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LIPID METABOLISM

A bacterial light response reveals an orphan
desaturase for human plasmalogen synthesis

Aréanzazu Gallego-Garcia'*, Antonio J. Monera-Girona'*, Elena Pajares-Martinez'*,
Eva Bastida-Martinez!, Ricardo Pérez-Castafio’, Antonio A. Iniesta', Marta Fontes!,

S. Padmanabhan®t, Montserrat Elias-Arnanz't

Plasmalogens are glycerophospholipids with a hallmark sn-1 vinyl ether bond. These lipids

are found in animals and some bacteria and have proposed membrane organization, signaling,
and antioxidant roles. We discovered the plasmanylethanolamine desaturase activity that

is essential for vinyl ether bond formation in a bacterial enzyme, CarF, which is a homolog

of the human enzyme TMEM189. CarF mediates light-induced carotenogenesis in Myxococcus
xanthus, and plasmalogens participate in sensing photooxidative stress through singlet
oxygen. TMEM189 and other animal homologs could functionally replace CarF in M. xanthus,
and knockout of TMEM189 in a human cell line eliminated plasmalogens. Discovery of the
human plasmanylethanolamine desaturase will spur further study of plasmalogen biogenesis,

functions, and roles in disease.

lasmalogens are glycerophospholipids

with a hydrocarbon chain linked by a

vinyl ether bond at the glycerol sn-1 po-

sition (fig. S1, A and B) found in animals

and some anaerobic bacteria but not in
plants, fungi, or most aerobic bacteria, except
myxobacteria (I-3). In mammals, plasmalo-
gens are most abundant in the brain, heart, and
leukocytes and occur in nearly all subcellular
membranes (7-3). Lipid rafts—membrane micro-
domain platforms proposed to recruit and
activate signaling proteins (4¢)—are enriched
in plasmalogens (5, 6). The plasmalogen vinyl
ether bond confers physical-chemical attri-
butes that affect membrane fluidity, signaling,
and function (7, 2) and is susceptible to cleav-
age by reactive oxygen species (ROS) such as
singlet oxygen ('0,), yielding products that
may act as second messengers (7-10). Anti-
oxidative and signaling mechanisms have thus
been linked to plasmalogens, whose deficiency
correlates with various human disorders, in-
cluding cancer and Alzheimer’s disease (1, 2, I1).
Mammalian plasmalogen biosynthesis involves
several steps (fig. S2A) (12). A key late step in
the endoplasmic reticulum (ER) converts an
alkyl ether phosphatidylethanolamine (AEPE)
or plasmanylethanolamine to the vinyl ether
(alkenyl) phosphatidylethanolamine (VEPE) or
plasmenylethanolamine (fig. S2A). This oxygen-
dependent step was described almost 50 years
ago (13), but the plasmanylethanolamine desa-
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turase involved is unidentified: an orphan en-
zyme (14, 15). In the obligately aerobic Myaxococcus
xanthus and related myxobacteria, ether lipid
synthesis requires the multifunctional enzyme
EIbD and, in an alternative minor pathway,
MXAN_1676 (fig. S2B) (3, 16, 17). EIbD was
speculated to also direct vinyl ether bond for-
mation (76), but we have discovered that this
desaturase activity corresponds to another pro-
tein, CarF, and that it is functionally conserved
in animals, including humans.

In M. xanthus, CarF indirectly signals the
light response triggered by 'O, produced upon
photoexcitation of protoporphyrin IX (PPIX)
to inactivate a membrane-associated anti-o
factor, CarR, and release its cognate ¢ factor,
CarQ (I8-2I). This enables transcription of
genes for the biosynthesis of carotenoids,
which quench 'O, and other ROS, and pro-
vokes a yellow-to-red color change (the Car*
phenotype). In another pathway, light directly
inactivates a By,-based photoreceptor that re-
presses genes for carotenogenesis in the dark
(22-24). CarF sequence homologs exist in
myxobacteria and few other bacteria (mostly
Leptospiraceae and Alphaproteobacteria); in
invertebrate and vertebrate animal species,
including humans, in which they are denoted
TMEM189 or Kua and have unknown functions
(19-21, 25); and in plants, with Arabidopsis
thaliana having three (Atl, At2, and At3) (fig.
S3 and table S1). From phylogenetic analyses,
myxobacterial and Leptospira CarF homologs
appear more related to those in animals, and
those from Alphaproteobacteria appear more
related to ones in plants (fig. S3A). CarF has
12 histidines, all of which are cytoplasmic on
the basis of its experimentally determined four-
transmembrane helix topology (Fig. 1A), with
five shown to be important for function thus
far (19, 20). Animal CarF homologs conserve 11
of these histidines, plants conserve eight, and
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bacteria conserve eight or more (fig. S3 and
table S1). To assess the functional importance
of each His in vivo, we conditionally expressed,
using a vanillate-inducible system, single His-
to-Ala N-terminal FLAG-tagged CarF variants
in the Car™ carF-deleted (AcarF) M. xanthus
strain. FLAG-tagged CarF is functional because
cells that express it were Car”, as were variants
H183A and H190A (in which histidine at
positions 183 and 190 was replaced by alanine)
and that mutated in the nonconserved His>*#,
whereas the remaining nine His mutants were
all Car™ (Fig. 1B). Nine histidines are therefore
important in CarF function. All nine are con-
served in CarF homologs from other myxobac-
teria, Leptospirales, and animals, but one of
these, His™?, differs in plant (where it is often
an Arg) and other bacterial homologs (fig. S3
and table S1). The HxxxH and HxxHH pattern
of the functionally crucial His'®*/His'®® and
His'®'/His'%*/His'??, respectively, occurs
in membrane-associated diiron fatty acid
desaturases and hydroxylases of otherwise low
overall sequence similarity to CarF (19-21, 25).
Furthermore, At3 is a chloroplast desaturase
(FAD4) that generates an unusual trans double
bond in the sn-2 acyl carbon chain (fig. SI1C) (26).
We therefore investigated whether M. xanthus
CarF is a desaturase.

Fatty acid methyl ester (FAME) analysis
revealed complete absence of a peak in the
AcarF strain (Fig. 2A) that in the wild-type
M. xanthus corresponds to isol5:0-dimethylacetal
[i15:0-DMA, indicative ion mass/charge ratio
(m/z) = 75] derived from its plasmalogen,
MXVEPE (fig. S4) (16, 17). This i15:0-DMA peak
was restored in the AcarF strain that expresses
a vanillate-inducible carF gene (Fig. 2A), indi-
cating that CarF is essential for the production
of MXVEPE. We also examined whether the
i15:0-DMA peak reappeared when AcarF cell
extracts were incubated with pure CarF. After
verifying that CarF with a C-terminal Strep
tag is functional in M. xanthus, we expressed
it in Escherichia coli and affinity-purified it
from the detergent-solubilized membrane
fraction (fig. S5). Purified CarF, which con-
tained two equivalents of iron (supplementary
materials, materials and methods), tended to
slowly form higher-order oligomers possibly
detrimental to activity (fig. S5). Consequently,
the AcarF cell extract was incubated with
freshly purified CarF under aerobic condi-
tions, followed by FAME analysis. Besides
molecular oxygen, the desaturase activity
that generates the plasmalogen vinyl ether
bond requires reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and an elec-
tron transport chain involving cytochrome b5
(27), as in aerobic fatty acid desaturation (28).
Hence, we included NADPH and assumed
that the extract contains the other necessary
components except CarF. Under these condi-
tions, we detected an i15:0-DMA peak, albeit
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small (Fig. 2A), lending further support to
the inference that MxVEPE formation re-
quires CarF.

Single gene disruptions in M. xanthus im-
plicated EIbD and, to a minor level, MXAN_1676
in ether lipid biosynthesis and ElbD in the
formation of a neutral alkyl (not vinyl) ether
lipid that signals fruiting body development
and sporulation and is synthesized only upon
starvation (16, 17). Because our data impli-
cated CarF, which is crucial in the response
to light, to MXVEPE synthesis, we investigated
how in-frame gene deletions of elbD (AelbD),
MXAN 1676 (A1676), or both affected the light
response. Single AelbD- and Al1676-deletion
mutants acquired in the light a reddish color,
which appeared somewhat less intense for
the AelbD mutant than for the A7676 mutant
or the wild-type strain, whereas the double
AelbDA1676 mutant was Car’, like the AcarF
strain (Fig. 2B). Consistent with this, activity
in the light of a lacZ gene fused to the pro-
moter of the carotenogenic gene cluster (carB::
lacZ reporter) was, relative to the wild type,
~60% less for the AelbD mutant and ~20%
less for the AI676 mutant but at low basal
levels (no photoinduction) in the AelbDA1676
mutant, as in the AcarF strain (Fig. 2B). To
correlate these data with ether lipid and
MxVEPE contents, and to infer the step in
plasmalogen biosynthesis at which CarF acts,
we performed FAME analysis of each strain.
Both i15:0-DMA and iso15:0-0O-alkylglycerol
bis-trimethylsilyl ether (i15:0-OAG-bisTMS,
indicative ion m/z = 205, derived from alkyl
ether lipids) (fig. S4) were absent in the
AelbDA1676 strain, but consistent with pre-
vious findings using single disruption mutants
(16), both species were present at low levels in
the AelbD strain and closer to wild-type levels
in the AI676 strain (Fig. 2C and fig. S6). By
contrast, i15:0-OAG, yet not i15:0-DMA, was
observed in the AcarF strain (Fig. 2C). Ex-
pressing elbD or MXAN_1676 in trans from an
inducible promoter in the Car™ AelbDA1676
strain caused reappearance of ether lipids and
plasmalogens and of reddish colony color in
the light (fig. S7), ruling out polar effects from
the gene deletions. Consistent with the gas
chromatography-mass spectrometry (GC-MS)
results, direct assessment by means of liquid
chromatography-MS (LC-MS)/MS revealed loss
of MxVEPE and MxAEPE in the AelbDAI676
strains but only of MXxVEPE in the AcarF
mutant (fig. S8). Thus, whereas ElbD or
MXAN_1676 enable biosynthesis of alkyl
ether lipids, their conversion to the vinyl ether
form requires CarF. In other words, CarF ap-
pears to be the ether lipid desaturase in plas-
malogen synthesis.

Because CarF is implicated in both M. xanthus
light-induced carotenogenesis and plasmal-
ogen formation, we asked whether the light
response depends directly on plasmalogens
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by supplying them exogenously to the above
mutant strains. We used three commercially
available plasmalogens typically found in human
cells, with an 18(Plasm) chain at the sn-1 position
and an 18:1 (HsVEPE1), a 20:4 w-6 (HsVEPE2),
or a 22:6 ®-3 (HSVEPES3) chain at the sn-2 ester
position (Fig. 3A and fig. S9). These human
plasmalogens therefore differ from M. xanthus
MxVEPE, which has i15 chains at both posi-
tions (fig. S1B) (16, 17). Yet, all three rescued
the Car® phenotype when fed to the AcarF
and AelbDAI1676 strains, as well as to the triple
AcarFAelbDAI676 mutant strain (Fig. 3B and
fig. S9). When fed with HsAEPEI, which is
HsVEPEI1 but with an sn-1 alkyl instead of vinyl
ether bond (Fig. 3A), the CarF-containing
AelbDA1676 strain became Car®, whereas
both AcarF strains remained Car~ (Fig. 3C).
Moreover, FAME analysis detected 18:0-DMA
and 18:0-OAG (neither natural to M. xanthus)
in the HsAEPEl-fed AelbDA1676 mutant but
only 18:0-OAG in the AcarFAelbDAI676 strain
(Fig. 3D). Accordingly, LC-MS/MS detected
HsAEPEI and HsVEPEI] in the double mutant
but only HsAEPEI] in the triple mutant (fig.
S10). This result confirms HsAEPE1 uptake
and its conversion, only if CarF is available,
to HsVEPEL Thus, CarF can produce plasmal-
ogen from the corresponding human alkyl
ether lipid, despite the latter having sn-1 and
sn-2 moieties that differ from those in the likely
natural precursor in M. xanthus (fig. S4).

Fig. 1. M. xanthus CarF and A .
histidine mutational analy- Peripiasm
sis. (A) Experimentally
determined membrane
topology of CarF (20)

and location of its

12 histidines. Numbers indi-
cate residues in the CarF
sequence. Histidines
conserved in all homologs
are shown as dots, those B

Membrane

Cytoplasm

Various human plasmalogens, distinct from
the endogenous one, can mediate signaling in
M. zanthus light-induced carotenogenesis, and
CarF can convert a human alkyl ether lipid to
its vinyl ether form. We therefore investigated
whether human and other eukaryotic homologs,
as well as two bacterial ones (neither from myxo-
bacteria), can functionally replace CarF in the
M. xanthus light response and plasmalogen
biosynthesis. Plasmids for vanillate-inducible
expression in M. xanthus of codon-optimized
N-terminal FLAG-tagged homologs from
human, mouse, fly, worm, zebrafish (two),
A. thaliana (three), the animal pathogen
Leptospira interrogans, and the alphapro-
teobacterial plant symbiont Bradyrhizobium
diazoefficiens were constructed, and each was
introduced into the AcarF strain. Among cells
transformed with the eukaryotic homologs,
those expressing animal homologs (41 to 46%
identity, 56 to 59% similarity to CarF) (table
S1) were all Car™, like those expressing FLAG-
tagged or untagged CarF or its version (CarFayy;)
lacking the C-terminal 34-residue segment ab-
sent in many homologs (Fig. 3E and figs. S3B
and S11A). Cells that express the A. thaliana
homologs (31 to 33% identity to CarF and
which do not conserve the functionally crucial
H"? of CarF) (fig. S3B and table S1) remained
Car’, even though these proteins were present
at levels comparable with or greater than
those of CarF,y; or the fly homolog (Fig. 3E).

conserved only in some
homologs are shown as tri-
angles, and both are colored
according to their mutation
to alanine affects (red) or
not (green) CarF function.
The blue square is for a
nonconserved histidine.

H78A H103A H104A H113A
A
H164A H168A H183A H190A

H191A H194A H195A H218A

Dark Light
; 9
WT WT

H78A H103A H104A H113A

® @
H164A H168A H183A H190A

H191A H194A H195A H218A

(B) Mutational analysis of F T FFF FF I F T
histidines in CarF. Each cell S I I
spot corresponds to the 31 --—_.- el FLAG

M. xanthus AcarF strain

24—

expressing wild-type (WT)

150_|--q--’—_ ——— —— | B RNAP

CarF or the indicated His-to-
Ala mutant version. Cells

that express a nonfunctional CarF variant do not undergo the yellow-to-red color change when exposed to
light (supplementary materials, materials and methods). (Bottom) A Western blot of M. xanthus cell extracts
expressing each CarF variant probed by using anti-FLAG and anti-RNAP B antibodies (as loading control),

with sizes (in kilodaltons) indicated on the left.
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Fig. 2. CarF mediates plasmalogen synthesis in M. xanthus. (A) FAME GC-MS chromatogram sections of total lipid extracts from M. xanthus strains. i15:0-DMA
peak level is shown (in percent) relative to fixed amount of 17:0 internal standard. (B) Light-induced colony color assay and light-inducible carB::lacZ reporter

probe assay [mean and standard errors, n = 3 biological replicates; WT levels set to 100%]. (C) Relative abundance of i15:0-DMA and i15:0-OAG-bisTMS (fig. S4) for

indicated M. xanthus strains (mean and standard errors, n = 3 biological replicates; normalized to fixed amount of internal 17:0 standard and WT levels set to 100%).
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Fig. 3. Plasmalogens mediate signaling of M. xanthus light-induced
carotenogenesis, and animal but not plant CarF homologs enable
plasmalogen synthesis and light-induced carotenogenesis in M. xanthus.
(A) HsVEPEL and HsAEPEL chemical structures. (B and C) Rescue of light-induced
carotenogenesis upon feeding M. xanthus strains with (B) HsVEPEL or (C) HsAEPEL.
(D) Detection of 18:0-OAG-bisTMS and 18:0-DMA in indicated M. xanthus strains,
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strain). (E) Light-induced colony-color assay with the AcarF strain expressing CarF
or CarFy47 (as controls) and animal (Hs, Mm, Dr1, Dr2, Ce, or Dm) or plant

(Atl, At2, or At3) CarF homologs, all N-terminally FLAG-tagged. Western blots of
the corresponding M. xanthus cell extracts are shown below, with sizes (in
kilodaltons) indicated on the left. (F) Light-inducible carB::lacZ reporter assay

in strains used in (E). (G) Abundance of i15:0-DMA relative to internal 17:0

with 17:0 as internal standard (mean and standard errors, n = 3 biological
replicates, relative to 18:0-OAG-bisTMS set to 100% in the AcarFAelbDA1676

Consistently, light-induced carB::lacZ reporter
activity was greater than basal levels in AcarF
strains that express animal, but not A. thaliana,
homologs (Fig. 3F); and in FAME analysis, the
i15:0-DMA peak reappeared only in cells that
express the animal homologs (Fig. 3G and fig.
S11, B and C). Of the two bacterial homologs
tested, only the one more related to animal
homologs, that from L. interrogans (43% iden-
tity to CarF), could functionally replace CarF in
M. zanthus (fig. S12). Thus, animal TMEMI189
proteins can use the endogenous M. xanthus
ether lipid precursor, despite it being differ-
ent from their natural substrates, to generate
MxVEPE.

Given the above results, we further examined
human TMEM189. Eleven of the 12 histidines
in CarF are conserved in TMEM189 (fig. S3B),
and single mutations of nine of these to Ala im-
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paired function in M. xanthus (Fig. 4A), just as
with the equivalent mutations in CarF (Fig. 1B),
thus providing further evidence that the two
proteins are closely related. Hence, we tested
whether TMEM189 is the plasmanylethanol-
amine desaturase in human plasmalogen syn-
thesis by using cell lines. We obtained a HAP1
human cell line with a CRISPR/Cas9 TMEMI189
knockout (KO) to compare its ether lipid
content with that of the parental cells by means
of FAME analysis. Plasmalogens were detected
as 16:0-, 18:0-, and 18:1-DMA peaks in the pa-
rental cells but were absent in their 7TMEM189-
KO derivative, whereas their alkyl ether lipid
precursors were detected as the correspond-
ing OAG-bisTMS derivatives in both cell
lines (Fig. 4B and fig. S13). Moreover, plas-
malogens reappeared in the TMEM189-KO
cells upon transient expression of EGFP-

4 October 2019

standard in strains used in (E). Values in (F) and (G) are mean and standard
errors (n = 3 biological replicates) relative to 100% for the wild type.

TMEM189 (fig. S14), and this functional
EGFP-fused protein localized in HeLa cells
to the ER (Fig. 4C), the proposed site for vinyl
ether bond generation in plasmalogen bio-
synthesis (fig. S2A).

Our study reveals TMEM189 as the long-
sought desaturase for animal plasmalogen
biosynthesis and that its plant homologs lack
this activity. Identification of the animal plas-
manylethanolamine desaturase allows direct
studies of the nexus between plasmalogens,
their cellular functions, and diverse pathol-
ogies, which have thus far relied on targeting
genes involved earlier in the biosynthetic path-
way. We also establish plasmalogens as crucial
in the 'O, response triggered by photoexcita-
tion of PPIX mentioned earlier (21). 0, is
known to provoke cleavage of the plasmalogen
at its vinyl ether bond, yielding as breakdown
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Fig. 4. Analysis of human TMEM189. (A) Mutational analysis
of histidines in human TMEM189. Each spot corresponds to

a Acarf M. xanthus strain expressing, from a vanillate-inducible
promoter, TMEM189 (WT), or the indicated His-to-Ala mutant
version, all N-terminally FLAG-tagged. Mutation of the
nonconserved His??? is also shown. Western blots of

the corresponding M. xanthus cell extracts are shown

below, with sizes (in kilodaltons) indicated on the left.

(B) Levels in the parental and TMEM189-KO human

HAP1 cells of ether lipids and plasmalogens measured

as OAG-bisTMS and DMA, respectively, by means of

FAME GC-MS analysis (mean and standard errors relative

to total, n = 3 biological replicates). (C) Localization of
human TMEM189 with an N-terminal fusion to enhanced
green fluorescent protein in transfected human Hela cells
monitored with confocal microscopy. Scale bar, 10 um.
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A bacterial light response reveals an orphan desaturase for human plasmalogen synthesis
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Distant cousin helps spot animal enzyme

In addition to forming the membranes that enclose cells, lipids are important signaling molecules. Plasmalogens,
which contain a vinyl ether linkage, are an abundant group of lipids in animals. How these lipids are synthesized from
precursors with an alkyl ether linkage has been a mystery. Gallego-Garcia et al. found an enzyme, CarF, in the social
bacterium Myxococcus xanthus that produces plasmalogens used in a signaling pathway for singlet oxygen, a marker of
photooxidative stress. They then showed that the animal homolog could catalyze the final step in plasmalogen synthesis
in bacterial and human cells, thus resolving a source for plasmalogens in animals.
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