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Myxococcus xanthus development requires CsgA, a member of the short-chain alcohol dehydrogenase (SCAD)
family of proteins. We show that CsgA and SocA, a protein that can replace CsgA function in vivo, oxidize the 2′-OH
glycerol moiety on cardiolipin and phosphatidylglycerol to produce diacylglycerol (DAG), dihydroxyacetone, and
orthophosphate. A lipid extract enriched in DAGs from wild-type cells initiates development and lipid body pro-
duction in a csgA mutant to bypass the mutational block. This novel phospholipase C-like reaction is widespread.
SCADs that prevent neurodegenerative disorders, such asDrosophila Sniffer and humanHSD10, oxidize cardiolipin
with similar kinetic parameters. HSD10 exhibits a strong preference for cardiolipin with oxidized fatty acids. This
activity is inhibited in the presence of the amyloid β peptide. Three HSD10 variants associated with neurodegen-
erative disorders are inactivewith cardiolipin.We suggest thatHSD10 protects humans from reactive oxygen species
by removing damaged cardiolipin before it induces apoptosis.
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Myxococcus xanthus displays a unique multicellular life-
style when faced with amino acid limitation. Cells move
in travelling waves or ripples (Shimkets and Kaiser
1982), form evenly spacedmulticellular aggregates known
as fruiting bodies (Xie et al. 2011), and differentiate into
dormant spores within these aggregates (Holkenbrink
et al. 2014). Several differentiating cell types are produced,
leading to programmed cell death (PCD), sporulation, and
production of peripheral rods (O’Connor and Zusman
1991; Boynton et al. 2013). Some mutations that abolish
multicellular development can be transiently restored in
the presence of wild-type cells (Hagen et al. 1978). Extra-
cellular complementation is due to either intercellular
signaling or metabolic cross-feeding.
Perhaps the most interesting extracellular comple-

mentation group is produced by loss of the csgA gene
(MXAN_RS06255), which fully eliminates development
(Hagen and Shimkets 1990). Increasing levels of csgA ex-
pression induce successive developmental behaviors (Li
et al. 1992). Low expression levels (10%–20% of final
developmental levels) induce rippling. Higher levels of
expression then entrain cell aggregation into fruiting bod-
ies. Sporulation is achieved when csgA is expressed at the
peak concentration, completing the developmental pro-
gram. Addition of exogenous, purified CsgA can restore
aggregation at low concentrations and sporulation at high-
er concentrations (Kim and Kaiser 1991).

In the currentmodel for extracellular complementation
of csgA mutants, often referred to as C-signaling, full-
length p25 (kilodalton) CsgA is processed to a p17 form
that is exported to the cell surface where it binds a recep-
tor on an adjacent cell (Lobedanz and Sogaard-Andersen
2003). Proteolytic processing of CsgA is mediated by ser-
ine protease PopC, and a popC mutant has abrogated de-
velopment (Rolbetzki et al. 2008). However, the current
model fails to account for many critical pieces of data
that are inconsistent with it. For example, CsgA has fea-
tures associated with enzymatic function, such as a Ross-
mann fold, shown to bind NAD+ in vitro, and conserved
catalytic residues typical of short-chain alcohol dehydro-
genases (SCADs), shown to be essential for development
in vivo (Lee et al. 1995). Membrane fractionation indicat-
ed that CsgA is an inner membrane protein (Simunovic
et al. 2003), not an outer membrane protein as previously
reported (Lobedanz and Sogaard-Andersen 2003). Exten-
sive proteomic studies have likewise never placed CsgA
in the outer membrane or on the cell surface (Kahnt
et al. 2010; Bhat et al. 2011), and no receptor has ever
been identified. The p17 form lacks the N-terminal
NAD+-binding domain, and genomic replacement of a
truncated csgA gene encoding an 18.1-kDa protein abol-
ishes development (Lobedanz and Sogaard-Andersen
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2003). Finally, up-regulation of SocA, a distantly related
homolog of CsgA with only 28% amino acid identity, re-
stores development (Lee and Shimkets 1994, 1996). Since
SocA must be substantially up-regulated to rescue devel-
opment in vivo, it was suggested that rescue is due to
SocAhaving substrate overlap. SocAwas shown to oxidize
the phospholipid lysophosphatidylethanolamine (lyso-PE)
in vitro (Avadhani et al. 2006).

CsgA homologs are found in eukaryotes, and genetic
studies have provided compelling evidence that they pre-
vent neurodegenerative disorders. A unifying feature of
these neurodegenerative disorders is a marked increase
in reactive oxygen species (ROS) (Cobb and Cole 2015).
Lipid peroxyl radicals are among themost dangerous prod-
ucts of ROS, since they autocatalyze their own production
(Gardner 1989). Once a lipid radical is formed, it perpetu-
ates production by creating a new radical on a neighboring
fatty acid at the site of bis-allylic hydrogens. Formation of
new radicals terminates only when two radicals react to
produce a fatty acyl peroxide. An insertion in the csgA ho-
molog sniffer from Drosophila produces oxidative stress-
related neurodegeneration that includes enhanced apo-
ptosis and reduced locomotor fitness (Botella et al.
2004). Sniffer can reduce a byproduct of lipid peroxidation,
(E)-4-oxonon-2-enal (4ONE), to (E)-4-hydroxynon-2-enal
(4HNE) in vitro, which is less neurotoxic (Martin et al.
2011). However, 4HNE is still a potent electrophile with
deleterious effects on proteins and nucleic acids, suggest-
ing that Sniffer has another role in neuroprotection.

Another interesting CsgA homolog is the human SCAD
17β-hydroxysteroid dehydrogenase type 10 (HSD10), the
product of the HSD17B10 gene located on chromosome
Xp11.2. HSD10 is imported into the mitochondria by a
pathway involving Parkin, a protein whose function is ab-
rogated in patients with Parkinson’s disease (Bertolin
et al. 2015). A wide variety of enzymatic activities have
been associated with HSD10 (Yang et al. 2014), and their
clinical significance has been examined extensively. Mu-
tations in the HSD17B10 gene have been reported in 19
families (Zschocke 2012). In the classical infantile form
of the disease caused by mutation p.R130C, symptoms
emerge ∼6–18 mo after birth, and males show progressive
neurodegenerative disease, leading to death a few years
later. Substantially up-regulated levels of HSD10 are also
found in hippocampal synaptic mitochondria of βAPP
transgenic mice (He et al. 2002) and human patients with
Alzheimer’s disease (Kristofikova et al. 2009), suggesting a
correlation with this neurodegenerative disorder. HSD10
(also known as amyloid β [Aβ] peptide-binding alcohol de-
hydrogenase) is a strong binding partner of the Aβ peptide,
the principle component of the extracellular plaques in-
dicative of Alzheimer’s disease (Yan et al. 1997). Binding
of Aβ to HSD10 can be detected at nanomolar concentra-
tions, and micromolar concentrations inhibit HSD10 ac-
tivity (Borger et al. 2013). Altered HSD10 levels have
also been observed in patients with multiple sclerosis
(Kristofikova et al. 2009).

Here we show that CsgA, SocA, HSD10, and Sniffer
have a novel phospholipase C-like activity. They oxidize
the 2′-OH in the head group of cardiolipin (CL) and phos-

phatidylglycerol (PG). The enzymatic product is unstable
and fragments into diacylglycerol (DAG), dihydroxyace-
tone (DHA), and orthophosphate (Pi). We propose that
developing Myxococcus cells use this reaction to con-
vert phospholipids into triacylglycerol (TAG) as the cells
shorten during sporulation. Drosophila and humans in-
stead use this reaction to remove damaged CL before it
causes apoptosis.

Results

Expression and purification of CsgA yields
an active enzyme

To facilitate production of p25 CsgA, the csgA gene
(MXAN_RS06225; MXAN_1294) was codon-optimized
for Escherichia coli (Supplemental Fig. S1) and cloned
with an N-terminal six-histidine tag. For the p17 form,
only the 168 C-terminal codons were used. Purified re-
combinant protein (Supplemental Fig. S2A) rescues csgA
mutant (LS2442) development to produce spore-filled
fruiting bodies comparable in size and number with those
produced by wild-type DK1622 cells (Supplemental Fig.
S2B). Our p17 failed to restore development in the same
assay.

Enzymatic activity of the recombinant enzyme was ex-
amined with a modified version of the SocA assay (Avad-
hani et al. 2006). Since a known substrate of SocA is lyso-
PE, whole-cell lipids were extracted with chloroform and
methanol. This extract was used as a CsgA substrate,
and activity was measured as the conversion of NAD+ to
NADH (Fig. 1A). CsgA displays enzymatic activity in the
presence of these lipids. Removal of exogenous NAD+ re-
sulted in a small amount of observed activity, presumably
due to copurified NAD+. No activity is generated unless
the enzyme is present. As expected, p17 CsgA displays
no activity in this assay, since it lacks the NAD+-binding
domain. As an additional negative control, CsgA bearing
the active sitemutationK155R (Lee et al. 1995) was exam-
ined and is inactive. Enzymatic reactions with CsgA did
not take place in the presence of NADP+ (Supplemental
Fig. S3), unlike SocA, which was previously reported to
show no cofactor preference (Avadhani et al. 2006).

CsgA and SocA share overlapping substrate specificities

To determine what lipids are potential substrates, we fur-
ther assessed CsgA activity using a variety of synthetic
C14:0 partial glycerides (Fig. 1B). Recombinant p25 CsgA
oxidizes sn-1-monoacylglycerol (MAG), sn-1,3-DAG, and
lyso-PE, but not sn-1,2-DAG (structures depicted in Sup-
plemental Fig. S4). These data point to the glycerol
2′-OH being the CsgA target. CL and PG both contain
this moiety and were examined as possible substrates, as
CL is abundant inMyxococcuswhere it is foundalmost ex-
clusively in the inner membrane (Orndorff and Dworkin
1980; Lorenzen et al. 2014). Both CL and PG are excellent
substrates for CsgA (Fig. 1B). The initial rates with C14:0
CL and PG are about fivefold higher than those of the par-
tial glycerides (Fig. 1D). When substrate is in excess,
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complete conversion of 100 μM NAD+ to NADH is ob-
served, unlike reactions with the partial glycerides that
reach ∼50% conversion as expected for a reversible reac-
tion. The CL and PG reactions thus appear to be irrevers-
ible and could not be driven in the opposite direction
with NADH.
Since SocA can replace CsgA in vivo, their substrate

specificity should overlap if enzymatic activity is respon-
sible for bioactivity. While the previously reported SocA
substrate lyso-PE gave the most activity, catalysis was
also observed with sn-1-MAG, sn-1,3-DAG, PG, and CL
substrates (Fig. 1C,D). As with CsgA, no activity was ob-
served with sn-1,2-DAG. Kinetic analyses for both en-
zymes are shown for CL (Fig. 1E) and PG (Fig. 1F)
substrates. Kinetic parameters are compared in Table 1.

Of note is the difference in affinity constants between
CsgA and SocA for CL (62 μM and 603 μM, respectively)
and PG (57 μMand 324 μM, respectively). CsgA is roughly
an order of magnitude more efficient than SocA at using
PG and CL. As controls, both p17 and K155R CsgA
showed no activity in kinetic assays (Table 1).

Oxidation of CL or PG constitutes a novel
phospholipase C-like reaction

To determine the consequence of the activity exhibited
by these enzymes, the products of reactions using CsgA
with C14:0 CL and PG were determined. Hydropho-
bic products were first extracted in chloroform and sub-
jected to liquid chromatography/mass spectrometry and

Figure 1. CsgA (p25) and SocA oxidize lipid substrates containing a glycerol moiety with a 2′-OH. (A) CsgA enzymatic activity in the
presence of lipid extracts from developing M. xanthus cells. Activity was detected for p25 CsgA in the presence of lipids and NAD+ (•)
but not in the absence of lipids (▾). A slight increase of activity was detected in the presence of lipids alone (○), possibly due to a small
amount of copurified NAD+. No activity was seen for p17 CsgA, as expected, since it lacks the NAD+ binding pocket (Δ). A putative non-
catalyticmutant, K155R, also displayed no activity (□). (B) CsgA activity in the presence of synthetic lipids. CsgAwas assayed in the pres-
ence of several synthetic C14:0 lipids to identify substrates. CL (□) and PG (▪) have the highest activity. Lesser activity was observed with
lyso-PE (Δ), sn-1-monoacylglycerol (MAG) (•), and 1,3-DAG (▾). Activity was not seen with 1,2 DAG (○). (C ) SocA activity in the presence
of these same lipids. The highest activitywas observedwith lyso-PE (Δ). Activitywas also seenwithMAG (•), 1,3-DAG (▾), CL (□), and PG
(▪). Activity was again undetected in the presence of 1,2 DAG (○). (D) Initial rates for CsgA and SocA show that CsgA activity is an order of
magnitude higher for CL and PG than SocA. (E) Kinetic analyses of CsgA (•) and SocA (○) using CL as a substrate. (F ) Kinetic analyses of
CsgA (•) and SocA (○) using PG as a substrate. Error bars indicate standard deviation of three replicates.

A new class of cardiolipin phospholipases

GENES & DEVELOPMENT 1905



electron spectroscopic imaging (LC/MS-ESI). C14:0 DAG
was identified in both reactions. A representative peak
can be seen in Supplemental Figure S5A as a sodium ad-
duct with mass 535.4202 [M +Na]+. DAG was not identi-
fied in reactions lacking enzyme (Supplemental Fig. S5B).
The remaining soluble products were Pi and DHA. Pi is
produced at a ratio of two per CL converted and one per
PG converted relative to the amount of NADH produced
(Fig. 2A,B, respectively). For both substrates, one mole-
cule of DHA was found per substrate oxidized (Fig. 2A,
B). Since it is possible that glycerol could be generated
by hydrolysis, glycerol was assayed and not detected.

These products suggest a novel phospholipase C-like
reaction (Fig. 2C). In the proposed reaction mechanism,
CL is first oxidized by CsgA to form a ketone interme-
diate. The aqueous environment and neighboring phos-
phates leave the molecule susceptible to hydration at
the 2′ position of the glycerol moiety. The resulting re-
arrangement removes the two DAG side chains. A pro-
posed cyclic intermediate derived from the head group
is rearranged in the presence of water to form DHA
bisphosphate. Pi appears to be released through another
hydration step. The PG reaction is proposed to occur in
a similar fashion.

Addition of a partial glyceride extract restores lipid
body production

Myxococcus cells generate lipid bodies directly from their
membrane lipids as cells shorten to become spores (Bhat
et al. 2014). csgA mutants fail to synthesize these struc-
tures, and cells remain long. Lipid bodies are principally
composed of TAG species, and one in particular is known
to induce sporulation of an esg mutant (Hoiczyk et al.
2009). We sought to determine whether CsgA catalysis
of CL and PG could be a limiting step in the conver-
sion of phospholipids to TAGs. The rationale behind
this idea is that feeding a csgA mutant the product of its
reaction should bypass the mutational block. However,

addition of commercial C14:0 DAG or DAG generated
from enzymatic conversion of C14:0 CL failed to sti-
mulate development of a csgA/socA double mutant
(LS3931). Since fatty acid composition may be impor-
tant to bioactivity and since DAGs with the unusual
fatty acids found in Myxococcus are not commercially
available, we extracted a lipid fraction containing partial
glycerides (MAGs and DAGs) from developing cells 24 h
post-induction. Supplementation of LS3931 with this
lipid fraction restored development (Fig. 3). Fruiting
bodies of a size similar to that of wild type appeared
by 24 h, and sporulation occurred at levels greater than
half of wild type compared with ∼1% in the unsupple-
mented mutant (Fig. 3A). Addition of the lipid extract
also restored lipid body production. Representative cells
can be seen in Figure 3B, stained with the lipophilic fluo-
rescent dyeNile red. Lipid bodies are seen as red aggregates
within cells. Quantification of this complementation
was assessed by comparing the average lipid body com-
position of 30 cells at each lipid concentration (Fig.
3C). Lipid body induction displays sigmoidal kinetics
over a narrow concentration range. Complementation
could not be achieved with lipid extracts from vegeta-
tive cells or LS3931, indicating that it is developmen-
tally specific.

CL oxidation is a widespread SCAD activity

Representative homologs of CsgA and SocA localize into
three distinct clades among SCAD enzymes (Fig. 4A).
The first group, which includes SocA, is annotated as 3-
oxoacyl-acyl carrier protein reductases based on homolo-
gy with E. coli FabG, an essential enzyme required for fat-
ty acid biosynthesis. Other members of this group include
HetN, a protein of unknown function required for hetero-
cyst differentiation in Anabaena and Nostoc (Black and
Wolk 1994; Liu and Chen 2009) and NodG, which is es-
sential for nodulation of legumes by Rhizobium (Lopez-
Lara and Geiger 2001). Interestingly, HetN contains a sig-
naling motif separate from its catalytic site (Higa et al.
2012) that is not conserved in other homologs. The second
clade contains enzymes annotated as hydroxysteroid de-
hydrogenases in humans, Comamonas, and Streptomy-
ces, including HSD10. The final clade includes CsgA
and Drosophila Sniffer.

Both Sniffer and HSD10 oxidize CL in vitro with NAD+

(Table 1). Sniffer displays kinetics similar to CsgA, while
HSD10 activity is intermediate between CsgA and SocA.
These results point to a diverse class of SCADs in both pro-
karyotes and eukaryotes capable of oxidizing CL. Three
HSD10 mutants known to cause mitochondrial disease
in humans—D86G, R130C, and Q165H—are all unable
to oxidize CL. Sniffer can replace NAD+ with NADP+ as
a cofactor during oxidation of CL, while HSD10 cannot
(Supplemental Fig. S3).

CL peroxidation is required for mitochondrial-induced
apoptosis. Since HSD10 and Sniffer are thought to be neu-
roprotective and since mutations result in mitochondrial
disrepair, we assayed these enzymes for catalysis using CL
substrates containing oxidized fatty acids. In the presence

Table 1. Kinetic parameters of enzymes

Enzyme Lipid species Km Kcat/Km

CsgA (p25) CL 14:0 62 μM 2.0 min−1 μM−1

CsgA (p25) PG 14:0 57 μM 1.8 min−1 μM−1

CsgA (p17) CL 14:0 n.a. 0 min−1 μM−1

CsgA K155R CL 14:0 n.a. 0 min−1 μM−1

SocA CL 14:0 603 μM 0.15 min−1 μM−1

SocA PG 14:0 324 μM 0.32 min−1 μM−1

HSD10 CL 14:0 140 μM 0.74 min−1 μM−1

HSD10 CL 18:2 148 μM 0.72 min−1 μM−1

HSD10 CL 18:2(ox)a 40 μM 4.0 min−1 μM−1

HSD10 D86G CL 14:0 n.a. 0 min−1 μM−1

HSD10 R130C CL 14:0 n.a. 0 min−1 μM−1

HSD10 Q165H CL 14:0 n.a. 0 min−1 μM−1

Sniffer CL 14:0 81 μM 1.8 min−1 μM−1

Sniffer CL 18:2 87 μM 2.0 min−1 μM−1

Sniffer CL 18:2(ox)a 78 μM 1.8 min−1 μM−1

(n.a.) No activity.
aPeroxidized CL 18:2.
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of O2, polyunsaturated fatty acids form lipid radicals. CL
bearing four tetralinoleoyl (C18:2) fatty acidswas oxidized
by exposure to air, verified by colorimetric assay, and as-
sessed as a potential substrate. HSD10 activity increases
greatly in the presence of the oxidized C18:2 (CLox) spe-
cies compared with unoxidized fatty acids (Fig. 4B). The
catalytic efficiency under these conditions was twice
that of CsgA due to greater affinity for the substrate (Table
1). HSD10 displayed activity with the unoxidized C18:2
species equivalent to that seen with the C14:0 species.
Sniffer was also examined in the same manner (Fig. 4C),
but no difference was seen, both yielding kinetics similar
to that of the C14:0 form (Table 1). Sniffer does not appear
to prefer one state over another, but the efficiency for all
CL substrates is comparable with that of CsgA.

The Aβ peptide inhibits oxidation of CL by HSD10

Somepreviously characterizedHSD10 activities are inhib-
ited upon binding of the Aβ peptide. Aβ binds tightly to
HSD10 and is thought to cause inhibition by altering the
active site conformation (Yan et al. 2007). To determine
whether inhibition of HSD10 occurs with CLox, we as-
sayed HSD10 activity in the presence of the Aβ peptide
(amino acids 1–42) (Fig. 5A). Addition of 10 μMAβ greatly
reduced enzymatic activity and displayed noncompetitive
inhibition. Inhibitory kinetics were determined over a
course of Aβ concentrations, and the inhibitor constant
(Ki) was determined to be 2.5 μM (Fig. 5B), in agreement
with previous reports of HSD10 inhibition using a soluble
substrate (Muirhead et al. 2010).

Figure 2. Enzymatic activity with CL and PG constitutes a novel lipase-like reaction yielding DAG, DHA, and Pi. (A) Quantification of
soluble products from aCsgA enzymatic reaction using CL as a substrate. For eachmolecule of CL turned over, onemolecule of NADH (•)
is produced as well as one DHAmolecule (▾) and two Pi (○). Error bars indicate standard deviation of three replicates. (B) Quantification of
soluble products from a reaction using PG as a substrate. For each molecule of PG turned over, one NADH (•) is produced along with one
DHA (▾) and one Pi (○) molecule. (C ) Proposed enzymatic reaction mechanism for CL. Catalytic activity removes the hydrogen from the
2′-OH to form a ketone intermediate that undergoes nucleophilic attack by water. Rearrangement releases two DAGmoieties and forms
an unstable cyclic head group. The cyclic molecule is further hydrated to formDHA bisphosphate. Further hydration produces free Pi and
DHA. Oxidation of PG is proposed to occur similarly but with single DAG and Pi products.

A new class of cardiolipin phospholipases

GENES & DEVELOPMENT 1907



Discussion

We describe a widespread and novel phospholipase C-like
enzyme activity with somemembers of the SCAD family.
A single proton abstraction from the 2′-OH of the CL or
PG head group leads to the release of Pi, DAG, and
DHA. As an added benefit, cells recover one NADH mol-
ecule in comparisonwith a conventional phospholipase C
reaction. This activity appears to be essential for the de-
velopment ofM. xanthus. This enzymatic reaction seems
to be repurposed in eukaryotes, where it is likely to be im-
portant in mitochondrial function.

CsgA is required for lipid body synthesis in Myxococcus

Myxococcus cells lacking CsgA fail to enter multicellular
development. These mutants have an unusual property,
however, by which mixture with wild-type cells efficient-
ly restores mutant development. The nature of what is
transferred from thewild type to stimulate complementa-
tion is amatter of debate. The currentmodel suggests that
extracellular complementation is achieved through cell
surface recognition of a truncated CsgA protein (Lobe-
danz and Sogaard-Andersen 2003). We propose a new
model built around the enzymatic activity of CsgA and
show that SocA and CsgA have common substrates in vi-
tro, albeit with different kinetic parameters. CsgA has the
highest catalytic efficiency with CL and PG, components
of the Myxococcus inner membrane (Orndorff and Dwor-

kin 1980), where CsgA has been shown to reside (Simu-
novic et al. 2003). The SocA affinity constant (Km) for
CL is nearly 10-fold higher than that of CsgA, leading to
a 13-fold reduction in catalytic efficiency (Table 1). This
lower catalytic efficiency of SocA may explain the re-
quirement for SocA up-regulation in order to replace
CsgA.

During development, wild-type M. xanthus cells pro-
duce lipid bodies, while csgA mutants do not. We show
that an extract of partial glycerides, including DAGs
from developing wild-type cells, is capable of restoring
lipid body production to csgA cells. From these results,
we propose that TAGs are constructed in two steps. CL
and PG are converted to DAGs by removal of the head
group with CsgA. Next, an acyltransferase adds the final
fatty acid to complete the TAG (Fig. 6A). Production of
DAGs within a phospholipid membrane can induce neg-
ative curvature to initiate vesicle formation in eukary-
otes (Szule et al. 2002). CsgA could initiate vesicle
formation of lipid bodies in Myxococcus by a similar
mechanism.

HSD10 is a multifunctional enzyme involved
in mitochondrial disease

Reduction or loss of HSD10 in Xenopus, mice, or humans
diminishes mitochondrial integrity and enhances apopto-
tic death (Rauschenberger et al. 2010). HSD10 was initial-
ly described in isoleucine catabolism (Zschocke 2012),

Figure 3. Partial glycerides produced by Myxococ-
cus restore development to a csgAmutant. (A) Bioac-
tive partial glycerideswere purified fromMyxococcus
cells at 24 h post-development and characterized us-
ing a bioassay in which development of csgA was re-
stored. LS3931 cells supplemented with this lipid
fraction form fruiting bodies and sporulate. Sporula-
tion data are presented below each strain name as a
percentage of wild-type spores ± the standard devia-
tion, an average of three independent counts. Bar,
200 μm. (B) These lipids also restore lipid body pro-
duction in csgA socA mutant cells (LS3931) to wild-
type (DK1622) levels. Lipid bodies inside cells are in-
dicated by Nile red staining. Bar, 10 μm. (C ) Quantifi-
cation of lipid body production relative to wild-type
amounts. Lipid bodies were quantified by average
Nile red intensity normalized to cell length. Error
bars indicate standard deviation of three replicates.

Boynton and Shimkets

1908 GENES & DEVELOPMENT



and the original hypothesis was given that patients with
HSD17B10 mutations suffered from buildup of pathway
intermediates. This particular activity is not directly cor-
related with human disease, however, since an isoleucine-
restricted diet did not relieve symptoms. Furthermore, the
R130C andD86Gmutations associatedwith severe symp-
toms still produced 64% and 30%, respectively, of wild-
type activity, while Q165H, which causes milder clinical
symptoms, has <3% activity. HSD10 is also capable of
steroid metabolism, where allopregnanolone (ALLOP), a
potent ligand of the GABAA receptor, is oxidized to the
neuro-inactive molecule 5α-dihydroprogesterone (Mel-
cangi and Panzica 2014). HSD10 could play a role in brain
development and cognitive function, but ALLOPmetabo-
lism has not yet been studied in patients with HSD10
deficiency.

A dramatically different model for the human disease
state involves HSD10 as an essential component of the
RNase P complex (Holzmann et al. 2008). This complex
is required for 5′ cleavage of mitochondrial tRNAs from
the polycistronic precursor transcript and contains the
proteins MRPP1, MRPP2 (HSD10), and MRPP3, each
of which is essential for correct processing in vitro. Mu-
tation or knockdown of HSD17B10 impairs this step
and can result in loss of mitochondrial integrity (Deut-
schmann et al. 2014). Expression of the HSD10 mutant
Q165H, which has nearly complete loss of NAD+ bind-
ing, appears to alleviate this loss of function, indicating
that dehydrogenase activity is unnecessary (Rauschen-
berger et al. 2010). More detailed results with other mu-
tant alleles support the idea that RNA processing and
tRNA methylation are compromised but leave open
the idea that dehydrogenase activity is important (Chat-
field et al. 2015; Vilardo and Rossmanith 2015).
It is against this backdrop of alternate HSD10 activities

that we introduce a novel and unexpected function for
HSD10 as a CL-specific phospholipase C-like enzyme.
This activity may be relevant to the mitochondrial dis-
ease state experienced by carriers of HSD10 mutations.
HSD10 has excellent kinetic constants with CL compared
with other known substrates. On the other hand, all three
mutant proteins lack activity on CL despite the fact that
Q165H supports better neurological development than
the other two. It appears thatmorework will be necessary
to understand the precise role of this activity in familial
neurodegenerative disorders.

Figure 4. CsgA represents a class of enzymes capable of CL ox-
idation, some of which may be important during oxidative stress
by removing CL peroxides. (A) Cladogram showing CsgA homo-
logs clustering into three groups, with either SocA, HSD10, or
CsgA. (B) Kinetic analyses of HSD10 using CL 18:2 (•) or CL
18:2 peroxide (○) as a substrate. (C ) Kinetic analyses of Droso-
phila sniffer using CL 18:2 (•) or CL 18:2 peroxide (○) as a sub-
strate. Error bars indicate standard deviation of three replicates.

Figure 5. The enzymatic activity of HSD10 is inhibited by Aβ.
(A) Kinetic activity of HSD10 with the substrate CLox in the pres-
ence (•) or absence (○) of 10 mM Aβ (1–42) peptide. (B) Aβ inhibi-
tion kinetics as measured by apparent Vmax changes relative to
wild type. Aβ displayed noncompetitive inhibition on HSD10 ac-
tivity with aKi = 2.5 µM. Error bars indicate standard deviation of
three replicates.
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HSD10 may mediate CL homeostasis

Mitochondria aremassive oxygen consumers that provide
vast amounts of energy but leave toxic waste products in
their wake. Between 0.15% (St-Pierre et al. 2002) and 2%
(Chance et al. 1979) of mitochondrial oxygen is converted
into the potent ROS hydrogen peroxide. We propose that
HSD10 is part of a previously unrecognized pathway to re-
duce the ROS burden of stressed cells and ameliorate the
damage.

In eukaryotic cells, CL is found predominantly in the
mitochondria, where it induces negative curvature to
help form the highly folded cristae. Proper formation of
cristae requires extensive deacylation and acylation of
CL (Mejia and Hatch 2015). Within the cristae, CL stabi-
lizes the respiratory complexes involved in electron trans-
fer (Zhang et al. 2002). Perturbation of these complexes
increases production of ROS (Dudek et al. 2013) leading
to peroxidation of CL and apoptosis. The major contribu-
tor to CL peroxidation is cytochrome c (CytC). During res-
piration, CytC functions to transfer an electron from
respiratory complex III to respiratory complex IV. The
CytC structure in this role is well-studied and involves
a hememoiety covalently attached by two thioether link-
ages. In a separate function, CytC can also bind CL and
induces a disordered structure that has presented a chal-
lenge to study but has also led to an appreciation that
these changes provoke the transition from electron carrier
to peroxidase (Muenzner and Pletneva 2014). Once bound
to CytC, the polyunsaturated fatty acids of CL are oxi-
dized in the presence of hydrogen peroxide (Kagan et al.
2005, 2009).

The formation of CLox is essential for release of proa-
poptotic factors such as CytC from the mitochondria
into the cytosol (Petrosillo et al. 2009). For apoptosis to oc-
cur, CLox must first be translocated from the inner mem-
brane to the outer membrane (Garcia Fernandez et al.
2002). While controlled apoptosis is necessary to produce
form and function in developing organisms (for example,
the digitation of fingers and toes during embryogenesis),
rampant apoptosis causes necrosis. In the latter case, the
CytC–CL complex performs a seemingly subversive func-
tion.We suggest to the contrary that CytC peroxidase per-
forms a valuable, regulated response to ROS by using
HSD10 to remove CLox before oxidative stress progresses
to apoptosis (Fig. 6B). This is a dangerous proposition giv-
en the autocatalytic nature of the lipid oxidation pathway
and can be easily derailed by diminished HSD10 activity
or abundance. In addition, HSD10 would create DAGox,
a product that can activate cell signaling pathways outside
of the mitochondria, such as protein kinase C, a well-
known enzyme that blocks further effects of oxidative
stress (Gopalakrishna and Jaken 2000; Cosentino-Gomes
et al. 2012). DAGox is known to activate these pathways
similarly and in some cases in greater magnitude than
DAG (Kambayashi et al. 2007; Takekoshi et al. 2014).

Alzheimer’s disease, Parkinson’s disease, andDrosophila
sniffer have increased ROS

A unifying theme in HSD10 and Sniffer disease states
is increased levels of oxidative stress. In Drosophila,
the P-element insertion into the X-chromosomal sniffer
gene causes reduced life span, neurodegeneration, and
sluggish walking that deteriorates with age (Botella et al.
2004). sniffer is distinct from the Drosophila version of
HSD17B10, called scully, which appears to be an essential
gene (Torroja et al. 1998). The sniffer phenotype worsens
in a hyperoxic environment and is relieved upon overex-
pression of sniffer, suggesting oxidative stress as themajor

Figure 6. Proposed functions of CsgA and HSD10 in Myxococ-
cus and humans. (A) M. xanthus lipid bodies are synthesized
fromexistingmembrane phospholipids. This reaction is proposed
to occur directly from the breakdown of PG andCL intoDAGs by
CsgA. An as yet uncharacterized acyltransferase could then con-
vert theDAGs into TAGs. (B) In the presence of ROS created from
oxidative stress, HSD10 is recruited to the inner mitochondrial
membrane where CytC simultaneously converts CL to CLox.
HSD10 removes CLox before it is exported to the outer mem-
brane, and CytC is released, inhibiting apoptosis. In Parkinson’s
disease, HSD10 levelswithin themitochondria are greatly dimin-
ished. In Alzheimer’s disease, HSD10 is inactivated within the
matrix by the binding of the Aβ peptide. In both instances, oxida-
tive damage occurs, leading to apoptosis.
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determinant. The cellular location of Sniffer is unknown,
but if it is located in the mitochondria and in proximity to
CLox, it could provide protective value through removal of
this radical. It might also convert CytC–CL into the solu-
ble and energetically favorable form of CytC.
In humans, HSD10 is normally found in the brain and

cerebral spinal fluid, where it becomes elevated in Alz-
heimer’s disease patients (Yang et al. 2014). HSD10 binds
Aβ and is suspected of direct involvement in Alzheimer’s
disease neurodegeneration (Yan et al. 1997). Interestingly,
Aβ binding does not exhibit a deleterious effect on HSD10
involvement in the RNase P complex, suggesting that the
leading theory of HSD10 function in mitochondria is not
involved in Alzheimer’s disease (Vilardo and Rossmanith
2013). Our work shows that Aβ binding inhibits the CL
phospholipase activity of HSD10 despite the substantially
larger and more complex hydrophobic substrate in com-
parison with other previous known substrates. These re-
sults suggest that the Alzheimer’s disease state could be
at least partially due to inactivation of HSD10, which
would be expected to block removal of CLox and stimulate
apoptosis (Fig. 6B).
HSD10 may play a somewhat analogous role in some

forms of Parkinson’s disease. Nearly 40% of the Parkin-
son’s disease cases beginning before age 45 are due to
PARK2 mutations. These mutations prevent ubiquityla-
tion of HSD10, leading to reduced import into the mito-
chondria (Bertolin et al. 2015). Disruption of HSD10
import would effectively remove its ability to deplete
CLox levels and could lead to rampant apoptosis (Fig.
6B). Thus, one could consider Parkinson’s and Alz-
heimer’s as diseases where HSD10 is depleted or inacti-
vated, respectively. Mitochondrial dysfunction due to
ROS has been proposed to play a major role in these two
diseases (Nunomura et al. 2006; Schapira 2006). In a broad
sense, oxidative stress is correlated with all age-related
degenerative disorders. Unfortunately, it has been consis-
tently ignored in mechanistic studies that attempt to dis-
cern a path to the disease state.

Conclusions

CsgA, Sniffer, and HSD10 have similar enzyme activities
on CL but different purposes in their respective organ-
isms. The Myxococcus saturated and monounsaturated
fatty acids are not a ready target for peroxidation, so this
organism has little need to repair/replace lipids whose fat-
ty acids have become oxidized. However, CsgA phospho-
lipase C activity appears to provide a direct path to shape
change that accompanies sporulation. Our work predicts
that CsgA does so by initiating the conversion of excess
CL and PG into DAGs that can be converted to TAGs. Fu-
ture experiments can be devoted to identifying themolec-
ular complexes at work during sporulation, such as the
conversion and relocation of membrane phospholipids
into lipid body TAGs. Specific probes can be developed
to quantify the carbon flux through these lipid metabolic
pathways.
Humans have robust pathways for making lipid bodies

and would have no need to derive lipid bodies from exist-

ing phospholipids except under dire nutritional condi-
tions. Fatty acids are fed into mitochondria and oxidized
as the principle energy source. Here, HSD10 appears to
be a beneficial gatekeeper that removes damaged CL and
in so doing blocks the apoptotic pathway. Our results sug-
gest that quantification of CLox and perhaps DAGox in
normal and disease states, particularly those molecules
in proximity to CytC, should figure prominently into
metrics and mechanisms regarding the maintenance of
healthy cells and the development of neurodegenerative
disorders.

Materials and methods

Bacterial strains, plasmids, and recombinant proteins

All strain and plasmids used in this study are listed in Supplemen-
tal Table S1. M. xanthus and E. coli strains were grown in CYE
(1.0% Bacto Casitone, 0.5% Difco yeast extract, 10 mM 3-[N-
morpholino] propanesulfonic acid at pH 7.6, 0.1% MgSO4) and
LB, respectively, and supplemented with 50 µg mL−1 kanamycin
or 50 µg mL−1 ampicillin where appropriate. M. xanthus and
E. coli were grown at 32°C and 37°C, respectively.
pTOB10 contains the full-length csgA gene (MXAN_RS06225;

MXAN_1294) codon optimized for E. coli and synthesized by
Genscript bearing 5′ NheI and 3′ HindIII restriction sequences
(Supplemental Fig. S1). The gene was ligated into the respective
sites of the commercial vector pTrcHisB (Invitrogen) to create
the p25 expression plasmid pTOB12. For the p17 expression vec-
tor pTOB24, the appropriate sequence was obtained from
pTOB10 through PCRwith 5′ NheI and 3′ HindIII flanking restric-
tion sequences and ligated into pTrcHisB. The beginning of the
p17 sequence is denoted in Supplemental Figure S1 and is taken
from the previously proposed start site for the processed protein
(Lobedanz and Sogaard-Andersen 2003). For the CsgAK155Rmu-
tant expression plasmid, pTOB57 was constructed via Quick-
Change PCR (Agilent Technologies) using primers designed by
PrimerX (http://www.bioinformatics.org/primerx) to change co-
don AAA to AGA.

Expression and purification of recombinant proteins

All recombinantCsgA proteinswere expressed as 6xHis-tagged in
E. coli grownovernight in 1 L of Circlegrowmedium (MPBiomed-
icals) and then purified from inclusion bodies (IBs) resulting in a
yield of ∼5 mg of protein per liter of culture. Cells were lysed
by sonication in solubilization buffer (50 mM Tris-buffered
MOPS at pH 8.0, 100 mM KCl, 1% sodium cholate) and centri-
fuged at 100,000g for 30 min. The resulting pellet was resuspend-
ed in solubilization buffer containing 1% Triton X-100 and again
harvested at 100,000g for 30 min to enrich IB purity. This pellet
was resuspended in 40 mL of TE buffer (100 mM Tris-HCl at
pH 8.0, 1 mM EDTA) and centrifuged at 1100g for 5 min. Super-
natantwas collected and centrifuged at 12,000g for 3min to pellet
IBs. IBs werewashed three timeswith 40mL of TE buffer contain-
ing 2%Triton X-114. The final pellet was resuspended in 5 mL of
TE containing 1.5% sodium lauryl sulfate (SLS) and dialyzed
overnight in solubilization buffer. Protein was then diluted in
50 mL of solubilization buffer and purified as previously describe
using HisPur cobalt resin (Thermo Scientific) (Boynton et al.
2013). SocA, HSD10 variant, and Sniffer expression was induced
by 1 mM IPTG, and proteins were purified directly as soluble
proteins. Cells were lysed in solubilization buffer and directly ap-
plied to cobalt affinity columns as above. The purity and integrity
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of all proteins were analyzed by SDS-PAGE and Coomassie blue
staining. Protein analysis and quantification was carried out us-
ing UV-Vis spectrometry and the predicted extinction coeffi-
cients for each protein.

Development of M. xanthus

For the development of Myxococcus cells, cultures were first
grown in CYE to a density of 5 × 108 cells per milliliter. Cells
were then harvested by centrifugation at 10,000 rpm for 10 min
and resuspended to a final concentration of 5 × 109 cells per milli-
liter. The resulting suspensionwas plated onto TPMagar (10mM
Tris-HCl, 8mMMgSO4, 1mMK-PO4 at pH 7.6, 1.5% agar) to ini-
tiate development and incubated for appropriate periods at 32°C.
For quantification of spores, spots were taken at 5 d post-starva-
tion, resuspended in 1 mL of dH2O, and incubated for 1 h at
55°C followed by brief sonication to kill vegetative cells. Spores
were counted directly using a Petroff-Hauser chamber.
For submerged culture, cultures were grown to a concentration

of 5 × 108 cells permilliliter in CYE and then diluted to a calculat-
ed density of 1 × 106 cells per milliliter. One milliliter of these
cells was added to a 15-mm diameter well of a 24-well culture
dish and incubated for 24 h at 32°C to induce biofilm. CYE was
aspirated off, and the biofilm was washed gently with 1 mL of
MOPS buffer (10 mM MOPS at pH 7.2, 1 mM CaCl2, 4 mM
MgCl2) to remove residual growth medium. This was again aspi-
rated and replaced with 1 mL of MOPS buffer, and the cells were
incubated for 48 h at 32°C to initiate development. For comple-
mentation, recombinant protein was added at appropriate con-
centrations directly to buffer prior to incubation.

Enzyme assays

CsgA activity was assayed in a manner similar to that previously
described for the CsgA homolog SocA (Avadhani et al. 2006).
One-milliliter reaction mixtures consisted of TE buffer (10 mM
Tris-HCl at pH 8.0, 1 mM EDTA) containing 0.1% (w/v) sodium
cholate, 200 nM CsgA, 100 μM NAD+, and varying amounts of
substrate. Activity was measured as the rate of NADH formation
over 10 min via absorbance at 340 nm. For kinetics, NAD+ was
increased to 1mM, and datawere fitted to the following equation:

v = Vmax(S)
Km + (S) ,

whereVmax is the apparentmaximumrate, andKm is the apparent
affinity constant. Whole-cell lipid extracts were obtained from
developingM. xanthusDK1622 cells using the Bligh-Dyer meth-
od (Bligh and Dyer 1959) and reconstituted at 5 mg mL−1. Syn-
thetic substrates were obtained from Avanti Lipids and
contained C14:0 side chains with the exception of C18:2 CL ob-
tained from Sigma-Aldrich. For peroxidation of C18:2 CL, lipid
was exposed to air for 48 h and detected using the PeroxiDetect
kit from Sigma-Aldrich. For Aβ inhibition studies, HSD10 en-
zyme was first incubated with the Aβ (1–42) peptide for 2 h prior
to enzyme assay. Synthetic human Aβ (1–42) peptide was ob-
tained from Tocris, dissolved in DMSO to a concentration of
1 M, and sonicated before being diluted to appropriate concentra-
tions in buffer containing enzyme.

Enzymatic product identification

DAGwas identified by collecting the organic phase of a complet-
ed reaction through chloroform/methanol (2:1) extraction. Sam-
ples were dried under nitrogen, resuspended in methanol
containing 100 μM sodium acetate, and identified with mass
spectrometry using a Shimadzu LCMS-IT-TOF instrument.

Peaks were recorded as Na+ adducts. From the soluble phase, Pi

was quantified using a detection system from Innova Biosciences.
DHA was quantified by absorbance at 470 nm by first adding 0.5
mL of 6% α-napthol and then 0.2mL of 40%potassiumhydroxide
(Turner et al. 1942). Glycerol was assayed at 570 nm by the cou-
pled enzymatic glycerol assay kit from Sigma-Aldrich.

Complementation and lipid body restoration

To assess complementation of LS3931with partial glycerides, lip-
ids were extracted from cells 24 h into development using the
Bligh-Dyer method (Bligh and Dyer 1959). This extract was sepa-
rated by solid-phase separation using LC-Si to obtain the partial
glyceride fraction as previously described (Hamilton and Comai
1988). Partial glycerides were further purified by thin-layer chro-
matography (TLC) on silica gel using toluene/chloroform/metha-
nol (85:15:5). A band with an Rf value of 0.55 was extracted and
dried under nitrogen. For complementation, various amounts
(by weight) of lipids dissolved in DMSO were added 1:10 to cells
prior to development. After 24 h, complementationwas indicated
by fruiting bodies, and cells were stained with 5 μg mL−1 Nile red
to view lipid bodies as previously described (Bhat et al. 2014). Lip-
id bodieswere quantified by averaging the fluorescent intensity of
individual cells normalized to cell length.
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