferredoxin) with 

0.1 mM of ITPG and at the beginning of growth yielded a lower amount of 

unsaturated AG and AE (Figure 3A) than the E. coli strain containing eight 

ether lipid genes (with GGR) induced under the same conditions. Induction 

with 0.25 mM of IPTG did not improve the saturation. When the LC-MS 

data was screened for the saturated AG and AE species, none of the 

conditions resulted in higher amounts of these lipid species (Figure 3B 

and C). 

 

In vivo saturation of AG and AE by GGR and ferredoxin of M. 

maripaludis 

Given the lower saturation activity of the GGR from the thermophilic 

archaea M. acetovirans, the same enzyme from the mesophilic archaea M. 

maripaludis was examined as mesophilic enzymes may have a higher 

activity at 37 °C, temperature at which E. coli grows optimally. The gene 

MMARC5_RS06325 encoding for GGR and the upstream gene  

MMARC5_RS06320 encoding for the ferredoxin protein were codon 

optimized for expression in the E. coli cells. The genes were cloned into a 

system of four compatible vectors and the E. coli strains harboring 

different combinations of ether lipid enzymes were grown and induced 

using the above described procedure. Induction at oxygen deprived  
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Figure 3 | In vivo optimization of the archaetidyl phospholipid saturation by GGR and 
ferredoxin from M. acetivorans. Total lipid analysis of engineered E. coli strains 
harboring all the ether lipid enzymes with GGR or with GGR and Ferredoxin. Different 
IPTG concentrations and growth phases of induction are indicated. (A) Unsaturated AG 
and AE archaeal lipids. (B) Saturated AG species. (C) Saturated AE species. The H+ in 
the legend indicates the amount of hydrogens added to the substrate and therefore the 
number of the reduced double bonds. The LC-MS ion counts were normalized using 
Eicosane as internal standard. 

 

conditions lead to higher levels of unsaturated AG and AE production 

compared to the aerobic conditions (Figure 4A). In the presence of GGR 

and ferredoxin, a remarkable decrease of the two unsaturated AG and AE 

species was noted but this was not accompanied with an increase in the 

saturated AG and AE species (Figure 4B and C). 
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Figure 4 | In vivo saturation of the archaeal AG and AE lipids by GGR and ferredoxin 
from M. maripaludis. Total lipid analysis of three engineered E. coli strains harboring 
different ether lipid enzymes combinations. Growth and induction condition are 
indicated. (A) Unsaturated AG and AE archaeal lipids. (B) Saturated AG species. (C) 
Saturated AE species. The H+ in the legend indicates the amount of hydrogens added 
to the substrate and therefore the number of the reduced double bonds. The LC-MS ion 
counts were normalized using Eicosane as internal standard. 

 

Discussion 

Archaeal intermediates so far characterized in the heterologously 

expressed ether lipid biosynthetic pathway all contain double bonds in 

their hydrocarbon side chain. However, the mature archaeal lipid consists 

of fully saturated isoprenoid chains which is brought about by a 

hydrogenation step involving the GGR enzymes. Crystallographic studies 
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on various GGR enzymes [50,52,214] has shed some light on the 

interaction of the enzyme with the FAD cofactor and the putative substrate 

providing insights into the putative saturation mechanism. Different 

reducing agents were also tested in order to understand the enzymatic 

requirement of this biosynthetic step. Here, we aimed to characterize 

double bond saturation of the ether lipids synthesis in order to place this 

biosynthetic step in the archaeal lipid pathway and to generate fully 

saturated lipid species.  

In vitro characterization using the purified GGR enzyme from M. 

acetivorans and M. maripaludis employing the chemically synthetized 

substrate DGGGP, GGPP and different reducing agents, such as NAD(P)H, 

sodium dithionite, purified Ferredoxin however failed to show any 

reductase activity towards DGGGP and GGPP (data not shown). Therefore, 

the enzymes were expressed in vivo to exam saturation of AG and AE. By 

the introduction of the GGR and ferredoxin enzymes in the system of seven 

archaeal and bacterial enzymes [163], double bonds saturation could be 

demonstrated in E. coli. The lipid analysis with the GGR and ferredoxin 

from the hyperthermophilic archaea M. acetivorans revealed a low 

saturation activity of AG and AE. Despite the low activity, the presence of 

the archaeal AG and AE with different number of saturated double bonds 

could be detected by LC-MS. The abundance of these species was 

remarkably higher when ferredoxin was also present in the E. coli strain 

compared to GGR alone. Thus, this result underlines the biological role of 

ferredoxin as reducing agent in the double bonds saturation mechanism, 

confirming previous studies [53]. GGR and Ferredoxin from the mesophilic 

archaea M. maripaludis were also investigate to attempt to a higher 

enzymatic activity. Again, only partially saturated archaeal lipids were 

detected. Further studies are required to determine how GGR saturates its 

substrates and to assess at what stage of lipid biosynthesis isoprenoid 

chain saturation occurs. 

 

 

 

 



Chapter 6 
 

 
227 

 

Experimental procedures 

Cloning procedures and bacterial strain 

E. coli BL21 was used for the expression of the entire ether lipid 

biosynthetic pathway. The primers and plasmids used to clone the 

investigated enzymes are listed in the Table 1 and 2. 

 

Table 1. Expression vectors used in the present study. 

Plasmid Description Reference 

pRSF-Duet-1 Cloning and expression vector (KanR), T7 

promoter 

Novagen 

pET-Duet-1 Cloning and expression vector (AmpR), T7 

promoter 

Novagen 

pCDF-Duet-1 Cloning and expression vector (StrR), T7 

promoter 

Novagen 

pACYC-Duet-1 Cloning and expression vector (CmR), T7 

promoter 

Novagen 

pSJ135 ispA gene with a double mutation Y79H and 

S140T,  the  idi gene, both with a N-terminal 

His-tag from E. coli K12 cloned into pCDF-Duet 

vector using the primers 62, 63, 24 and 57 

[163] 

pSJ138 Synthetic gene encoding codon optimized GGGP 

synthase from M. maripaludis with N-terminal 

His-tag, and the  B. subtilis araM with C-

terminus His-tag cloned into pET-Duet vector 

using the primers 70, 71, 11 and 12 

[163] 

pSJ140 Synthetic gene encoding codon optimized 

DGGGP synthase from A. fulgidus with N-

terminal His-tag and redesigned ribosome 

binding site AGGACGTTAACAT, and a synthetic 

gene encoding codon optimized CDP-archaeol 

synthase from A. fulgidus with a C-terminus His-

tag cloned into pRSF-Duet vector using the 

primers 32, 20, 84 and 86 

[163] 

pAC004 B. subtilis pss gene with C-terminal His-tag 

cloned into pACYC-Duet vector using the 

primers 89 and 90 

[163] 
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Table 2. Oligonucleotide primers used in the study. 
 

Primers 

name 
Primer sequence 5’              3’ 

             Restriction 

site 

11 GCGCGAATTCATGCATCACCACCACC EcoRI 

12 GCGCAAGCTTTCATTTTTTGGACAGC HindIII 

20 GCGCCTCGAGGACAGGTTTCCCGACTGGAAAG XhoI 

24 GATATACCATGGGCAGCCATCACCATC NcoI 

32 GGCGCCATATGCTGGATCTGATTCTGAA NdeI 

57 GCGCGAATTCTTATTTATTACGCTGGATGATGTAG EcoRI 

62 CACTCATTAATTCATGATGATTTACCGGCAATGG blunt 

63 AGCGTGGATACACTCAACGGC blunt 

70 GCGCCATATGAATCGTATCGCAGCTGAC NdeI 

71 
GCGCCTCGAGTTAGTGATGATGGTGGTGATGTTCATATAGACCATGGT

TGATCAGCG 
XhoI 

84 GCCGCCATGGGTAGTCATCATCACCACCATC NcoI 

86 GCGCGAATTCTTAGAATGCACCGGCGA EcoRI 

89 GCGCCATATGAATTACATCCCCTGTATGATTACG NdeI 

90 
GCGCCTCGAGTTAGTGATGGTGATGGTGGTGATGATGATTCCATCTCCC

AGACTCCAG 
XhoI 

564 CGCGGAGCTCATGAAAGACATTTACGACGTGCTGG SacI 

565 CGCGGTCGACTTAGTGATGGTGGTGATGGTGGTGATGCG SalI 

547 CGCGCCATGGTCTGGCACTACAC NcoI 

pAC021 Synthetic gene encoding codon optimized GGR 

from M. acetivorans with N-terminal His-tag  

cloned into pAC004 vector using the primers 

564 and 565 

This study 

pAC022 Synthetic gene encoding codon optimized 

ferredoxin from M. acetivorans with N-terminal 

His-tag cloned into pAC021 vector using the 

primers 547 and 548  

This study 

pAC032 Synthetic gene encoding codon optimized GGR 

from M. maripaludis with N-terminal His-tag  

cloned into pAC004 vector using the primers 

591 and 592 

This study 

pAC033 Synthetic gene encoding codon optimized 

ferredoxin from M. maripaludis with N-terminal 

His-tag cloned into pAC032 vector using the 

primers 593 and 594 

This study 
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548 CGCGGGATCCTCAGTGATGGTGGTGATG BamHI 

591 CGCGGAGCTCATGCGTGCACTGAATAACAG SacI 

592 CGCGGTCGACTTAGTGATGGTGATGGTGGTGATG SalI 

593 CGCGGCGGCCGCATGAAAGTGAACTATAACAAATGC NotI 

594 CGCGCTTAAGTTAATGATGGTGATGGTGGTGATG AflII 

 

Bacterial growth and lipid analysis 

Engineered E. coli strains were grown at 37 °C in LB medium, 

supplemented with the required antibiotics: ampicillin (50 μg/ml), 

kanamycin (50 μg/ml), streptomycin (50 μg/ml) and chloramphenicol (34 

μg/ml), 0.2% glucose and 1 mM NiCl2 were added when necessary. Cells 

were aerobically grown and induced with 0.25 mM of IPTG for 3.5 hours 

[163]. When specified, the strains were aerobically grown until 

exponential phase (OD600 = 0.6) and induced under oxygen deprived 

condition. Membrane isolation and lipid extraction was performed as 

reported previously [163]. Lipids were analyzed by LC-MS using an 

Accela1250 HPLC system coupled with an ESI-MS Orbitrap Exactive 

(Thermo Fisher Scientific) as described [163].  

 

 

 

 




