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C-4 sterol demethylation enzymes distinguish bacterial
and eukaryotic sterol synthesis
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Sterols are essential eukaryotic lipids that are required for a
variety of physiological roles. The diagenetic products of sterol
lipids, sterane hydrocarbons, are preserved in ancient sedimentary
rocks and are utilized as geological biomarkers, indicating the
presence of both eukaryotes and oxic environments throughout
Earth’s history. However, a few bacterial species are also known to
produce sterols, bringing into question the significance of bacterial
sterol synthesis for our interpretation of sterane biomarkers. Re-
cent studies suggest that bacterial sterol synthesis may be distinct
from what is observed in eukaryotes. In particular, phylogenomic
analyses of sterol-producing bacteria have failed to identify homo-
logs of several key eukaryotic sterol synthesis enzymes, most no-
tably those required for demethylation at the C-4 position. In this
study, we identified two genes of previously unknown function in
the aerobic methanotrophic y-Proteobacterium Methylococcus
capsulatus that encode sterol demethylase proteins (Sdm). We
show that a Rieske-type oxygenase (SdmA) and an NAD(P)-
dependent reductase (SdmB) are responsible for converting 4,4-
dimethylsterols to 4a-methylsterols. Identification of interme-
diate products synthesized during heterologous expression of
SdmA-SdmB along with '3C-labeling studies support a sterol
C-4 demethylation mechanism distinct from that of eukaryotes.
SdmA-SdmB homologs were identified in several other sterol-
producing bacterial genomes but not in any eukaryotic genomes,
indicating that these proteins are unrelated to the eukaryotic
C-4 sterol demethylase enzymes. These findings reveal a separate
pathway for sterol synthesis exclusive to bacteria and show that
demethylation of sterols evolved at least twice—once in bacteria
and once in eukaryotes.
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terols, such as cholesterol, are tetracyclic isoprenoid lipids

that play critical roles in a variety of eukaryotic physiological
processes, including intra- and intercellular signaling, stress tol-
erance, maintenance of cell membrane integrity, and human
disease (1-3). Sterols can also be preserved as sterane hydro-
carbons in sedimentary rocks, where they function as biomarkers
or “molecular fossils,” indicating the presence of eukaryotes
and/or oxic conditions deep in time (4). Studies that incorpo-
rate sterane biomarkers with other geological proxies have
provided significant insight into ancient climatic events, mass
extinctions, and various evolutionary transitions throughout
Earth’s history (5, 6).

Given the essential roles that sterols play in eukaryotic phys-
iology and their utility as geological biomarkers, understanding
the synthesis, evolution, and function is of great importance. This
is particularly critical when attempting to constrain and assess
the provenance of sterane biomarkers encountered in the rock
record. However, one aspect of sterol synthesis that has not been
studied as extensively is the production by bacterial species.
Lipid analyses have shown that 19 bacterial strains from diverse
phyla produce sterols (7-15). Phylogenetic analyses of oxi-
dosqualene cyclase (Osc), the enzyme required for the initial
cyclization of oxidosqualene to lanosterol or cycloartenol, sug-
gest that bacterial sterol production may be widespread (9, 16).
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These studies also point to a complex evolutionary history of
sterol synthesis in bacteria, in which acquisition of sterol bio-
synthetic genes via horizontal gene transfer from ancient eu-
karyotes is evident in some bacterial lineages but not in others
(13, 17-19). It is also unclear what functional role sterols have in
bacterial cells and what significance bacterial sterol production
could have on our interpretation of sterane biomarkers.

In a previous study, we showed that some bacterial species
produce biochemically modified sterols, but the eukaryotic en-
zymes required for these modifications are not encoded in these
bacterial genomes (9). In particular, several y-Proteobacterial
aerobic methanotrophs remove one C-4 methyl group to pro-
duce 4a-methylsterols, while some §-Proteobacterial myxobacteria
remove both C-4 methyl groups (7-9). In plants, vertebrates, and
fungi, C-4 demethylation is an O,-dependent mechanism cata-
lyzed by three enzymes: a nonheme iron-dependent C-4 sterol
methyl oxidase (ERG25/SMO), an NAD(P)-dependent 3p-
hydroxysteroid dehydrogenase/C-4 decarboxylase (ERG26/3p-
HSD/D), and an NADPH-dependent 3-ketosteroid reductase
(ERG27/3-SR) (SI Appendix, Fig. S1) (20-22). In yeast and
vertebrates, the same three enzymes remove both C-4 methyl
groups iteratively, while plants have two distinct ERG25 homo-
logs, SMO1 and SMO?2, that oxidize 4,4-dimethylsterols and 4o-
methylsterols, respectively (SI Appendix, Fig. S1) (23). However,
homologs of ERG25, ERG26, and ERG27 are not present in the
genomes of aerobic methanotrophs capable of C-4 sterol
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Fig. 1. Identification of putative sterol methylase genes in M. capsulatus

Texas. (A) Two sterols produced by M. capsulatus. The enzymes required for
demethylation of 4,4-dimethylcholest-8 (14)-enol to 4a-methylcholest-8 (14)-
enol in bacteria are not known. Homologs of the enzymes that catalyze this
step of sterol synthesis in eukaryotes are not found in bacterial genomes.
(B) Genomic context of two putative C-4 demethylase genes, sdmA and
sdmB (red arrows), in two aerobic methanotrophs. In M. whittenburyi,
sdmA and sdmB are within a putative operon that contains other sterol
biosynthesis genes (black arrows). Gray arrows represent homologs in M.
capsulatus and M. whittenburyi, which tend to co-occur with sdmA and
sdmB but are not thought to be involved in the synthesis of sterols. erg11,
sterol C-14 demethylase; hyp, hypothetical protein; sdmA, M. capsulatus
Texas locus tag H156DRAFT_2756; sdmB, M. capsulatus Texas locus tag
H156DRAFT_2755.

demethylation (9). In the myxobacterium Plesiocystis pacifica,
phylogenomic analyses identified putative homologs of ERG25
and ERG26, but the sequence identities are low, and no ERG27
candidate was found (18). Therefore, we hypothesized that bac-
teria demethylate sterols at the C-4 position through a distinct
mechanism. Here, we identify the enzymes necessary for C-4 ste-
rol demethylation in the aerobic methanotroph Methylococcus
capsulatus. These proteins are phylogenetically and biochemically
distinct from eukaryotic C-4 demethylation enzymes and are
present in all bacteria that produce C-4 demethylated sterols. Our
findings indicate that C-4 sterol demethylation in bacteria has
evolved independently of the eukaryotic pathway.

Results

Identification of C-4 Sterol Demethylase Proteins in M. capsulatus.
We used the Joint Genome Institute (JGI) Integrated Microbial
Genomes (IMG) Phylogenetic Profiler to identify M. capsulatus
proteins that have homologs in three other C-4 demethylating
methanotrophs (Methylobacter whittenburyi, Methylobacter luteus,
and Methylosarcina lacus) but are absent from bacteria that do
not demethylate their sterols (Methylomicrobium alcaliphilum) or
do not produce sterols at all (Methylomonas methanica, Methyl-
obacterium extorquens, and Escherichia coli). We found 17 can-
didate genes unique to the C-4 demethylating methanotrophs,
several of which are annotated as hypothetical proteins with no
known function (SI Appendix, Table S1). Five of these genes
form a putative operon that, in M. whittenburyi, is localized
downstream of three sterol biosynthesis genes (Fig. 1). We uti-
lized InterProScan (24) to identify putative protein motifs in
these five candidate proteins. One candidate, SdmA, contains a
Rieske-type oxygenase motif, and a second, SdmB, has an NAD(P)
binding Rossmann-fold domain. Given that the removal of the

Lee et al.

C-4 methyl group in M. capsulatus could occur through an oxi-
dative demethylation, we hypothesized that these two candidate
proteins may be involved.

Deletion of M. capsulatus sdmA and sdmB resulted in com-
plete loss of sterol C-4 demethylation (Fig. 2 and SI Appendix,
Fig. S2). Expression of SdmA-SdmB together, but not individu-
ally, from a separate chromosomal location restored C-4 deme-
thylation in this double mutant, indicating that both proteins are
necessary for this reaction. To establish whether SdAmA-SdmB is
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Fig. 2. Sterol demethylase proteins SAmA and SdmB are necessary and
sufficient for C-4 demethylation. (A) Total ion chromatogram of alcohol-
soluble lipid fractions isolated from the M. capsulatus wild-type strain (Up-
per) and the M. capsulatus sdmA-sdmB deletion mutant (Lower). The wild
type produces both 4,4-dimethylcholest-8 (14)-enol (I) and 4a-methylcholest-
8 (14)-enol (lI), while the mutant only produces 4,4-dimethylcholest-8 (14)-
enol (1). (B) Complementation of the M. capsulatus sdmA-sdmB deletion
mutant shows that both sdmA and sdmB are required to restore C-4
demethylation. (C) Total ion chromatograms of alcohol-soluble lipid frac-
tions from lanosterol (lll) producing E. coli harboring an empty plasmid
(Upper) or a plasmid with sdmA-sdmB (Lower). Expression for SdmA-SdmB
results in the production of 4-desmethyllanosterol (IV), showing that these
proteins are sufficient for C-4 demethylation. (D) Structure of lipids identi-
fied in A-C. Mass spectra of identified lipids are shown in SI Appendix, Fig.
S2. All lipids were derivatized with trimethylsilyl.
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Fig. 3. C-4 sterol demethylation intermediates suggest a distinct bacterial
demethylation mechanism. (A) Total ion chromatograms of TLEs from E. coli
expressing sdmA and sdmB together and separately showing the production
of C-4 demethylation intermediates (V, VI, VII, VIII, and IX) in addition to the
final 4-desmethyllanosterol product (IV; red). Lipids were derivatized with
trimethylsilyl. Mass spectra and full structures of sterols are shown in S/
Appendix, Fig. S2. All structures were confirmed by NMR. (B) Proposed C-
4 demethylation mechanism in aerobic methanotrophs based on reaction
intermediates observed in A and B. SAmA converts the 4p-methyl group
into first a hydroxyl (VI), then an aldehyde (VIII), and finally, a carboxylic
acid (IX). SdmB is proposed to oxidize the C-3 hydroxyl group of the
4B-carboxylic acid, which undergoes decarboxylation to give 4-desme-
thyllanosterone (X). SdmB also functions as a ketoreductase that converts
the C-3 ketone back to a hydroxyl group after C-4 demethylation (IV).
SdmB also catalyzes the oxidation of lanosterol to lanosterone (VII) in a side
reaction not related to C-4 demethylation (gray arrows). The 4a-28-hydroxy (V)
intermediate is also a potential side product generated by a promiscuous
SdmA in a side reaction (gray arrows); 4-desmethyllanosterone (X) was only
observed in the NMR experiments. Ill, lanosterol; 1V, 4-desmethyllanosterol
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sufficient for sterol C-4 demethylation, we heterologously expressed
both proteins in an E. coli strain producing lanosterol, which has
two methyl groups at C-4 and one at C-14 (10). Coexpression of
both proteins in E. coli resulted in removal of one C-4 methyl
from lanosterol to generate 4-desmethyllanosterol [4a,14a-
dimethylzymosterol (IV)], indicating that no other M. capsulatus
proteins are needed for this reaction (Fig. 2).

Sterol Intermediates Reveal Bacterial C-4 Demethylation Mechanism.
In addition to showing that SdmA-SdmB is sufficient for C-
4 demethylation, our heterologous expression experiments also
revealed a series of probable biosynthetic intermediates of the
sterol demethylase reaction that we identified by NMR (Fig. 3
and SI Appendix, Tables S2 and S3). Expression of SdmA alone
results in the production of a 4p-carboxylic acid (IX), a 4p-
aldehyde (VIII), and two 4-hydroxylmethyl compounds (V and
VI). Based on these intermediates, we hypothesize that SdmA
oxidizes the 4p-methyl group first to an alcohol (VI), then to an
aldehyde (VIII), and finally, to the carboxylic acid (IX) (Fig. 3).
Thus, these data indicate that bacterial C-4 demethylation
proceeds via decarboxylation as it does in eukaryotes and does
not involve deformylation as has been proposed for C-14
demethylation (25).

Expression of SdmB alone results in the production of only
one product, lanosterone (VII), suggesting that SdmB oxidizes
the C-3 hydroxyl group to a ketone much as the nonhomologous
ERG26 does. Specifically, we propose that SdmB oxidizes the C-
3 hydroxyl group of the 4p-carboxylic intermediate, which then
undergoes decarboxylation with or without enzymatic assistance to
yield 4-desmethyllanosterone (X) (Fig. 3). The C-4 demethylation
reaction is completed by reduction of the C-3 ketone to yield the
final sterol product, 4-desmethyllanosterol (IV). Many NAD(P)-
dependent ketosteroid reductases also catalyze the reverse re-
action (26), and therefore, SdmB may affect both the decarbox-
ylative oxidation and the reduction steps at C-3. If so, this would
explain why SdmA and SdmB are sufficient for C-4 demethylation
and why an ERG27 homolog would not be required in bacteria for
the final reduction of the C-3 ketone.

SdmA-SdmB Removes the 4p-Methyl Group Rather than the 4a-
Methyl Group. Our structural analyses also indicate that the
SdmA-SdmB pair removes the 4f-methyl rather than the 4a-
methyl targeted by the eukaryotic C-4 demethylase enzymes (27).
To confirm this, we expressed SdmA-SdmB in the presence of an
isotopically labeled isoprenoid precursor, (1-'*C)-1-deoxy-pD-xylulose
(DOX) (28). The '°C label was incorporated into lanosterol via
the native E. coli methylerythritol phosphate isoprenoid path-
way (29, 30) with specific labeling of the 4p-methyl but not the
4a-methyl (Table 1 and SI Appendix, Fig. S3 and Table S4).
When expressing SdmA-SdmB under these conditions, the single
remaining C-4 methyl of 4-desmethyllanosterol is unlabeled,
confirming that the bacterial enzymes remove the 4p-methyl
group. Although some of the 4a-alcohol (V) was produced
during heterologous expression of M. capsulatus SdmA or
SdmA-SdmB together, we did not observe further oxidation of
the 4a-alcohol or retention of label in the DOX study, indicating
that this is likely a side product of a promiscuous SdmA (Fig. 3).
It should also be noted that small amounts of 4-desmethylla-
nosterol were detected in the experiment with SdmA alone (SI
Appendix, Table S2), which suggests that an E. coli enzyme or
SdmaA itself may be capable of oxidizing the 3-hydroxy group to
a ketone.

(40, 14a-dimethylzymosterol); V, 4a-28-hydroxylanosterol; VI, 4p-28-hydrox-
ylanosterol; VII, lanosterone (4a, 14a-dimethylzymosterone); VIII, 4p-28-oxo-
lanosterol; IX, 4p-28-carboxylanosterol (4p-3p-hydroxylanosta-8,24-dien-28-
oic acid).
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Table 1. M. capsulatus sdmA-sdmB removes the 4f-methyl group, not the 4a-methyl, of lanosterol

Unlabeled average  '3C-labeled average

Sterol product Position  'H, ppm  '3C, ppm integral integral Enrichment, %
Lanosterol 4B3-Methyl 0.813 15.30 1.193 + 0.005 1.832 + 0.004 0.536 + 0.006
Lanosterol 4a-Methyl 1.002 27.90 1.288 + 0.002 1.300 + 0.004 0.009 + 0.003
4-Desmethyllanosterol  4-Methyl 0.999 15.00 1.221 + 0.030 1.133 + 0.031 —-0.072 + 0.036

DOX was fed to E. coli expressing bacterial lanosterol synthesis genes and M. capsulatus sdmA-sdmB (S| Appendix, Fig. S3). All
measurements were done in triplicate, and SDs were calculated from technical replicates. The integrals are referenced to the E-
methyl group of the side chain (C26/27). Enrichment, % = (L — UL)/L, where L is the integral of methyl signal in labeled molecule and
UL is the integral of methyl signal in unlabeled molecule. S/ Appendix, Table 54 shows the full dataset showing incorporation of '>C

into other methyl positions of lanosterol and 4-desmethyllanosterol.

The preference for the 4p-methyl by SdmA-SdmB is noteworthy
for two reasons. First, decarboxylation of the 4f-carboxylic acid is
stereoelectronically favored over the 4a-carboxylic acid, indicating
that the removal of the 4p-methyl in bacteria may be more fa-
vorable than the removal of the 4a-methyl in eukaryotes. This
preference may be advantageous in the bacterial system, particularly
as it is unclear whether SdmB functions like ERG26 in eukary-
otes catalyzing both the decarboxylation at C-4 and the requisite
oxidation of the 3-hydroxyl (23). Second, preferential removal of
the 4p-methyl group by SAmA-SdmB explains why M. capsulatus
does not fully demethylate sterols at C-4 like eukaryotes. In
eukaryotes, ERG25 oxidizes the 4a-methyl, and subsequent de-
carboxylation by ERG26 occurs concomitantly with epimeri-
zation of the remaining 4p-methyl into the 4a position (22, 27).
In this case, the remaining 4a-methyl is available for a second
demethylation by the same set of eukaryotic enzymes (22). How-
ever, in bacteria, the preference for the 43-methyl by SAmA-SdmB
precludes a second round of demethylation.

SdmA-SdmB Is Phylogenetically Distinct from Eukaryotic Enzymes. To
determine if SdmA-SdmB is found in other sterol-producing
organisms, we searched for homologs in the JGI IMG genomic
database (BLAST cutoff: 30% identity, e value 1e™>). We
identified 56 putative M. capsulatus SdmA homologs and 352
SdmB homologs in bacterial genomes but none in either
eukaryotic or archaeal genomes. The larger number of putative
SdmB homologs retrieved possibly reflects the high sequence
similarity of the NAD(P) binding Rossmann-fold domain found
in this protein to other functionally distinct bacterial oxidore-
ductases (31). Maximum likelihood phylogenetic trees of each
protein showed that homologs most similar to M. capsulatus
SdmA (Fig. 4) or SdmB (SI Appendix, Fig. S4) clustered in a
distinct clade composed of 23 bacteria. Because sequence ho-
mology alone may not be sufficient to infer functional similarity
between two proteins, we searched the 23 genomes within the
SdmA and SdmB clades for other sterol synthesis proteins. We
found that these 23 genomes also encode an Osc homolog re-
quired for sterol synthesis (SI Appendix, Table S5). In addition,
several of these bacteria are known to demethylate sterols at the
C-4 position (8, 9, 12), indicating a strong correlation between
the co-occurrence of Osc, SdmA, and SdmB in a bacterial ge-
nome and C-4 demethylation of sterols. Finally, SdmA homologs
were identified in a variety of freshwater, marine, terrestrial, and
host-associated metagenomes (BLAST cutoff: 20% identity, e
value 1e™’) in which we also find Osc homologs (9), suggesting
that this sterol C-4 demethylation mechanism may be more
widespread in the bacterial domain than what is observed in
cultured organisms (S Appendix, Fig. S5).

Discussion

The results presented here show that sterol C-4 demethylation
has evolved at least twice—once in bacteria and once in eu-
karyotes. Although C-4 sterol demethylation in eukaryotes and
bacteria occurs through similar oxidative reactions, there are
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important distinctions between the two pathways. Our heterol-
ogous expression and structural analyses revealed that bacterial
C-4 demethylation in M. capsulatus only requires two proteins
rather than three and differs significantly in its stereochemical
mechanism from the eukaryotic system. In addition, homologs of
the bacterial SdmA-SdmB demethylase proteins are unrelated to
the eukaryotic sterol demethylase proteins and are exclusive to
bacterial genomes. It is also possible that additional examples of
convergent evolution in the sterol biosynthesis pathway remain
to be discovered, as enzymes catalyzing other key steps in bac-
terial sterol synthesis have yet to be identified (9, 18). For ex-
ample, a C-14 reductase homolog is not present in several
aerobic methanotroph genomes, and the enzyme responsible for
generating the unusual nuclear C-8 (14) desaturation in M.
capsulatus sterols is unknown (32) (SI Appendix, Fig. S6). Fur-
thermore, several myxobacterial species have been shown to
completely demethylate their sterols at the C-4 position (9, 11,
12). Here, we show that these myxobacterial species harbor
SdmA-SdmB homologs, suggesting that either the myxobacterial
SdmA-SdmB homologs are modified to demethylate twice or
that a second set of proteins may be required to further demethylate
at C-4 (SI Appendix, Fig. S6). Identification and character-
ization of these potentially new bacterial sterol biosynthesis
enzymes could further underscore the mechanistic and evo-
lutionary differences between the bacterial and eukaryotic
sterol pathways.

The convergent evolution of sterol C-4 demethylation also
suggests that this modification carries physiological significance
in both eukaryotes and bacteria. Demethylation of both C-4
methyl groups is essential for many sterol functions in eukary-
otes, and as a result, deletion of eukaryotic sterol demethylase
genes in yeast, human cell lines, and plants is lethal (20, 33-35).
However, deletion of SAmA-SdmB is not lethal in M. capsulatus,
and it is unclear what functional role this specific modification
and sterols in general serve in bacteria. Bacterial sterols have
been proposed to affect membrane rigidity and permeability as
they do in eukaryotes, but studies showing that sterols make up a
small fraction of bacterial membrane lipids belie this structural
role (36). Furthermore, eliminating sterol production in the
myxobacterium Stigmatella aurantiaca did not result in a severe
growth phenotype under normal laboratory conditions, in-
dicating that bacterial sterols may have a more nuanced
physiological role (8). In aerobic methanotrophs, the production
of 4-methylsterols raises the possibility that C-4 demethylation
may play a regulatory role as has been observed in some eukary-
otes. C-4-methylated steroids are required for dauer larval for-
mation in the nematode Caenorhabditis elegans, and accumulation
of 4,4-dimethylsterols in fission yeast functions as an indicator of
low oxygen conditions, resulting in transcriptional activation of
hypoxia stress response factors (37, 38). Because C-4 demethyla-
tion by SdmA-SdmB requires oxygen, inhibition of C-4 demethylation
under suboxic conditions and the subsequent accumulation of
4 4-dimethylsterols may also serve as an indicator of oxygen deple-
tion in M. capsulatus (39). Understanding the role of SAmA-SdmB in
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Fig. 4. Maximum phylogenetic tree of SdmA. The SAmA homologs from the
23 organisms shown cluster into one clade, and the genomes from each of
these organisms also encode an Osc homolog. The 10 strains highlighted in
red produce sterols that are demethylated at the C-4 positon at least once.
Gray circles indicate branches that have bootstrap values greater than 0.9.
The collapsed clade contains putative Rieske oxygenases from organisms
that do not encode an Osc homolog in their genome and most likely do not
produce sterols. The number in parentheses indicates the number of pro-
teins in the collapsed clade. (Scale bar: one change per nucleotide site.)

demethylation provides us with a foundation to begin exploring such
physiological hypotheses more directly.

Finally, while our discovery of SdmA-SdmB highlights the
evolutionary divergence of sterol synthesis between bacteria and
eukaryotes, it does not alter the current interpretation of sterane
biomarkers in the rock record per se. The oldest known bio-
marker assemblages, found in the 1.6 billion-year-old Barney
Creek Formation in northern Australia, contain aromatized
4-methylsteroids, and those are already attributed to aerobic
methanotrophs, like M. capsulatus (40). Furthermore, the ma-
jority of sterane hydrocarbons used to infer the occurrence of
eukaryotes deep in time are the diagenetic products of complex
sterols with modified side chains, such as stigmasterol (5, 17). To
date, no bacterium has been shown to produce sterols with side-
chain alkylations, and therefore, these complex sterols remain
unique to eukaryotes. However, our discovery of SdmA-SdmB
emphasizes that our ability to predict how a bacterium modifies
its sterols from genomic data is hindered by a lack of knowledge
of the bacterial enzymes required to carry out these reactions—a
bacterium may be capable of complex sterol production with
enzymes not homologous to those found in eukaryotes. Further-
more, as we noted previously, bacteria may have other divergent
sterol synthesis enzymes in addition to SdmA-SdmB, which could
result in distinct isotopic signatures between eukaryotic and bac-
terial sterols. These isotopic signatures could potentially be traced
in the geological record and would allow for the differentiation of
eukaryotic and bacterial sterols directly. Thus, fully exploring the
production of sterols by diverse bacteria, characterizing the bac-
terial proteins required for sterol synthesis, and studying the iso-
topic fractionation resulting from these synthesis pathways will not
only advance our understating of sterol function and evolution but
will also better inform interpretation of sterane biomarkers in the
rock record.
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Methods

Bacterial Culture. Strains used in this study are listed in S/ Appendix, Table S6.
M. capsulatus Texas (ATCC 19069) was cultured in Nitrate Minimal Salts
medium (41) supplemented with 5 pM copper(ll) sulfate, 30 uM ferric citrate,
and if necessary, gentamycin (10 pg/mL) or kanamycin (30 pg/mL) at 37 °C in
an atmosphere of air plus 1-5 psi methane either in serum vials sealed with
butyl rubber stoppers and shaking at 225 rpm (Thermo Scientific, MaxQ8000)
or on plates solidified with 1.5% agar in a sealed container (Vacu-Quik Jar;
Almore International, Inc.). E. coli DH10B was cultured in LB or terrific broth
(TB) at 30 °C or 37 °C with shaking at 225 rpm and supplemented, if nec-
essary, with gentamycin (15 pg/mL), kanamycin (30 pg/mL), carbenicillin
(100 pg/mL), and/or chloramphenicol (20 pg/mL).

Molecular Cloning. All plasmids and oligonucleotides used in this study are
described in S/ Appendix, Tables S7 and S8. Details of cloning and muta-
genesis procedures are described in S/ Appendix.

Deletion and Complementation of M. capsulatus Texas H156DRAFT2756-2755.
M. capsulatus Texas A2756-2755::kan (PVW1823) was constructed by re-
placement of the H156DRAFT 27562755 coding sequence with a kanamycin
resistance gene by electroporation of linear DNA followed by homologous
recombination and selection. For complementation, deleted genes were
expressed in trans from an isopropyl f-p-1-thiogalactopyranoside (IPTG)-inducible
expression cassette located on the M. capsulatus chromosome at a location
with convergent gene transcription following H156DRAFT_2433. Details are
provided in S/ Appendix, Methods.

Heterologous Expression in E. coli. All heterologous expression strains are
shown in S/ Appendix, Table S9. Lipid synthesis genes were overexpressed in
E. coli from multiple compatible plasmids with either IPTG-inducible /ac or
arabinose-inducible araBAD promoters. Lanosterol was synthesized by E. coli
DH10B overexpressing the mevalonate pathway from plasmid pJBEI2997
(42) as well as M. alcaliphilum squalene synthase (sgs), squalene mono-
oxygenase (smo), and oxidosqualene cyclase (osc) from plasmid pTrc-sgs-
synRBS-osc-synRBS-smo (pABB501). Additional genes of interest were expressed
from IPTG-inducible plasmid pSRKGm-/acUV5-rbs5 (pABB492) and/or
arabinose-inducible plasmid pBAD1031K (pABB466). E. coli strains were
cultured at 37 °C, shaken in 4-20 mL TB supplemented with antibiotics (as
necessary) until midexponential phase when expression was induced with 0-
500 uM IPTG and/or 0.2% arabinose (as necessary) for 30-40 h at 30 °C, and
shaken at 225 rpm before harvest of cells.

Lipid Extraction and GC-MS Analysis. Lipids were extracted from cells har-
vested from 4-50 mL bacterial culture using a modified Bligh-Dyer extrac-
tion method (43, 44) as described in detail in ref. 10. Briefly, cells were
sonicated in 10:5:4 (vol:vol:vol) methanol:dichloromethane (DCM):water; the
organic phase was separated with twice the volume of 1:1 (vol:vol) DCM:
water, and then, it was transferred and evaporated under N to yield the
total lipid extract (TLE). The alcohol soluble fractions of some TLEs were
further purified by Si column chromatography (45). Lipids were derivatized
to trimethylsilyl ethers with 1:1 (vol:vol) Bis(trimethylsilyl)trifluoroacetamide:
pyridine before analysis by GC-MS. Lipid extracts were separated on an
Agilent 7890B Series GC using one of two methods as described in S/
Appendix, Methods.

NMR Analysis. The lipids were fractionated by preparative TLC on glass-
backed plates (10 cm in length) coated with a 0.25-mm layer of silica gel
60 F254 using 4:1 hexane:ethyl acetate as the developing solvent. The TLC
fractions were characterized by NMR using a Bruker Avance Ill HD with an
Ascend 800-MHz magnet and a 5-mm TCI cryoprobe at 30 °C using deuter-
ated chloroform (CDCl3) as the solvent. Calibration was by the residual sol-
vent signal (7.26 ppm). All NMR spectral data are shown in S/ Appendix, Figs.
S7-512. Description of structure determination for each sterol product is
provided in S/ Appendix.

3C-Labeling Study. Expression strain PVW7128 was cultured in 75 mL of TB
supplemented with 25 mg of DOX and appropriate antibiotics with shaking at
37 °C. At midexponential phase, expression was induced with 500 uM IPTG
and 0.2% arabinose and further incubated for 40 h with shaking at 30 °C.
After harvesting, the cells were extracted as above, and the extracted
lipids were separated by preparative TLC. The purified lanosterol and
4-desmethyllanosterol were analyzed by 800-MHz NMR using a quantitative
heteronuclear single-quantum correlation method (46). The '3C sweep width
was narrowed to provide enhanced resolution. Care was taken to avoid
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overlap from signal folding. NMR analysis was carried out in triplicate. The
NMR integrals of the methyl signals were compared with those obtained from
the corresponding unlabeled sterols, which were also measured in triplicate.

Bioinformatics Analysis. The JGI IMG (https://img.jgi.doe.gov/) Phylogenetic
Profiler was used to identify putative bacterial sterol demethylating pro-
teins. Homologs of SdmA and SdmB were identified through BLASTP
searches (e value < 17, 30% identity) of genomic databases on the JGI
IMG Portal (47-49). Metagenomic homologs of SdmA were also identified
through BLASTP searches (e value < 1€™>° 20% identity; >300 amino acids)
of the JGI environmental and host-associated metagenomic databases.
Protein sequences were aligned via MUSCLE (50) using Geneious (Biomatters
Limited). Redundant metagenomic sequences were removed from align-
ments using the Decrease Redundancy web tool (https://web.expasy.org/
decrease_redundancy/), and large gaps were removed from metagenomic
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