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Abstract  41 
Membrane-spanning tetraether lipids are best known as an adaptive mechanism of archaea for 42 
stabilizing their membranes under extreme conditions. Bacteria typically rely on bilayer-forming 43 
phospholipids, making the occurrence of membrane-spanning branched glycerol dialkyl glycerol 44 
tetraethers (brGDGTs) in some bacteria highly unusual. BrGDGTs occur globally in soils and 45 
sediments and exhibit systematic structural changes (degree of methylation) with temperature, 46 
forming the basis of widely used paleoclimate proxies. However, their biosynthetic pathway has 47 
remained largely unresolved. Here, we conducted isotope-labeling experiments with Solibacter 48 
usitatus to elucidate brGDGT biosynthesis. Our results demonstrate that L-Leucine supplies the 49 
iso-branched building blocks of brGDGT alkyl chains via isoC15:0 fatty acids and isoC15:0 dialkyl 50 
glycerol diether intermediates, and that L-methionine provides the methyl group for additional 51 
chain methylation, with a labeling pattern implicating a class B radical S-adenosylmethionine 52 
methyltransferase. These findings establish a mechanistic understanding for bacterial tetraether 53 
biosynthesis that underpins paleoclimate proxies and reveal how bacteria modify membrane 54 
lipids, showing similarities across the Domains of Life.  55 
 56 
Teaser  57 
Elucidating the biosynthesis of brGDGTs and their structural changes provides a biological 58 
foundation for widely used terrestrial temperature proxy.59 
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Introduction 60 
Lipids are an essential part of an organism’s cell membrane and subject to constant changes in 61 
relation to external stressors such as temperature, oxygen, and/or pH (1). Glycerol Dialkyl 62 
Glycerol Tetraethers (GDGTs) are a type of membrane-spanning lipids that are of particular 63 
interest as these lipids are ubiquitous in the environment and preserved on geological time scales 64 
in sedimentary archives. Their distribution is controlled by environmental parameters such as 65 
temperature, forming the basis for different paleothermometers (2-4). For example, a significant 66 
portion of our understanding of the operation of Earth’s climate over the past ~100 Myrs is based 67 
on GDGTs (5-9).  68 

Although most GDGTs are synthesized by archaea (10), some GDGTs are produced by 69 
bacteria (11-13), but their chemical structure is distinctively different. Archaea synthesize GDGTs 70 
composed of isoprenoidal alkyl chains (isoGDGTs), whereas bacteria produce GDGTs with 71 
branched (non-isoprenoid) alkyl chains (brGDGTs); both are ether linked to a glycerol backbone, 72 
although their stereochemistry is opposite. isoGDGTs have a 2,3-di-O-alkyl-sn-glycerol 73 
stereochemistry, whereas bacteria 1,2-di-O-alkyl-sn-glycerol for the linkage between their alkyl 74 
chains to the glycerol backbone (14). BrGDGTs mainly exist as tetra-, penta-, and 75 
hexamethylated homologues with the relative abundance between these brGDGTs depending on 76 
environmental constraints such as temperature in both the environment (mineral soils, peats, and 77 
lakes) and culture studies (3, 4, 15-17, 12). The discovery of brGDGTs being part of bacterial cell 78 
membranes challenged the lipid divide theory, which traditionally assumed that archaea 79 
synthesize ether-linked lipids consisting of a glycerol 1-phosphate which are often membrane-80 
spanning, whereas bacteria normally biosynthesize ester-linked lipids with a glycerol 3-phosphate 81 
backbone forming a bilayer lipid structure of the cell membrane (18). Therefore, brGDGTs are 82 
relevant to diverse research directions: evolution of lipid biosynthesis, the transfer of the genetic 83 
capability to synthesize membrane-spanning lipids between the Domains of Life, the biosynthetic 84 
pathway of these lipids and their alteration in response to environmental change which 85 
subsequently is fundamental for their application as paleothermometers. 86 
 However, although recent advances have elucidated the full biosynthetic pathway of 87 
archaeal isoGDGTs (19), key aspects of the biosynthetic pathway leading to the formation of 88 
bacterial brGDGTs remain speculative and subject to major debate in the literature (11, 20, 13, 89 
21, 22). Specifically, the key molecular building blocks that are used in brGDGT biosynthesis as 90 
well as the mechanism driving additional methylations in the chains of brGDGTs is unknown. 91 
Due to this knowledge gap, we do not understand the ecological and evolutionary significance of 92 
these lipids, nor the way bacteria obtained the capacity to synthesize membrane-spanning ether 93 
lipids, neither the biological mechanisms underpinning the widely used terrestrial 94 
paleothermometer. Here, we solve this conundrum by reporting results from culture experiments 95 
with the bacterium Solibacter usitatus Ellin6076, currently the only isolated organism to 96 
biosynthesize brGDGTs with additional methyl groups as well as cyclopentane rings in the alkyl 97 
chains (12, 13). Using isotopically labeled substrates, we demonstrate that in S. usitatus, isoC15:0 98 
fatty acids (FAs) and isoC15:0 dialkyl glycerol diether (DEGs) are key intermediates in the 99 
biosynthesis of brGDGTs. We subsequently show that in this bacterium L-methionine provides 100 
the methyl group for penta- and hexamethylated brGDGTs. Based on our results, we conclude 101 
that the mechanism behind the additional methylation at C5 in brGDGTs is mediated by a class B 102 
radical SAM methyltransferase. Our results solve the long-standing debate regarding the 103 
biosynthetic pathway of brGDGTs and examined bacterial adaptation to environmental stress by 104 
modifying their membrane-spanning lipids.  105 
 106 
 107 
 108 
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Results 109 
We performed a range of culture experiments with the bacterium S. usitatus at the University of 110 
Colorado Boulder. We cultured S. usitatus with 5,5,5-D3 L-Leucine to elucidate the key 111 
biosynthetic intermediates in brGDGT production, specifically focusing on the debate whether 112 
isoC15:0 DEG (and brGDDs) or iso-diabolic acid (iso-DA) are intermediates in brGDGT 113 
biosynthesis and the relative timing of the ester/ether conversion. This is followed by culture 114 
experiments with deuterated (methyl-CD3) L-methionine to determine the origin of the additional 115 
methyl groups in penta-and hexamethylated brGDGTs and elucidate the mechanism driving them, 116 
while also determining the relative timing of the addition of methyl group. 117 
 118 
BrGDGT production using L-Leucine shows that isoC15:0 FA, isoC15:0 DEG, and brGTGT 119 
serve as intermediates 120 
S. usitatus was cultured with 5,5,5-D3 L-Leucine, after which the lipid composition was analyzed 121 
to determine whether the label had been incorporated in brGDGTs, as well as other lipids as 122 
potential intermediates. Under our culture conditions, S. usitatus produced a range of lipids 123 
including branched, saturated-, and straight chain fatty acids (FAs) spanning C14 to C22 FAs, 124 
isoC15:0 DEG as the dominant diether and trace amounts of isoC16:0 DEG, as well as the 125 
membrane-spanning tetraether lipids brGTGT-Ia (featuring two dimerized alkyl chains from a 126 
DEG, with the other two remaining separate), brGDGT-Ia, -IIa, -IIIa, -Ib and -IIb, as well as 127 
brGDD-Ia, -IIa, and -IIIa (lipids that miss one of the two glycerols, see Fig. S1, S2 and Table S1). 128 
This lipid profile is consistent with that reported in non-labeled culture studies for this bacterium 129 
(11-13). 130 

Importantly, our results demonstrate the incorporation of the deuterated methyl group 131 
(CD3) from L-Leucine in isoC15:0 FA (as well as isoC17:0 FA), isoC15:0 DEG, and brGTGTs and 132 
brGDGTs. We detect no label incorporation into the straight chain FAs. For the isoC15:0 FA the 133 
expected mass shift of +3 amu due to the deuterated methyl group was identified for the 134 
molecular ion and observed in the fragmentation pattern from the gas chromatography-mass 135 
spectrometry (GC-MS) analysis (Fig. 1). A subsequent mass shift of +6 amu was observed for the 136 
[M+H]+, [M+NH4]+ and [M+Na]+ ions of the isoC15:0 DEG in our liquid-chromatography-mass 137 
spectrometer (LC-MS) analysis (Fig. 2A, C and Fig. S3). Furthermore, the [M+H]+, [M+NH4]+ 138 
and [M+Na]+ ions showed mass shifts between +3 up to +12 amu (predominantly in the +8 to +12 139 
amu range) for brGDGTs (Fig. 2B, D and Fig. S4), brGTGT-Ia, as well as brGDDs. These data 140 
confirm L-Leucine as the crucial amino acid in brGDGT biosynthesis and show isoC15:0 FA, 141 
isoC15:0 DEG, and brGTGT-Ia as key intermediates in the biosynthetic pathway of brGDGTs in S. 142 
usitatus, as well as constraining that the ester-ether conversion occurs likely at the stage of diester 143 
to diether lipids. 144 
 145 
Methylation of penta- and hexamethylated brGDGTs via L-methionine 146 
In additional experiments, we incubated S. usitatus with deuterated L-methionine (methyl-D3) to 147 
determine the origin and mechanism driving the additional methylation in penta- and 148 
hexamethylated brGDGTs, and hence constrain the biological basis for the temperature-dependent 149 
degree of methylation and basis of the widely used paleothermometer. In these experiments we 150 
observed no label uptake in any of the FAs (Fig. S5) nor DEG lipids, including isoC15:0 FA and 151 
isoC15:0 DEG. We also detect no label uptake for brGTGT-Ia nor brGDGT-Ia. However, label 152 
incorporation was observed for brGDGT-IIa, as well as brGDD-IIa by a mass shift of +3 amu in 153 
the L-methionine experiment in comparison to the control experiment (Fig. 3). To determine the 154 
exact position of the additional methyl group in the n-alkyl chain of brGDGT-IIa, the lipid extract 155 
was ether cleaved and the resulting alkyl chains analyzed by GC-MS. Based on the fragmentation 156 
pattern of alkyl chains from (methyl-CD3) L-methionine-spiked cultures in the GC-MS 157 
measurements, the position of the additional methyl group in brGDGT-IIa was constrained to be 158 



 

Submitted   Page 5 of 18 
 

at the C5 position based on the specific fragments at m/z 88 and 270 (Fig. S6). These data 159 
highlight the mechanisms driving methylation as bacterial adaptation as well as the relative timing 160 
of this modification in the overall biosynthesis pathway of brGDGTs. 161 
 162 
Discussion  163 
Biosynthetic pathway of brGDGTs 164 
The incorporation of the deuterated methyl group from CD3 L-Leucine in isoC15:0 FA, isoC15:0 165 
DEGs, brGTGTs, brGDGTs, and brGDDs conclusively demonstrates the full biosynthetic 166 
pathway of brGDGTs in S. usitatus (Fig. 4). Furthermore, it shows that brGDGT synthesis 167 
follows the iso-branched fatty acid biosynthesis pathway starting from L-Leucine (23, 24). The 168 
deuterated methyl group introduced in our spiked culture experiments is conserved throughout the 169 
fatty acid elongation cycle into branched chain fatty acids, ultimately appearing at either the iso-170 
branched or terminal (bridging) methyl position because of the new stereocenter at C4 in L-171 
Leucine when swapping hydrogen against deuterium. The same observations hold for other iso-172 
branched FAs, such as isoC17:0 FA, but these are present in much lower concentrations in our 173 
experiments. In the spiked experiment, ~98% of the isoC15:0 FAs were labeled, leaving only a 174 
minor unlabeled fraction (Fig. AB). Given that CD3 L-Leucine was added at OD600 ~0.05 and 175 
cells were harvested at OD600 ~0.35, label incorporation into approximately 85% ((0.35-176 
0.05)/0.35) of the biomass would be expected. The higher observed incorporation (98%) suggests 177 
extensive turnover of the isoC15:0 FA pool, indicating that pre-existing isoC15:0 FAs were 178 
converted into other lipids and/or remodeled during growth.  179 
 A key role for L-Leucine in the biosynthesis of iso-branched FAs in the bacterium S. 180 
usitatus is consistent with culture data across a wide range of bacteria (23, 24), however, its 181 
involvement in isoDEG synthesis, though suspected, has not previously been proven. Since 182 
isoDEGs are proposed to play a central role in the formation of brGDGTs, we explored the 183 
importance of L-Leucine in isoC15:0 DEG formation and downstream lipid biosynthesis like 184 
brGDGTs.  185 

The biosynthetic pathway of bacterial (iso-) DEGs is not well constrained, as DEGs are 186 
not common in bacteria (25), although they can be abundant in sedimentary archives and have 187 
been used as paleoclimate proxy (26, 27). Our results provide novel insights, showing L-Leucine 188 
label being incorporated into isoC15:0 DEG (~99%). This demonstrates that two isoC15:0 FAs form 189 
the basis of isoC15:0 DEG, with the iso-branching from L-Leucine, also seen in the FAs, being 190 
preserved into the isoC15:0 DEG. Moreover, we expand on that, showing that the methylation in 191 
iso-branched FAs and isoDEGs is based on the original amino acid-building block. The role of L-192 
Leucine in bacterial isoDEG biosynthesis that we identify here is novel, but consistent with the 193 
findings in some halophilic archaea (28, 29) were L-Leucine forms the basis for the isoprenoid 194 
building block that leads to the formation of archaeal isoprenoidal DEGs such as archaeol (28, 195 
29). In these archaea, L-Leucine is transformed into 3-hydroxy-3-methylglutaryl (HMG)-CoA 196 
and thus enters the mevalonate pathway, which subsequently leads to the formation of 197 
isoprenoids. The fact that we mainly observe isoC15:0 DEGs with a mass shift of +6 amu 198 
(representing two deuterated methyl groups), in combination with a calculated label incorporation 199 
of ~99% indicates that the turn-over time of the isoC15:0 DEGs was relatively high, similar as for 200 
isoC15:0 FAs. In addition, the high percentage of label incorporation suggests that most unlabeled 201 
isoC15:0 DEGs that existed at the time of label addition were remodeled into other lipids such as 202 
brGDGTs. This suggests that isoC15:0 DEG are mostly an intermediate within brGDGT 203 
biosynthesis in this organism instead of occurring as individual membrane-lipids. 204 

Lastly, we focus on membrane spanning tetraether lipids. We detect both brGTGTs, where 205 
only one of the long alkyl chains is dimerized, and brGDGTs. All these tetraethers lipids are 206 
labeled. Label incorporation from CD3 L-Leucine in brGTGT-Ia was high at ~99%. BrGDGTs 207 
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show a spread of CD3 L-Leucine label incorporation as evidenced by a range of mass shifts from 208 
+3 to +12 amu (mainly +8 to +12 amu) with around 64% (using [M+8 to +12] amu, Table S2) of 209 
brGDGTs showing label incorporation (Fig. 2C, D). This observed range of label incorporation 210 
can mostly be explained by the additional stereocenter at C4 in CD3 L-Leucine (C13 in the 211 
precursor isoFA), the occurrence of isotopic homologues, as well as the inclusion of unlabeled 212 
isoFAs and/or isoDEGs into brGDGTs. The fact that we predominantly observe a mass shift of +8 213 
to +12 amu indicates that the tail to tail coupling of two isoDEGs to form a brGDGT occurs 214 
through a Csp3-Csp3 bond formation as now confirmed for archaea (19) and not through coupling 215 
of unsaturated carbon bonds as suggested previously (30). Moreover, our results also indicate that 216 
brGDGTs have a longer turn-over-time compared to isoC15:0 FAs, isoC15:0 DEGs and brGTGTs. 217 
This longer turn-over time for brGDGTs in comparison to FAs seen in our culture experiments 218 
now provides a culture basis to explain similar observations from natural archives like peatlands 219 
(31). Furthermore, the decreasing percentage of label incorporation across different lipids 220 
elucidates the order of each biosynthetic step, specifically showing that brGTGTs are an 221 
intermediate towards brGDGT biosynthesis and not a degradation product. Label incorporation in 222 
brGDDs (~68%), lipids that lack one of the two glycerols, was between brGTGTs and brGDGTs. 223 
This observation demonstrates that brGDDs might be a another intermediate within the 224 
biosynthetic pathway of brGDGTs which would be in contrast to studies of archaeal isoGDDs, 225 
which are proposed to mainly represent degradation products (32, 33). However, the percentage 226 
difference of label incorporation of these brGDDs and brGDGTs is little and different ionization 227 
efficiencies during the analysis with LC-MS for these compounds have to be considered.  228 
 Overall and importantly, the incorporation of labeled L-Leucine into brGDGTs in 229 
combination with the decreasing percentage of label incorporation along the main steps within the 230 
biosynthetic pathway (Table S2) solves the long-standing conundrum regarding tetraether lipid 231 
biosynthesis by bacteria. Based on our results, we suggest that isoC15:0 DEGs are the first ether 232 
lipid in the biosynthetic pathway of brGDGTs (34). In the next paragraph we discuss these 233 
findings into the context of the literature debate regarding brGDGT biosynthesis. 234 

Following their discovery in the 1980s (35) and subsequent elucidation of their full 235 
chemical structure (36), the biosynthesis pathway that leads to the formation of bacterial 236 
tetraether lipids has been speculative and grouped in two competing hypotheses: one pathway 237 
focusing on DEGs as key-intermediate and the TetraEther Synthase (Tes) driving the coupling 238 
into membrane spanning lipids (34, 13), the other relying on iso-diabolic acid (iso-DA) as key 239 
intermediate and the Membrane-Spanning Synthase (Mss) driving the coupling (37, 22). Our data 240 
resolve this conundrum by demonstrating that in S. usitatus, brGDGT biosynthesis starts with L-241 
Leucine, elongated to isoC15:0 FA, two of which are combined and transformed from ester to ether 242 
to form an isoC15:0 DEGs, of which two are subsequently partly combined leading to the 243 
formation of brGTGTs as intermediate before producing a tetra-methylated brGDGT through the 244 
dimerization of the other two isoC15:0 FAs from the isoC15:0 DEG. This biosynthesis pathway is 245 
analogous to that utilized by archaea, across the lipid divide, which use two archaeol diether lipids 246 
to biosynthesize isoGDGTs (19). Our results are inconsistent with the recently hypothesized 247 
pathway of brGDGT biosynthesis in which diesters are coupled to form tetraesters, which are then 248 
converted to tetraethers (22). Although, we can not rule out the possibility of a short-lived iso-DA 249 
intermediate, our results provide robust data to support the DEG pathway, at least in S. usitatus, 250 
currently the only known bacteria to biosynthesize the full range of brGDGTs (but no iso-DA). If 251 
other bacteria utilize the iso-DA (tetraester) pathway to produce brGDGTs, previous work 252 
demonstrates they also use L-Leucine as foundational amino-acid (20). However, the iso-DA 253 
(tetraester) pathway is so far not proven to lead to brGDGTs (22). Although iso-DA is 254 
synthesized by a wide range of (acido)bacteria (11), with one or two exceptions, none of these 255 
bacteria biosynthesize brGDGTs as part of their membrane (37, 11, 22). In addition, recent 256 
evidence from tropical peat cores shows that downcore variations in iso-DA concentrations are 257 
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not related to brGDGT concentrations from the same cores, while isoDEG and brGDGT 258 
concentrations show similar downcore trends, further suggesting that in nature, the DEG pathway 259 
as shown here for S. usitatus is likely dominant for brGDGT biosynthesis (38).So far, S. usitatus 260 
is the only known bacterium to synthesize all major brGDGTs, but cultures of two other 261 
acidobacteria contain traces of brGDGT-Ia; Acidobacteriaceae strain A2-4C and E. aggregans 262 
Wbg-1 (37). That other bacteria can synthesize brGDGTs is consistent with their global 263 
occurrence across different environments on the surface of the Earth (36, 39, 34, 40-42). 264 
Interestingly in the context of our findings, both Acidobacteriaceae and E. aggregans cultures 265 
also contain (low concentrations of the) isoC15:0 DEG, suggesting that in these bacteria the DEG 266 
pathway could also be used for the biosynthesis of brGDGTs (16, 13). 267 

With the full biosynthesis pathway of the tetramethylated brGDGT(-Ia) confirmed, we 268 
then explored the mechanism that leads to the formation of penta- and hexamethylated brGDGTs, 269 
lipids with one and two additional methyl groups, respectively. This is of particular importance as 270 
it is the relative abundance of these additionally methylated penta- and hexamethylated brGDGTs 271 
relative to tetramethylated brGDGT that underpins the terrestrial paleothermometer. 272 
 273 
Methylation at C5 in pentamethylated brGDGTs  274 
Our results from the deuterated L-methionine experiments for the first time show that the amino 275 
acid L-methionine acts as the methyl donor for the additional methylation at C5 in 276 
pentamethylated brGDGT-IIa (and -IIIa) in S. usitatus, currently the only known organisms to 277 
biosynthesize these lipids.  It is the transfer of the adenosyl group from ATP to the sulfur atom of 278 
L-methionine during which a sulfonium ion is formed, which makes the methyl group 279 
nucleophilic and therefore facilities the transport of the methyl group from L-methionine to S-280 
adenosyl-L-methionine (SAM). The amino acid L-methionine is known to acts as the methyl 281 
donor in a diverse range of methylation reactions, including for DNA, other membrane lipids and 282 
proteins (43-46), but was not known to be able to facilitate methylation of complex tetraether 283 
lipids in bacteria. Interestingly, L-methionine is thought to also act as methyl donor for the 284 
methylation of isoGDGTs in archaea (43, 47). Thus, our results indicate another similarity of 285 
pathways of lipid modification between the Domains of Archaea and Bacteria, further challenging 286 
the lipid divide theory and highlighting that microbial adaptation patterns are shared across 287 
Domains of Life. 288 
 Interestingly, we find no labelled nor unlabeled penta- nor hexamethylated brGTGTs. 289 
Only brGDGTs and brGDDs are penta- (and hexa)methylated and demonstrate L-methionine 290 
label uptake. These results further support our assessment that brGTGTs represent intermediates 291 
during brGDGT biosynthesis, while suggesting that brGDDs are likely a degradation products of 292 
brGDGTs, thus elucidating the complete order of biosynthesis of brGDGTs and constraining the 293 
timing of extra methylation to only occur on complete brGDGTs (Fig. 4, Fig. S9). Further studies 294 
still need to elucidate the mechanism behind the addition of cyclopentane moieties within 295 
brGDGTs, but based on our data we hypothesize that these will be introduced into the alkyl chain 296 
after a tetraether is formed, analogous to when methylations are added. We then explored the 297 
mechanism responsible for the methylation of brGDGTs, discussed below. 298 
 When determining the mechanisms underlying the methylation (48) at C5 in brGDGT-IIa, 299 
methionine dependent methyltransferase were excluded as potential enzymes responsible for 300 
brGDGT methylation since these enzymes methylate only sp2 hybridized/aromatic carbons. To 301 
methylate sp3 carbons as in brGDGT alkyl chains, these enzymes need an N-terminal cobalamin-302 
binding domain (49). The other option is a radical SAM methyltransferase from class A, B, or C. 303 
To facilitate the methyltransfer on sp2 carbons, enzymes from class A utilize two conserved 304 
cysteine residues. Currently, they are only known to conduct RNA methylations (50, 51) and are 305 
therefore unlikely to be responsible for the methylation the alkyl chains of brGDGTs. Class C 306 
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radical SAM methyltransferases utilize a 5’-dAdo* which abstracts one hydrogen (deuterium) 307 
from SAM to form a radical species (51, 52) which subsequently would have led to a mass shift 308 
of +2 amu instead of +3 amu as observed in our (methyl D3) L-methionine labeling experiments. 309 
As our results confirmed a mass shift of +3 amu for the deuterated L-methionine experiments and 310 
since the carbons within the alkyl chain of brGDGTs are all sp3 hybridized, we propose that a 311 
class B radical SAM methyltransferase is likely to be responsible for adding the methyl group at 312 
C5 in brGDGTs (Fig. 4) (52). In this scenario, the 5’-dAdo abstracts a hydrogen from the 313 
substrate which leads to the formation of a radical prior to the incorporation of the methyl group 314 
onto the substrate forming a new C-C bond (49). An involvement of methylcobalamin together 315 
with a radical SAM protein has been proposed to drive the methylation of archaeal isoGDGTs 316 
(43, 47). For isoprenoid Glycerol Monoalkyl Glycerol Tetraether (isoGMGTs) it was shown that a 317 
radical SAM protein named GMGT methylase (Gmm) is involved in the methylation of 318 
isoprenoidal alkyl chains (47). We propose that a similar mechanism drives the temperature-319 
dependent methylation of brGDGTs in bacteria and hence the terrestrial temperature proxy. To 320 
further explore this, we performed a genomic comparison between S. usitatus and archaea. 321 
 322 
Genomic comparison of methyltransferase in S.usitatus and archaea  323 
When scanning the genome of S. usitatus, we found a total of 17 vitamin B12-binding radical 324 
SAM proteins with unknown function. Four of these (MiaB, RimO, HemW, HpnJ) can be 325 
assigned probable functions, leaving 13 uncharacterized proteins. Of these, 6 are likely class B 326 
methyltransferases: Acid_6623, Acid_6624, Acid_6625, Acid_6628, Acid_5781, Acid_5526. One 327 
of them, Acid_5781, occurs near a GDGT ring synthase (GrsA) homolog (Acid_5783), but not in 328 
the same operon or within immediate vicinity of tetraether synthase homologs (Tes; Acid_5929 or 329 
Acid_2410). We compared these six putative class B methyltransferases against Gmm, the radical 330 
SAM protein shown to methylate isoprenoidal tetraether lipids in archaea (47). The percentage 331 
identity between Gmm and our six candidate enzymes was low (23-29%) (Table S3). Although, 332 
most of our candidate enzymes show key features like a B12 and rSAM binding domain, their low 333 
sequence similarity is ambiguous since it was shown that unrelated B12-dependet rSAM enzymes 334 
often share significant sequence similarity up to ~30% (53). Due to the very limited number of 335 
brGDGT producing bacteria and S. usitatus being the only bacteria known to produce the full 336 
range of brGDGTs, a direct comparison between bacteria is not feasible at this moment. However 337 
once more brGDGT producing bacteria are identified a phylogenetic comparison might shed 338 
some light into the responsible enzymes. 339 
 340 
Conclusions 341 
This study conclusively elucidates the full biosynthetic pathway of brGDGT and the mechanism 342 
underlying structural modification (methylation) of these membrane lipids. We show that 343 
brGDGTs start with the amino acid L-leucine, which is used to form isoC15 FAs. These isoC15 344 
FAs are then combined with a glycerol and reduced to DEGs. Two DEGs are then coupled to first 345 
form brGTGT-Ia and then brGDGT-Ia. Only once a tetraether is formed does the methylation at 346 
the C5 position occur using a type B radical SAM to form brGDGT-IIa. Our data demonstrate 347 
how bacteria biosynthesize the canonical brGDGTs and modify their membrane lipids depending 348 
on environmental stress, providing a biosynthetic basis for the widely used terrestrial 349 
paleothermometer.  350 
 351 
 352 
 353 
 354 
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Materials and Methods 355 
Culturing  356 
Solibacter usitatus Ellin6076 (DSM 22595) was acquired from the DSMZ (Deutsche Sammlung 357 
von Mikroorganismen und Zellkulturen GmbH). Cultivation was performed in modified DSMZ 358 
1266 medium at 20℃, pH 5.5, and with 21% O2. Cultures were incubated in darkness with 359 
shaking at 200 rpm and a total medium volume of 15 ml per culture replicate. The modified 360 
DSMZ medium 1266 consisted of 2.5 mM glucose, 0.2  mM KH2PO4, 0.27 mM MgSO4, 0.4 mM 361 
CaCl2, 13.3 mM 2-Morpholinoethanesulfonic acid (MES), 15 nM Na2SeO3,16 nM Na2WO4, 362 
0.4 M NH4Cl, 1.33 ml/l 10 trace element solution (2 mg/L CuCl2, 190 mg/l CoCl2, 1.5 g/l FeCL2, 363 
6 mg/l H3BO3, 100 mg/l MnCl2, 36 mg/l Na2MoO4, 24 mg/l NiCl2, 70 mg/l ZnCL2), and 1.33 ml/l 364 
HS vitamin solution (50 mg/l alpha-lipoic acid (thioctic acid), 50 mg/l biotin (D+), 100 mg/l Ca-365 
pantothenate (D+), 50 mg/l cyanocobalamin, 50 mg/l folic acid, 100 mg/l nicotinic acid (Niacin), 366 
100 mg/l p/4-aminobenzoic acid, 100 mg/l pyridoxine hydrochloride, 100 mg/l riboflavin, 100 367 
mg/l L-thiamine hydrochloride). To determine the growth rate, optical density (OD) 368 
measurements were taken using a GENESYS 30 visible spectrophotometer from Thermo 369 
Scientific. L-methionine-D3 and L-Leucine-5,5,5-D3 were purchased from Cambridge Isotope 370 
Laboratories and were added with a final concentration of 500 µM during early exponential 371 
growth at OD600 = 0.05 and harvested just before entering stationary phase at OD600 = 0.3 (Table 372 
S4-S5). 373 
 374 
Lipid extraction 375 
After the experiment, cells were harvested by centrifugation at 5000 rpm for 3 minutes and 376 
lyophilized overnight. Cell lysis was achieved using bead-beating with 0.1 µm glass beads in 377 
methanol, with methanol added to just cover the cells and beads. Samples were bead-beaten six 378 
times for 20 seconds, with a 10-minute cooling period after the first three cycles. Afterwards, 379 
samples were dried under a gentle stream of N2. Acid hydrolysis of the cell extract was performed 380 
for 90 minutes at 65℃ using 500 µl of 3M hydrochloric acid (36%) in methanol (MeOH), with a 381 
water content of 33% to cleave the head group and release ether core lipids, as well as 382 
transesterify fatty acids chains to fatty acid methyl esters (FAMEs). Next, 500 µl of methyl tert-383 
butyl ether (MTBE) was added and samples were sonicated for 5 minutes, before being extracted 384 
three times using 500 µl hexane, whereby the upper organic layer was transferred and collected in 385 
a new vial representing the total lipid extract (TLE). The latter was dried under a gentle stream of 386 
N2 before being filtered using a 0.45 µm PTFE filter using 100 µl of n-hexane:iso-propanol (99:1; 387 
v/v) and dried again.  388 
 389 
Separation of the TLE into FAMEs and ether lipids 390 
The TLE was redissolved in 250 µl ethyl acetate (EtoAC) and ~10% of the TLE was transferred 391 
into a new vial, whereas the other 90% was fractionated into FAMEs (F1) and ether lipids (F2) 392 
using a 500 mg aminopropyl column (Sigma Aldrich Discovery DSC-NH2). The column was 393 
conditioned with 6 ml of n-hexane, before the 90% of the TLE was transferred onto the column 394 
and F1 was eluted using n-hexane:dichlomethane (4:1; v/v) and F2 with 7 ml of 395 
dichloromethane:acetone (9:1; v/v). Both fractions were dried under N2 before F1 was redissolved 396 
in cyclohexane and F2 in EtoAC.  397 
 398 
Ether cleavage and hydrogenation 399 
To determine the position of the methyl group in brGDGT-IIa, we performed ether cleavage on 400 
one half of F2 following the protocol from Rosendahl et al., 2026 (54). For this purpose, F2 was 401 
dissolved in 225 µl EtoAC, 112.5 µl were transferred into a new vial and dried under a gentle N2 402 
stream. 250 µl of hydroiodic acid (HI) was added and samples were incubated for 4 hours at 403 
120℃. After 4 hours, samples were left for cooling before 250 µl HPLC-grade water was added 404 
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to neutralize the acid followed by and addition of 500 µl of n-hexane. The organic phase of the 405 
sample (alkyl iodides from cleaved ether lipids) was extracted three times; each time, samples 406 
were vortexed for 1 min before the upper n-hexane layer was transferred to a new vial. The 407 
combined n-hexane layers were dried under N2. Then ~5 mg of platinum (IV) oxide (PtO2), a 408 
magnetic stir bar and 1.5 ml of n-hexane was added, the vials were closed. Through the PTFE 409 
septum, a small stainless steel needle connected to a hydrogen (H2) line was pierced and H2 (<2 410 
psi)) was bubbles through the samples for 90 minutes. After the hydrogenation finished, samples 411 
were dried under N2 , before being resuspended in ~200 µl of n-hexane and filtered through 412 
glaswoll silica columns to remove PtO2. To ensure complete transfer of all sample material, the 413 
glass vial and columns were rinsed three times. 414 
 415 
Gas chromatography-mass spectrometry analysis of FAs from L-Leucine experiment 416 
Prior to the analysis with gas chromatography-mass spectrometry (GC-MS), samples of F1 were 417 
derivatized with N2O-Bis(trimethylsilyl)-trifluoroacetamide (BSTFA; 30 µl) and pyridine (25 µl) 418 
at 65℃ for 1 hour. Samples were dried under a gentle stream of N2 before being resuspended in 419 
EtoAC.  420 

Samples were analyzed at the University of Bristol with a Trace 1310 gas chromatograph 421 
from Thermo Fisher Scientific coupled to an ISQ 7000 Quadrupole mass spectrometer and an 422 
Agilent HP-1 column (50 m x 0.32 mm; df 0.25 µm). A 1 µL aliquot of the sample was injected. 423 
The GC oven temperature was initially held at 70℃, then increased at 20℃/min to 130℃, 424 
followed by a ramp of 4℃/ min to 320℃, where it was held for 20 min. Helium was used as 425 
carrier gas at a constant flow rate of 2 ml/min. Mass spectra were continuously recorded over a 426 
m/z 50-650 range. 427 
 428 
GC-MS analysis of ether cleaved brGDGTs from L-methionine experiment 429 
Samples were analyzed at the University of Boulder, Colorado, USA, using a Thermo Scientific 430 
ISQ Single Quadrupole mass spectrometer and separated using a DB-5 column (30m x 0.25 mm; 431 
df 0.25 µm). The GC oven temperature started with 40℃ for 2 min, before being increased to 432 
295℃ at 15℃/min, then to 315℃ at 5℃/min, and finally to 375℃ at 15℃/min with a final hold 433 
of 5 min. Helium was used as the carrier gas with a constant flow rate of 1.2 ml/min. Mass spectra 434 
were recorded over 50-750 m/z. 435 
 436 
Liquid chromatography-mass spectrometry analysis of diether and tetraether lipids 437 
For liquid chromatography-mass spectrometry (LC-MS) analysis, 10% of the TLE was used. 438 
Analyses were performed using a Thermo Scientific UltiMate 3000 UHPLC system coupled to a 439 
Thermo Scientific Orbitrap ID-X mass spectrometer. Compound separation was achieved using 440 
an Acquity UPLC C18 BEH column (2.1x 150 mm, 1.7 µm; Waters) maintained at 45℃. The 441 
system operated at a constant flow rate of 0.2 ml/min and 5 µl of each sample was injected for 442 
analysis.  443 

The mobile phase consisted of two eluents; eluent A (MeOH: water, 85:15; v/v) and eluent 444 
B (MeOH:iso-propanol, 1:1; v/v). Both eluents contained 0.12% formic acid and 0.04% 445 
ammonium. The set-up of the mobile phase started with 5% B for the initial 3 min, followed by a 446 
continuous gradient reaching 50% at 12 min and then to 100% B at 50 min. The total run time 447 
was 80 min. Ionization was performed using a heated electrospray ionization (H-ESI) source 448 
operating in negative polarity mode. Source parameters were set as follows: sheath gas 25 449 
arbitrary units (arb), auxiliary gas 10 arb, and sweep gas 4 arb. The ion transfer tube temperature 450 
was maintained at 300℃ and the vaporizer temperature at 50℃. Data were acquired in full-scan 451 
mode over a m/z range of 500-1200. Data dependent analysis was performed using an intensity 452 
threshold of ≥2x104 ion and inclusion list, after which full-scan MS2 spectra were recorded over a 453 
m/z range of 200-1200. Analytes were identified using their protonated ([M+H]+), ammoniated 454 
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([M+NH4]+) and sodiated mass ([M+Na]+) in MS1, diagnostic fragmentation pattern in MS2, and 455 
elution pattern.  456 
 457 
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Figures and Tables 667 
 668 
 669 
 670 

 671 
Figure 1: Mass spectrum of isoC15:0 fatty acid methyl ester from a control culture (A) and CD3 L-672 
Leucine spiked experiment (B), which shows mass shift of 3 amu in blue (note that either terminal 673 
(bridging) methyl group could be the labelled one). 674 
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 675 

 676 
Figure 2: MS1 mass spectrum of the control (A, B) and CD3 labeled isoC15:0 DEG (C) and 677 
brGDGT-Ia from spiked experiment (D). The different adducts are color coded; protonated mass 678 
(blue), ammoniated mass (pink) and sodiated mass (yellow). The expected mass shift of +6 amu 679 
for the isoC15:0 DEG (C) and +12 amu for the brGDGT-Ia in the spiked experiment (D) is visible 680 
in all formed adducts. For further information regarding the fragmentation pattern please refer to 681 
the supplementary information; text, fig. S7 and fig. S8. 682 
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 683 
 684 
Figure 3: MS1 of brGDGT-IIa from the control experiment (A) and the spiked L-methionine 685 
experiment (B). The different adducts are color coded; protonated mass (blue), ammoniated mass 686 
(pink) and sodiated mass (yellow). The expected mass shift of +3 amu in the spiked experiment is 687 
visible in all formed adducts. 688 
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 690 
 691 

Figure 4: Confirmed biosynthetic pathway of tetra- (Ia) and pentamethylated (IIa) brGDGT in 692 
the bacterium S. usitatus, starting with (labeled) L-Leucine. The additional methylation occurs 693 
after the formation of a brGDGT likely through a class B radical SAM mechanism (mechanisms 694 
based on the additional methyl shown to originate from the amino  acid L-methionine) (49). 695 
Colored areas highlight key lipids. 696 
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