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Lipoic acid (LA) is a sulfur-containing cofactor that cova-
lently binds to a variety of cognate enzymes that are essential for
redox reactions in all three domains of life. Inherited mutations
in the enzymes that make LA, namely lipoyl synthase, octanoyl-
transferase, and amidotransferase, result in devastating human
metabolic disorders. Unfortunately, because many aspects of
this essential pathway are still obscure, available treatments
only serve to alleviate symptoms. We envisioned that the
development of an organismal model system might provide
new opportunities to interrogate LA biochemistry, biology,
and physiology. Here we report our investigations on three
Caenorhabditis elegans orthologous proteins involved in this
post-translational modification. We established that MO1F1.3
is a lipoyl synthase, ZC410.7 an octanoyltransferase, and
C45G3.3 an amidotransferase. Worms subjected to RNAi
against MOIF1.3 and ZC410.7 manifest larval arrest in the sec-
ond generation. The arrest was not rescued by LA supplemen-
tation, indicating that endogenous synthesis of LA is essential
for C. elegans development. Expression of the enzymes
MO1F1.3, ZC410.7, and C45G3.3 completely rescue bacterial
or yeast mutants affected in different steps of the lipoylation
pathway, indicating functional overlap. Thus, we demonstrate
that, similarly to humans, C. elegans is able to synthesize LA
de novo via a lipoyl-relay pathway, and suggest that this nema-
tode could be a valuable model to dissect the role of protein
mislipoylation and to develop new therapies.

Lipoic acid (LA) is a sulfur-containing cofactor derived from
octanoic acid that is required for the function of several key
multienzyme complexes involved in oxidative and one-carbon
metabolism. It is also a potent antioxidant. Structurally, it is an
eight-carbon fatty acid with a sulfur atom attached to each of
carbons 6 and 8, which allow the molecule to switch between
oxidized and reduced states. LA is found among prokaryotes
and eukaryotes. Although LA was first purified and character-
ized in the early 1950s (1), the mechanisms of protein lipoyla-
tion in animals are the subject of ongoing investigations. This
is, in part, because disorders in mitochondrial protein lipoyla-
tion result in grave metabolic defects and early death (2—4).

To date, six lipoate-dependent enzymatic complexes have
been characterized (5). Four of them are a-ketoacid dehydroge-
nases (DH): pyruvate DH (PDH), oxoglutarate DH (ODH),

This article contains supporting information.
*For correspondence: Maria Cecilia Mansilla, mansilla@ibr-conicet.gov.ar.

This is an open access article under the CC BY license.

SASBMB

oxoadipate DH, and branched-chain a-ketoacid DH (BKDH).
They are all composed of multiple copies of each of three cata-
lytic subunits, a decarboxylase (E1), a dihydrolipoyltransferase
(E2), and a dihydrolipoyl DH (E3) (5). The fifth complex, acet-
oin DH, is highly homologous to PDH and shares the same
architecture. The sixth complex is the glycine cleavage system
(GCS). It is composed of four loosely associated proteins: a de-
carboxylase (P subunit), a dihydrolipoyl DH (L subunit, identi-
cal to E3s), tetrahydrofolate DH (T subunit), and the H subunit
(5). LA is attached via amide bond to lysine residues present in
conserved lipoylable domains (LDs) of E2 or H subunits, where
it acts as a swinging arm transferring covalently attached
reaction intermediates among the multiple active sites of
the enzyme complexes (5). However, GCS shows several dif-
ferences with DH complexes: E1 subunits use thiamine
pyrophosphate as a cofactor, whereas P subunits require
pyridoxal phosphate; H proteins lack the catalytic role of E2
subunits; and DH complexes catalyze irreversible reactions,
whereas reactions catalyzed by the GCS are reversible.

Even though only six enzymatic complexes modified with LA
have been described to date, the ways in which they become lip-
oylated can be incredibly diverse. Some species rely upon syn-
thesis of the cofactor, others scavenge it from the medium, and
some others use both pathways (6). In addition, in some organ-
isms lipoylation pathways are segregated by organelles, as is the
case in apicomplexans (6).

LA metabolism has been extensively characterized in Esche-
richia coli. This Gram-negative bacterium can lipoylate its pro-
teins in a two-step reaction. First, an octanoyltransferase (LipB)
transfers the octanoyl moiety attached to the acyl carrier pro-
tein (ACP), an intermediate of fatty acid biosynthesis, to the
LDs (7-9) (Fig. 1). Then lipoyl synthase (LipA) catalyzes the
insertion of the two sulfur atoms, using radical S-adenosylme-
thionine (SAM) chemistry (8, 10) (Fig. 1). In addition, E. coli is
capable of attaching exogenous lipoate or octanoate via lipoate
protein ligase (LplA). Both molecules are initially activated with
ATP and then transferred to the LDs (11, 12) (Fig. 1).

Studies in our laboratory allowed us to understand how Ba-
cillus subtilis, the Gram-positive model bacterium, lipoylates
its proteins. B. subtilis lacks a LipB homologue but has three
proteins similar to LplA. Only one of them, Lpl], functions as a
lipoate ligase, whereas the others, LipM and LipL, function as
an octanoyltransferase and an amidotransferase, respectively
(13, 14). LipM specifically transfers octanoate from ACP to the
H subunit of the GCS (GcvH), and then LipA inserts the sulfur

J. Biol. Chem. (2020) 295(44) 14973-14986 14973

© 2020 Lavatelli et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0002-1444-8661
https://orcid.org/0000-0002-1444-8661
https://doi.org/10.1074/jbc.RA120.013760
mailto:mansilla@ibr-conicet.gov.ar
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.013760&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Protein lipoylation in C. elegans

LipB-LipA pathway

Lipoate ligase reaction

Lipoyl-relay pathway

’M\/\

2x 8%

HJ\/\/\S(\/S”

A

(0]
ACP SM
E2or
eo LipB (E. col) Lipoate ligase
Octanoyltransferase
ZC410.7 ?
ACP fo)

N
H
2 x SAM E2or

LipA (E. coli) Govid
Lipoate synthase Lipoate ligase
MO1F1.3 ?
2x Met
2xdA

—

LipM (B. subtilis)

G
L;I)_ISIAB Es uii‘xls) o Lip2 (S. cerevisiae)
Octanoyltransferase LIPT2:(5. sapiens)
C45G3.37
7
wop s ZC410.7 “

2 x SAM

Alyel LipA (B. subtilis)

Lip5 (S. cerevisiae)

LpIA (E. coli) . .
LplJ (B. subtilis) Lipoate synthase LIAS (H. sapiens)
MO1F1.3 ?
C45G3.3? 2 et O1F=s
o
SH J\/\/\‘/\/SH
N
‘H
SH SH
E2 LipL (B. subtilis)

Lip3 (S. cerevisiae)
LIPT1 (H. sapiens)

C45G3.37?

Amidotransferase

GevH

H
N
Iz
o
(9]
juny
[42]
= o

Figure 1. The LipB-LipA pathway, present in E. coli, is the simplest pathway characterized, because it only requires two enzyme activities to get all proteins lip-
oylated (octanoyltransferase and lipoate synthase). On the other hand, in the lipoyl-relay pathway found in Gram-positive bacteria, yeasts, and humans, two
extra protein activities are required: GevH, which is an obligate intermediary, and an amidotransferase, which allows lipoylation of E2 subunits after modifica-
tion of GevH. During lipoate uptake, lipoate ligases activate lipoate with an ATP molecule and then catalyze the transfer reaction to E2 or GevH subunits. In the

case of B. subtilis, this reaction is restricted to GcvH and ODH-E2.

atoms (15). Afterward, LipL is required to transfer the lipoyl
moiety from GevH to E2 subunits (13, 14) (Fig. 1). This kind of
pathway, in which GevH is an obligate intermediate during
E2 lipoylation, is known as the “lipoyl-relay” pathway (16).
Recently, a similar lipoyl-relay during exogenous lipoate utiliza-
tion was described (17).

LA synthesis in the eukaryotes Saccharomyces cerevisiae and
Homo sapiens seems to adhere to the lipoyl-relay model (16, 18),
because it depends on four protein activities (Fig. 1). However,
these organisms lack LA salvage mechanisms. Human patients
with impaired protein lipoylation have abnormally elevated levels
of lactate and suffer from severe respiratory deficiency and
extreme muscle weakness. Reported clinical pictures of patients
with mutations in the lipoyltransferase 1 (LIPT1) gene, coding for
the amidotransferase, have normal levels of lipoylated GevH, and
hence of glycine levels, but undetectable PDH and ODH activities
(19, 20). In contrast, patients that are deficient in LIPT2 (the octa-
noyltransferase) or LIAS (the lipoate synthase) have elevated gly-
cine levels and, in consequence, develop neurological disorders
such as neonatal-onset epilepsy and encephalopathy (21-24).
Presently, treatments for patients with LA deficiency are re-
stricted to alleviating symptoms; therefore, further studies need
to be done to develop possible therapies.
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In this study, we use Caenorhabditis elegans as a model sys-
tem to characterize protein lipoylation mechanisms because
there is a strong conservation in molecular reactions between
worms and mammals and the majority of human disease path-
ways are present in this organism (25).

Results
C. elegans is capable of synthesizing LA de novo

The standard laboratory diet of C. elegans is E. coli B strain
OP50, which is able to synthesize LA. To test if C. elegans syn-
thesizes LA or scavenges it from the bacterial diet, we fed the
worms with E. coli K12 strains TM131 (AlipA AlplA) or TM136
(AlipB AlplA), which can neither synthesize LA nor take
it from the environment (11, 12). When synchronized N2
worms were cultured with these E. coli mutant strains in a me-
dium devoid of LA (M9sup, see “Experimental procedures”),
they grew for many generations, suggesting that the animals
can synthesize LA de novo. Indeed, when we probed total pro-
teins from worms grown on TM131 with anti-LA antibodies,
we detected two prominent bands corresponding to lipoylated
proteins of apparent molecular mass of 54 and 50 kDa (Fig. 2).
Moreover, no lipoylated proteins corresponding to the E2
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Figure 2. C. elegans development under depleted LA conditions. A, worms were grown in LA-free medium (M9sup) and fed with E. coli OP50 or strains
unable to synthesize LA, AlplA AlipA (TM131) and AlplA AlipB (TM136). Pictures were taken on the fourth day of the second generation of worms grown on LA-
depleted conditions. Scale bars represent 200 pm. B, protein extracts from nematodes fed with TM131 were analyzed by Western blotting using antibodies
against LA. DLAT-1, DLST-1, and DBT-1 are the lipoylated E2 subunits of PDH, ODH, and BKDH, respectively.

subunits of E. coli PDH (52 kDa) and ODH (81 kDa) were
detected in the protein blots, supporting the conclusion that
the bacterial food is not a source of LA for C. elegans. Taken to-
gether, these data show that worms synthesize LA de novo.

To determine whether the C. elegans lipoylated proteins corre-
spond to catalytic subunits of lipoate-dependent enzymatic com-
plexes, we applied RNAi to knock down dlat-1 and dlst-1, which
are predicted to encode E2 subunits of PDH (53.4 kDa) and ODH
(49.8 kDa), respectively. Knocking down dlat-1 and dist-1 with
RNAI resulted in reduction of the intensity of each of the lipoy-
lated bands, indicating that the lipoylated proteins indeed corre-
spond to the PDH and ODH complexes (Fig. S1). In agreement
with previous reports, we determined that RNAI against dlat-1
and dlst-1 starting at the embryonic stage caused 100% of embry-
onic lethality or sterility, respectively (26, 27) (Fig. S1).

MO1F1.3 (RNAi) worms display growth and developmental
defects

To characterize the LA biosynthetic pathway in C. elegans,
we first focused on the gene MOIFI1.3. This gene encodes a
homolog of human LA synthase (LIAS), the enzyme that cata-
lyzes the last step in the biosynthesis of the lipoyl cofactor,
which is the attachment of two sulfhydryl groups to C6 and C8
of a hanging octanoyl chain. MO1F1.3 shares 41, 46, 59, and
58% identity with lipoate synthases from E. coli, B. subtilis, S.
cerevisiae, and H. sapiens, respectively (Fig. S2). MO1F1.3 is a
polypeptide of 354 amino acid residues with a molecular mass
of 39.7 kDa and has two cysteine motifs that are conserved
among LA synthases. One of them, CXXXCXXC, is located at
positions 122 to 129 and is thought to bind an Fe-S center
involved in the radical SAM reaction (28). The other,
CXXXXCXXXXXC, which is unique to LA synthases and is
involved in the coordination of a second Fe-S cluster, is located
at positions 91 to 102 (29). As expected for a eukaryote orga-
nism, computational methods predict that MO1F1.3 has mito-
chondrial localization. The algorithm TargetP1 (30) predicts a
transit peptide of 10 amino acid residues, whereas MitoProtII
(31) predicts a longer transit peptide of 18 amino acid residues.

To deplete M01F1.3, we induced RNAi by feeding worms
with bacteria expressing dsSRNA. Because the commonly used
dsRNA-producing bacterium, E. coli HT115, is a LA proto-
troph, we replaced its LA synthase gene (/ipA) with a kanamy-
cin resistance cassette. The resulting strain, AL100, is unable to
synthesize LA but retains the ability to produce RNAI (Fig. S3).
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RNAi was started early by letting embryos hatch on plates
seeded with E. coli AL100 producing dsRNA. Knockdown of
MOIF1.3 displayed no developmental defects in the first gener-
ation, which means that embryos hatched, went through the
four typical larval stages (L1, L2, L3, and L4), and became adults
able to reproduce. However, in the second generation, the
RNAI treatment caused larval arrest at the L3 stage, as evi-
denced by the worm length and its vulva morphology (Fig. 3B).
Western blotting analysis of total proteins from these arrested
animals confirmed that they have reduced levels of protein lip-
oylation, implying that LA synthesis or protein lipoylation is
essential for development (Fig. 3C).

The developmental arrest phenotype caused by MOI1FI1.3
RNAI in the second generation could not be rescued by supply-
ing the treated worms with LA (Fig. 3D). This observation
agrees with previous studies performed with other model
organisms, such as yeast and mouse, where exogenous LA
failed to be used for mitochondrial protein lipoylation (32-34).
In addition, the same larval arrest phenotype in the second gen-
eration was obtained when RNAI treatment was performed by
feeding the worms with an E. coli strain (HT115) able to lipoy-
late its proteins (Fig. S1) in peptone containing nematode
growth medium (NGM) (Fig. 3E). This suggests that C. elegans
lacks a LA salvage pathway.

We also failed to rescue the larval arrest by supplementation
with acetate, succinate, and isovaleric acid (C5ISO), produced
by the lipoylated enzymes PDH, ODH, and BKDH, respectively
(Fig. 3F). The incapacity of metabolites produced by LA-de-
pendent enzymes of rescuing larval arrest, pointed out that lack
of protein lipoylation in C. elegans is responsible of a variety of
not-yet precisely identified physiological abnormalities due to
disruption of carbon and energy metabolism.

It has been reported that stronger RNAi phenotypes were
obtained with r7f-3 worms, which are hypersensitive to RNAi
(35). Indeed, when we fed rrf-3 with MOI1F1.3 RNAI, a larval
arrest phenotype was obtained in the first generation of treated
worms. The treated worms grew to adults and had gonad arms
healthy in appearance but had a much-reduced capacity for
developing embryos. In contrast to control worms, on the
fourth day of the experiment no larvae corresponding to the
second generation could be seen with a low-magnification
microscope. Furthermore, when treated worms were observed
using high-magnification microscopy, it was evident that most of
them were unable to develop embryos, whereas others had few
embryos compared with control worms (Fig. 3, G—H). A typical
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Figure 3. Depletion of MO1F1.3 causes a larval arrest phenotype. N2 worms grown in M9sup or with the addition of the indicated supplements and fed
with E. coli AL100 (A, B, D, and F) or grown in NGM and fed with HT115 (E). Photographs were taken with 100X magnification and correspond to the fourth day
of the second-generation animals. Scale bars represent 100 pm. G, protein extracts from N2 control animals and from worms of the first and second generations
treated with MO1F1.3 RNAi were analyzed by Western blotting using antibodies against LA. The same blot was probed with an antibody against actin to serve
as loading control. G and H, Nomarski photographs taken on the fourth day of the experiment of rrf-3 worms grown in M9sup fed with E. coli AL100. The trian-

gle indicates a typical embryo before being laid. Scale bars represent 10 pm.

embryo, which is ready to be laid when it reaches a 30-cell
stage, is indicated with a triangle (Fig. 3G). In contrast, no
embryo with cell divisions can be detected in MOIFI.3
(RNAi) worms (Fig. 3H). Thus, endogenous synthesis of
lipoyl groups is essential for worm development and cannot
be bypassed by LA synthesized by the mothers. Taken to-
gether, our results show that MO1F1.3 is an essential protein
for larval development in C. elegans.

Reducing MO1F1.3 function by RNAI affects the synthesis of
monomethyl branched-chain fatty acids

C. elegans produces sphingoid bases that are structurally dis-
tinct from those of other animals, because monomethyl
branched-chain fatty acids (mmBCFAs) containing species
have been reported (36). Moreover, the mmBCFAs C15ISO
and C17ISO play an essential role in C. elegans development

14976 J. Biol. Chem. (2020) 295(44) 14973-14986

because suppression of their biosynthesis results in larval arrest
(37). Because BKDH, the enzyme that catalyzes the synthesis of
the precursors of mmBCFAs, is a lipoate-dependent complex,
we quantified fatty acid content by GC/MS in M0IF1.3 (RNAi)
animals. We found that the percentage of C15ISO and C171SO
in worms treated with RNAI for two generations was signifi-
cantly reduced (Fig. 44). These worms show an increased
incorporation of unsaturated fatty acids in their membranes
(61.38 £11.21% compared with 51.07 *= 3.95% in control
worms), possibly to overcome the deficiency of the low melting
point mmBCFAs (Table S1).

Deficiency in LA affects C. elegans resistance to oxidative
stress and lifespan

LA is a critical component of the antioxidant network
because of its ability to regenerate other antioxidants such as
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Figure 4. Characterization of MO7F1.3 RNAi treatment. A, comparison of the content of mmBCFAs between N2 treated (subjected to MO1F1.3 RNAI) and
control (stage L3) worms. Bar graph represents the content of mmBCFAs. Each bar is the mean = S.D. from three independent experiments. *p < 0.05; **p <
0.005. B, control and M0O7F1.3 RNAi rrf-3 worms were transferred as young adults to plates containing 15 mm Fe(ll) sulfate. Viability was scored every 30 min
and represented as percent survival of worms. C, rrf-3 worms were grown in M9sup plates and fed with E. coli AlplA AlipA (AL103) strain transformed with ei-
ther the empty vector (control, dashed lane) or the M01F1.3 dsRNA-producing vector (black solid lane). MOTF 1.3 RNAi treatment was also performed in the pres-
ence of 25 um LA (gray solid lane). Worms were transferred to fresh plates when necessary to avoid generation mixes. 50 worms were used for each treatment
in each assay. Data were collected from three independent experiments. D, four young adult worms subjected to RNAi treatment with E. coli AL100 strain
were transferred to fresh plates and permitted to lay eggs for 4.5 h. Progeny was scored after 2 days. Each graph is the mean = S.D. from four independent
experiments. ***p < 0.001; NS, no significant difference between counted progeny from control and treated worms. Worm strains used were WM28 (rde-1,
insensitive to RNAi treatment), XE1581, XE1582, XE1474, and XE1375 (sensitive to RNAi treatment in cholinergic, glutamatergic, dopaminergic, and GABAergic

neurons, respectively). E, pictures taken with 25X magnification on the fourth day of RNAi treatment in strain XE1581. Scale bars represent 1 mm.

vitamin E and C, increase intracellular GSH level, and provide
redox regulation of protein function and transcription (38).
Therefore, defects in protein lipoylation alter the capacity of
organisms to react to oxidative species, as evidenced by reduced
levels of GSH in erythrocytes from heterozygous LIAS defective
mice (32). Consistently with this crucial role in redox regula-
tion, rrf-3 young adults depleted of M0O1F1.3 by RNAi died
faster than control worms when exposed to Fe (II), which
generates the highly reactive hydroxyl radical (39) (Fig. 4B).
Although reduction of oxidative stress by LA dietary supple-
mentation has been demonstrated in diabetic patients and ani-
mal models (38), exogenous added LA did not rescue the lower
resistance to Fe (II) of RNAi-treated worms (Fig. 4B8). It should

SASBMB

be noted, however, that the positive effect of LA supplementa-
tion in model animals and humans had been accomplished in
conditions of normal levels of lipoylated proteins. According to
theories proposed to explain the process of aging, accumulation
of free radicals would considerably decrease longevity. Indeed,
treatment with some antioxidants result in oxidative stress re-
sistance and increased lifespan in C. elegans (40, 41). Because
we have observed that MO1F1.3-depleted animals have reduced
antioxidant capacity, we expected that reactive oxygen species
would accumulate faster than in control worms. In agreement
with these observations, the lifespan of rrf-3 worms was short-
ened by M01F1.3 RNAI treatment, even if the plates were sup-
plemented with LA (Fig. 4C).
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Figure 5. MO1F1.3 complements a lipA mutant in B. subtilis. A, growth of B. subtilis WT (JH642) or AlipA (CM37) strains transformed with either the empty
vector (EV) or pAL14, a plasmid with the cDNA coding for mature MO1F1.3 under a xylose-inducible promoter (mMO01F1.3). Strains were streaked onto minimal
medium plates with the supplements indicated. Plates were incubated at 37 °C for 2 days. B, protein extracts from strain CM37 transformed with pAL14 and
grown with or without xylose were analyzed by Western blotting with antibodies against LA. BCFAP, branched-chain fatty acid precursors.

Altogether, these results support the idea that worms are
unable to ligate exogenous LA to their proteins and that de
novo synthesized LA attached to their cognate proteins appears
to be critical for survival and reproduction in an ever-changing
environment.

Blocking MO1F1.3 neuronal expression reduces worm brood
size

To determine in which tissue the expression of M0O1F1.3 is
required, we performed tissue- and neuronal-specific gene
knockdown in derivatives of rde-1 worms, which are insensitive
to RNAi treatment (42). RNAi-mediated abrogation of
MO1F1.3 in muscle, intestine, hypodermis, GABAergic, and do-
paminergic neurons did not produce larval arrest or embryonic
phenotype. Nevertheless, after inhibition of MO1F1.3 expres-
sion in glutamatergic and cholinergic neurons, the worm brood
size was significantly reduced (Fig. 4, D—E), thus suggesting
that protein lipoylation in these neurons is important for either
synthesis or release of major neurotransmitters.

MO1F1.3 fully rescues LipA deficiency in B. subtilis and E. coli

MO1F1.3 shares substantial sequence identity with bacterial
and eukaryotic lipoate synthases (Fig. S2). B. subtilis and E. coli
lipA strains, deficient in lipoate synthase, cannot grow in mini-
mal medium unless provided with LA or the metabolites pro-
duced by the lipoylated enzymes. If MO1F1.3 has lipoate syn-
thase activity, its heterologous expression in /ipA mutants of
model bacteria might rescue its deficiency. Strikingly, we
observed that MO1F1.3 expression completely rescued the
growth of a B. subtilis lipA strain in a defined minimal medium
(Fig. 5A). The B. subtilis lipA complemented strain recovered
the ability to lipoylate its proteins, as confirmed by Western
blotting analysis, directly demonstrating that LA synthesis is
reestablished by the C. elegans enzyme (Fig. 5B). Consistent
with this notion, M01F1.3 also rescued the growth and lipoyla-
tion ability of the E. coli strain IplA lipA double mutant (Fig. S5).

Thus, based on the molecular characteristics of the M0I1F1.3
gene, the growth phenotype of RNAi-treated worms and their
protein lipoylation pattern, and the ability of MO1F1.3 to
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complement /ipA bacterial mutants, we demonstrated that
MO1F1.3 is a genuine lipoyl synthase and renamed it as LipA.

ZC410.7 encodes an octanoyltransferase

The C. elegans gene ZC410.7 encodes a protein of 250 amino
acids in length that has 36, 37, and 38% identity with LipB,
LIP2, and LIPT2, the octanoyltransferases from E. coli, S. cerevi-
siae, and H. sapiens, respectively (Fig. S5). The worm protein is
predicted to be a mitochondrial enzyme and contains the
conserved lysine residue (Lys-157) necessary for the trans-
ferase activity. This gene has been annotated as [pl-1
because it was supposed to encode a lipoate ligase. Octa-
noyltransferases, amidotransferases, and lipoate ligases are
members of the same enzyme family because they have a ho-
mologous catalytic module. Lipoate ligases contain an
accessory domain involved in activation of lipoate with
ATP. The absence of this accessory domain precisely allows
differentiating between octanoyl or amidotransferases and
ligases. Noteworthy ZC410.7 lacks the typical carboxylic lip-
oate-activating domain found in the lipoate ligases.

Knockdown of ZC410.7 in N2 worms produced larval arrest
in the second generation, similar to the phenotype observed in
animals fed with /ipA RNAI (Fig. 6A). Thus, C. elegans Z.C410.7
is a good candidate to carry out octanoyltransferase activity, an
essential process for lipoyl assembly.

We tested if ZC410.7 could functionally replace the yeast
Lip2 octanoyltransferase. Cells of Alip2 mutants can grow
using a fermentative carbon source, such as glucose (which
bypass the lack of lipoylated proteins), but are unable to grow
on a respirable carbon source, such as glycerol, because of the
essentiality of PDH and ODH enzyme activities (Fig. 6B). We
found that growth of Alip2 yeasts in a glycerol-containing me-
dium was completely rescued by a plasmid that allows expres-
sion of ZC410.7 (Fig. 6B). In addition, Western blotting analysis
of Alip2 mutants complemented with ZC410.7 showed restora-
tion of protein lipoylation (Fig. 6C), strongly indicating that the
C. elegans protein was indeed an octanoyltransferase. Finally,
we found that expression of the worm protein in a B. subtilis
mutant unable to synthesize and ligate LA failed to restore
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Figure 6. Characterization of ZC410.7. A, N2 worms grown in M9sup and
fed with E. coli AlipA strain (AL100). Photographs were taken with 100X mag-
nification and correspond to the fourth day of the second-generation ani-
mals. Scale bars represent 100 pm. B, yeast strains were grown overnight in
synthetic glucose medium lacking uracil, and upon standardization by Agq,
dilutions were spotted in complex medium plates containing glucose or
glycerol as carbon sources. Parental strain BY4741 and lip2 mutant were
transformed with the empty vector (EV) as positive and negative controls,
respectively. The /ip2 mutant was transformed with plasmid p426-GPD con-
taining a WT copy of lip2 or C. elegans ZC410.7 coding sequence. C, protein
extracts obtained from these cultures were incubated with antibodies
against LA.

protein lipoylation even in the presence of exogenous octanoate
(Fig. S6). This result rules out the possibility that ZC410.7 has
octanoyl ligase or octanoyl-CoA-protein transferase activity.

In summary, we show here that although ZC410.7 has been
annotated as a C. elegans lipoate ligase, this protein is an octa-
noyltransferase, and rename it as LIPT2.

C45G3.3 encodes the worm amidotransferase

C45G3.3 is composed of 289 amino acids. It has significant
sequence similarity with bacterial lipoate ligases LplA and LplJ
(34 and 32%, respectively) and with the amidotransferases from
yeast (Lip3, 32%) and humans (LIPT1, 40%) (Fig. S7). C. elegans
C45@G3.3 has a conserved lysine (Lys-141) present in the active
site of the members of the cofactor transferases enzyme family,
which includes lipoyl and biotinyl ligases, octanoyl, and amido-
transferases (43). Because C45G3.3 lacks a lipoate-activating
accessory domain, the C. elegans protein could be an amido-
transferase rather than a ligase. Confirming this prediction, we
found that C45G3.3 could rescue the growth of yeast Alip3 in a
glycerol-supplemented medium (Fig. 7A). Furthermore, lipoy-
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lation profiles were restored in yeast Alip3 complemented with
C45G3.3 (Fig. 7B).

When we expressed C45G3.3 in a B. subtilis lipM Ipl] double
mutant, which neither synthesize nor ligate LA, cells were
unable to utilize free LA provided in the medium (Fig. 7C), indi-
cating that this protein is devoid of lipoyl-protein ligase activity.
However, its expression restored the ability of this mutant to
grow in minimal medium when provided with octanoate (Fig.
7C). This resembles the observed behavior of yeast Lip3 expres-
sion in E. coli lipB mutants because of a moonlighting octanoyl-
CoA-protein transferase activity of amidotransferases (44). All
together, these results confirm that C45G3.3 is indeed an ami-
dotransferase, and we renamed it as LIPT1.

Discussion

Despite the well-known role of LA as a protein-bound coen-
zyme in bacteria and unicellular eukaryotes, the information
available about protein lipoylation in multicellular organisms is
still scarce. To help fill this gap, we decided to determine how
C. elegans assembles LA in its proteins. Depleting MO1F1.3 or
ZC410.7 generated a developmental arrest of the worms, dem-
onstrating that lipoylated proteins are essential for their normal
life cycle. In agreement with these observations, there are not
submitted mutants deficient in the candidate genes involved in
LA metabolism in either worm strain collection (Caenorhabdi-
tis Genetics Center or National Bioresource Project for the Ex-
perimental Animal “Nematode C. elegans”).

According to protein databases (UniProtKB/Swiss-Prot and
WormBase), five lipoylable proteins are present in the worm:
PDH, ODH, BKDH, and two orthologs of human and bacterial
GcevHs (GCSH-1 and GCSH-2, Fig. S8), all of them involved in
important metabolic routes. The detrimental developmental
defects in MOI1F1.3 RNAI assays are indicative that lipoate-de-
pendent enzymes, such as PDH and ODH required for entry of
carbon into the Krebs cycle and progression of carbon through
the cycle, are essential for C. elegans development. Indeed,
under conditions that favor reproductive growth, various insu-
lin-like peptides responding to environmental and internal
stimuli indirectly activate this pathway and power global anab-
olism by providing energy from intensive oxidative phosphoryl-
ation and building blocks for biosynthetic reactions (45). In
agreement with the essentiality of the Krebs cycle for C. elegans
reproductive growth, inhibition of lipoylation of the E2 subu-
nits of PDH and ODH by down-regulation of M01F1.3, dlat-1,
or dlst-1 by RNAi produces multiple developmental and em-
bryonic defects (Fig. 3 and Fig. S1). We also found that down-
regulation of MOIF1.3 by RNAI resulted in a decrease in
mmBCFAs synthesis (Fig. 44). The E2 subunit of BKDH, dihy-
drolipoamide branched-chain transacylase E2 (DBT-1), has to
be lipoylated to generate branched-chain acyl-CoAs, which in
turn are used to produce the mmBCFAs C15ISO and C17ISO.
It has been demonstrated that mmBCFA-derived glycosyl cer-
amides are required for postembryonic development in C. ele-
gans. Further analysis indicated that these mmBCFA-derived
glycosyl ceramides promote intestinal target of rapamycin
complex 1(TORCI1) activity (36). C. elegans loss-of-function
mutants in the dbt-1 gene have deficiency in mmBCFAs, and
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dium lacking uracil, and upon standardization by Ag, dilutions were spotted in complex medium plates containing glucose or glycerol as carbon sources. Pa-
rental strain BY4741 and lip3 mutant were transformed with the empty vector (EV) as positive and negative controls, respectively. lip3 mutant was
transformed with plasmid p426-GPD containing a WT copy of lip3 or C. elegans C45G3.3 coding sequence. B, protein extracts obtained from these cultures
were incubated with antibodies against LA. C, growth of B. subtilis WT (JH642) or AlipM AlplJ (NM65) strains transformed with either the empty vector (EV) or
pAL18, a plasmid that allows expression of C. elegans C45G3.3 protein under the control of a xylose-inducible promoter. Strains were streaked onto minimal
medium plates containing xylose and casamino acids vitamin-free, with the indicated supplements. Plates were incubated at 37°C for 2 days. BCFAP,

branched-chain fatty acid precursors.

their larval arrest is partially suppressed by supplementation
with these fatty acids (46). Nevertheless, supplementation with
C5ISO, a mmBCFA precursor product of BKDH, failed to res-
cue the phenotype of M0OIF1.3 RNAi-arrested larvae. This
result was somehow expected because, as discussed above, LA
is also required for key steps in central metabolism of C. elegans
and for protecting the worms from oxidative stress. In addition,
abnormal oxoglutarate levels might also be affecting the activity
of oxoglutarate-dependent oxygenases, for instance, prolyl
hydroxylases (47). In line with this possibility, it has been
described that C. elegans mutants devoid of HIF-prolyl hydrox-
ylase activity, which is required for regulation of hypoxia-in-
ducible factors, show egg-laying defects (48, 49).
Supplementation with exogenously provided LA was ineffec-
tive to rescue the larval arrest of M01F1.3 RNAi-treated ani-
mals. Furthermore, carrying out RNAi experiments in a rich
medium such as NGM, which contains peptone and hence LA,
or using the lipoate prototroph HT115 as the dsRNA-produc-
ing bacteria generated the same larval arrest phenotype as
obtained when using LA auxotroph strains and a medium
depleted of the cofactor. These results strongly suggest that C.
elegans lacks a salvage pathway and cannot utilize the LA in its
free form or bound to peptides. This is consistent with reports
showing that feeding mouse mothers with a diet supplemented
with LA was inefficient to allow growth of knockout Lias
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embryos (32) and that administration of LA to human patients
with mutations in LIAS failed to reverse the metabolic defects
(21).

Using a powerful complementation approach designed to
rescue well-characterized bacteria or yeast defective in lipoyla-
tion with three putative C. elegans genes involved in LA synthe-
sis or scavenging, we elucidated the essential mechanism of
protein lipoylation of the worms. We propose the lipoyl-relay
pathway depicted in Fig. 1. First, the octanoyltransferase LIPT2
(ZC410.7), initiates lipoyl group assembly by transference of
the octanoyl moiety from ACP to the octanoyl acceptor pro-
teins, presumably GCSH-1 or GCSH-2 proteins. Then these
octanoylated proteins become substrates for sulfur insertion by
the SAM radical enzyme LipA (MO1F1.3). Finally, the lipoyl
moieties are transferred by the amidotransferase LIPT1
(C45@G3.3) to the E2 subunits of the 2-oxoacid dehydrogenases,
which are required for key steps in central metabolism.

In conclusion, we determined that C. elegans is capable of
synthesizing LA de novo via a lipoyl-relay pathway and that LA
deficiency is responsible for developmental defects in worms.
We also identified the enzymes involved in the process, all
homologs to human proteins involved in LA synthesis. The
close analogy of the human lipoate metabolism defects to those
of worms with deficiency in protein lipoylation could provide a
powerful tool for dissecting the diverse roles of LA in a
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multicellular organism under a variety of conditions, and
hence, new therapies could flourish.

Experimental procedures
Growth conditions

E. coli and B. subtilis strains were routinely grown in lysogeny
broth (LB) (50) at 37 °C. In nutritional studies, E. coli was grown
in M9 minimal medium (50) supplemented with 5 mm acetate
and 5 mMm succinate. Complementation of E. coli strains with
worm genes expressed from plasmids with an arabinose-induc-
ible promoter was tested in LB containing 0.2% arabinose. Spi-
zizen salts (51), supplemented with 0.5% glycerol and 0.01%
each tryptophan and phenylalanine, were used as the minimal
medium for B. subtilis. Different supplements, including 0.8%
xylose, 50 nM DL-a-LA, 0.5 mM octanoic acid, 5 mm sodium ace-
tate, 0.005% casamino acids vitamin free, and 0.1 mMm of each
mmBCFA precursor (isobutyric acid, isovaleric acid, and 2-
methylbutyric acid) were added as needed. In experiments
involving gene expression under the control of the xylose-
inducible promoter (PxylA), 0.5% glycerol was used as a car-
bon source instead of glucose. Antibiotics were added to the
media at the following concentrations: 50 ug ml~' ampicil-
lin, 10 ug ml™* tetracycline, 25 pug ml~" kanamycin, 50 ug
ml ™! spectinomycin, 0.5 ug ml~* erythromycin, and 12.5 ug
ml ™" lincomycin.

Yeast strains were grown at 30 °C in rich media consisting of
1% yeast extract, 2% peptone, and either 2% glucose or 3% glyc-
erol. Selection and growth of transformants were performed on
glucose synthetic medium (0.67% yeast nitrogen base with am-
monium sulfate and 2% glucose), with supplements added
according to Sherman et al. (52), lacking uracil. 2% agar was
added for preparation of solid plates.

Worms were grown at 20 °C in either NGM (53) or M9 sup-
plemented with 5 mm acetate, 5 mM succinate, and 5 g ml™*
cholesterol (M9sup). C5ISO 100 mm or LA 25 uMm were added
to the growth medium when indicated. Worms were fed with
E. coli OP50 for maintenance, or specific E. coli strains as speci-
fied in each experiment.

Genetic and molecular biology techniques

E. coli strains were transformed using the calcium chloride
procedure (54). Transformation of B. subtilis was accomplished
by the method of Dubnau and Davidoff-Abelson (55).

Worm cDNA was obtained using TRI REAGENT® (Mo-
lecular Research Center) and Direct-zol™ MiniPrep Kit
(Zymo Research). All C. elegans genes were amplified using
worm cDNA as a template. B. subtilis chromosomal DNA
was obtained using a Wizard® Genomic DNA Purification
Kit (Promega). For yeast gene amplification, one BY4741
colony was boiled for 10 min in NaOH 50 mm, and 5 ul of
this was used as a template for PCR reaction. PCR was car-
ried out using Q5 high fidelity DNA polymerase and appro-
priately designed primers from Genbiotech or Invitrogen.
Plasmids were extracted using the Promega Wizard® Plus SV
Minipreps-DNA Purification System. Restriction enzymes and
ligases were from Promega and New England Biolabs. DNA
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sequencing was performed by the DNA Sequencing Facility of
the University of Maine.

Strains and plasmids construction

Several C. elegans strains were obtained from Caenorhabditis
Genetics Center: Bristol N2, NL2099 (rrf3 (pk1426)), XE1581
(lin-15B(n744) X; eri-1(mg366) 1V; rde-1(ne219) V; wpSil0
[Punc-17:rde-1:SL2:sid-1,Cbunc-119(+)] 1I), XE1582 (lin-15B
(n744) X; eri-1(mg366) 1V; rde-1(ne219) V; wpSill[Peat-4::
rde-1:SL2:sid-1, Chunc-119(+)] 11), XE1474 (lin-15B(n744)
X; eri-1(mg366) 1V; rde-1(ne219) V; wpSi6[Pdat-1:rde-1:
SL2:sid-1, Cbunc-119(+)] II), and WM28 (unc-32(e189) 111;
rde-1(ne219) V).

Bacterial strains and plasmids used in this work are listed in
Table 1.

A B. subtilis strain with a deletion of the /ipA gene was con-
structed by gene replacement with a spectinomycin resistance
determinant through a double cross-over event. For this pur-
pose, a 396-bp fragment, corresponding to an upstream region
of the gene, was PCR-amplified from JH642 chromosomal
DNA with oligonucleotides LipHind and LipBam (Table 2),
ligated into pCR2.1-TOPO, and then cloned into Xbal and
BamHI sites of pBluescriptSK(+) to render pSK469. The spec-
tinomycin resistance determinant, which was obtained by
digesting pJM134 with EcoRV, was inserted into the Smal site
of pSK469. Then, a 535-bp fragment containing the 3" end of
lipA and part of the downstream gene was PCR-amplified with
primers LipA3up and Lip5fill and cloned into Clal and HinclI
sites of the previously generated plasmid. The plasmid
obtained, pCM24, was linearized with Scal and used to trans-
form strain JH642. Transformants were selected for spectino-
mycin resistance. The resulting strain was named CM37.

To construct HT115 derivatives defective in LA metabolism,
we carried out generalized transduction using P1vir phage (63).
The kanamycin resistance cassette disrupting /ipA gene in
TM131 was moved to HT115. The resulting strain, AL100, was
able to lipoylate its proteins only when grown in presence of LA
(Fig. S3). To confirm that AL100 strain was still able to produce
interference, we performed a let-767 RNAi experiment because
its resulting phenotype is very well-characterized in literature
(64). Indeed, we obtained uncoordinated, transparent, and
morphologically abnormal worms as described.

To construct an HT115 derivative unable to synthesize and
ligate LA, the kanamycin and chloramphenicol resistance cas-
settes from QC145, disrupting Ip/A and lipB genes, respec-
tively, were moved to HT115. The resulting strain, AL103,
failed to grow on M9 even when supplemented with LA (data
not shown).

A DNA fragment coding for the mature MO1F1.3 protein
was amplified using oligonucleotides mlipAsRBSSma, which
includes a B. subtilis ribosome binding site, and mlipAREVXba.
The resulting 1070-bp fragment was inserted into the Smal and
Xbal sites of vector pLarCl, which allows expression of
mMO1F1.3 under a xylose-inducible promoter (60). The result-
ing plasmid was named pAL14.

For expression of mature MO1F1.3 in E. coli, the DNA frag-
ment was amplified using oligonucleotides mlipAcRBSXba,
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Table 1

Strains and plasmids used in this work

Relevant characteristics”

Source or reference

Strains

E. coli

OP50 ura (53)

TM131 rpsL lipA150::Tn1000dKm [plA148: Tnl10dTc (12)

TM136 rpsL lipB182::Tn1000dKm IplA148:Tn10dTc (11)

QC145 IplA=FRT::Km lipB::FRT::cat (56)

HT115 F-, mcrA, merB, IN(rrnp-rrnE)1, rncl4:Tnl0(DE3 lysogen: lavUV5 promoter -T7 polymerase) Tc" (57)

AL100 HT115 lipA150::-Tn1000dKm This study

AL103 HT115 IplA:FRT::Km lipB:FRT::cat This study
B. subtilis

JTH642 trpC2 pheAl Laboratory stock

CM37 JH642 lipA::Sp" This study

NM65 TH642 Ipl)::Sp’ lipM:Km" (13)
S. cerevisiae

BY4741 S. cerevisiae MATa his3 leu2 met15 ura3 EUROSCARF

Alip2 S. cerevisiae MATa his3 leu2 met15 ura3 lip2 (58)

Alip3 S. cerevisiae MATa his3 leu2 met1S ura3 lip3 (58)

Plasmids
pBluescriptSK(+) E. coli cloning vector, Amp" Stratagene
pBAD33 Arabinose-inducible expression vector (59)
pCR2.1-TOPO TOPO TA cloning vector, Km" Thermo Fisher Scientific
pSK469 pBluescriptSK(+) containing a region upstream /ipA This study
pIM134 Integrational vector; Sp* Perego, unpublished
pCM24 pBluescriptSK(+) containing lipA regions interrupted with spectinomycin cassette This study
pNM438 pJM134 containing [p/] interrupted by a spectinomycin cassette (13)
pLarC1 pHPKS containing Pxy/A and xy/R, MCL" (60)
p426-GPD Vector for constitutive protein expression in yeast driven by glyceraldehyde 3-phosphate dehydrogenase (61)
promoter. Amp"

pAL6 p426-GPD containing C45G3.3 coding sequence This study
pAL10 p426-GPD containing WT copy of lip2 gene This study
pALI11 p426-GPD containing W'T copy of lip3 gene This study
pAL14 pLarC1 containing the mature coding sequence of M01F1.3 This study
pAL15 Mature coding sequence of M0I1F1.3 cloned in pBAD33 This study
pAL18 Coding sequence of C45G3.3 cloned in pLarC1 This study
pAL23 p426-GPD containing ZC410.7 coding sequence This study
pAL24 Coding sequence of ZC410.7 cloned in pLarC1 This study
L4440 Vector for production of dsRNA molecules. Amp" (62)

“Amp", Tc", Cm", Km", MCL', and Sp" denote resistance to ampicillin, tetracycline, chloramphenicol, kanamycin, macrolides, and spectinomycin, respectively.

Table 2
Oligonucleotide primers used in this work

Primer Name

Sequence (5'-3")"

LipHind

LipBam

LipA3up

LipAfill
mlipAsRBSSma
mlipAREVXba
mlipAcRBSXba
MO1E1.3_Hind REV
C45G3.3sRBSSma
C45G3.3REVXba
C45G3.3BamFOR
C45G3.3EcoREV
lip2BamFOR
lip2stHinREV
lip3BamFOR
lip3stHinREV
ZC410.7bBamFOR
ZC410.7bHinREV
ZC410.7bsubSma
ZC410.7bXbaREV

CGTGTAAGCTTCGATTTTATGATATAATTC
ATTAGGATCCATTCGGGCTTTCTGAG
GCAATCGATGCCCGTTCACAACA
CGCCAGTTAACCTGGCGTTTTGG
TACCCGGGAAGGAAGGTCTTAAAATGGCAGCCACAAAGAAAAAACC
CGTCTAGATTAATTTTGTCTATTTCTCAACACATTTTTC
ATTCTAGAGAAGGAGATATACCATGGCAGCCACAAAGAAAAAACC
CGAAGCTTATTAATTTTGTCTATTTCTCAACAC
TACCCGGGAAGGAAGGTCTTAAAATGTGTTCTATATCACG
AATCTAGACTAAAGATCCGGCGAGAAT
TGGGATCCTATGTGTTCTATATCACGC
AGGAATTCCCTAAAGATCCGGCGAG
CAGGATCCATGTCGAGGTGTATTCGC
ATAAGCTTGCTCACGGATTCTTTTTCAAAATATTGACG
GCGGATCCATGTCTATGATGCTAAGTAATTGGG
GCAAGCTTTATGTGTAACTGTCAATATTCTCC
TTGGATCCATGCGTCTCTCCTCAC
ATAAGCTTTTAACTAGAAACAACATTCG
ATTCTAGAGAAGGAGATATACCATGATGCGTCTCTCCTCAC
AATCTAGATTAACTAGAAACAACATTCG

“Restriction sites are underlined.

which includes an E. coli ribosome binding site, and
MO1F1.3_Hin_REV. The resulting 1070 bp fragment was
inserted into Xbal and HindIII sites of vector pPBAD33 (59) ren-
dering plasmid pAL15, which therefore allows expression of
mMO1F1.3 under an arabinose-inducible promoter.

The coding sequence of C45G3.3 was amplified using oligo-
nucleotides C45G3.3sRBSSma, which includes a B. subtilis
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ribosome binding site, and C45G3.3REVXba. The resulting
902-bp fragment was inserted into the Smal and Xbal sites of
vector pLarC1 (60), rendering plasmid pAL18.

The coding sequence of C45G3.3 was amplified using oligo-
nucleotides C45G3.3BamFOR and C45G3.3EcoREV. The 889-
bp fragment obtained was inserted into BamHI and EcoRI
sites of vector p426-GPD, which allows constitutive protein
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expression in S. cerevisiae (61). The resulting plasmid was
named pAL6.

The coding sequence of ZC410.7 was amplified using oligo-
nucleotides ZC410.7BamFOR and ZC410.7HinREV. The 770-
bp fragment obtained was cloned into BamHI and HindIII sites
of vector p426-GPD, rendering plasmid pAL23.

To express ZC410.7 in B. subtilis, the encoding gene
was amplified using oligonucleotides ZC410.7bsubSma,
which includes a B. subtilis ribosome binding site, and
7ZC410.7bXbaREV. The resulting 787-bp fragment was
inserted into the Smal and Xbal sites of vector pLarCl
(60), rendering plasmid pAL24.

lip2 and lip3 sequences were amplified from S. cerevisiae
BY4741 genomic DNA. The pair of oligonucleotides used were
lip2BamFOR and lip2HinREV for /ip2 sequence, and lip3Bam-
FOR and lip3HinREV for /ip3. The resulting DNA fragments
were cloned into BamHI and HindIII sites of p426-GPD ren-
dering plasmids pAL10 and pAL11, respectively.

Immunoblotting analyses

B. subtilis strains were grown overnight in minimal medium
supplemented with acetate and mmBCFA precursors at 37 °C.
The cells were resuspended in fresh media of the same compo-
sition, with or without xylose, and cultured at 37°C. A 1-ml
aliquot of each culture was harvested after 22 h of growth. The
samples were centrifuged and the pellets were washed with
buffer (20 mm Tris-HCI, pH 8.0, and 150 mm NaCl). They were
resuspended in 180 ul of lysis buffer (50 mm Tris-HCI, pH 8.0,
and 1 mm PMSF) per Agy unit. Resuspended cells were dis-
rupted by incubation with lysozyme (100 ug ml™ ") for 15 min
at 37°C, followed by 5 min of boiling in the presence of loading
buffer.

C. elegans worms were collected with M9 buffer (53), centri-
fuged, washed three times, and resuspended in 500 ul of M9
buffer with 1 mm PMSEF. Samples were sonicated and protein
content was measured according to the method of Lowry (65).
Samples were boiled in the presence of loading buffer.

S. cerevisiae protein extracts were obtained based on the pro-
tocol published by Sattlegger et al. (66). Briefly, yeast cells were
grown overnight in synthetic glucose medium lacking uracil,
collected, and resuspended in breaking buffer (20 mm Tris-
HCl, pH 7.5, 50 mm KCl, 10 mm MgCl,, and 1 mm PMSEF). The
cells were broken with an equivalent volume of glass beads by
vortexing 8 times for periods of 30 s alternating with 30 s on
ice. The extract obtained was centrifuged for 5 min at 1000 X g
and the supernatant was boiled with loading buffer.

All samples were fractionated by SDS-PAGE on 12% poly-
acrylamide gels. Proteins were electroeluted to a nitrocellulose
membrane, and lipoylated E2 subunits were detected using
rabbit anti-lipoate antibody and a secondary anti-rabbit IgG
conjugated to alkaline phosphatase or horseradish peroxidase
(Bio-Rad). When the last antibody was used, the bands were
visualized by use of the ECL Plus Western Blotting Detection
System (GE Healthcare). In samples from RNAi experiments,
the same blots were probed with an antibody against actin to
serve as a loading control (a-actin, Santa Cruz Biotechnology).
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RNAi by feeding

The RNAI feeding vectors were obtained from the C. elegans
whole genome Ahringer RNAIi feeding library (Source Bio-
Science). The RNAI feeding strains were E. coli HT115, AL100,
and AL103, transformed with either L4440 empty vector or
with dsRNA-producing constructs.

Feeding RNAi experiments were done as described (64) with
modifications. Briefly, the cells were grown overnight in LB
with the corresponding antibiotics, collected, washed, and
resuspended in M9 supplemented with acetate and succinate.
Induction was performed overnight at room temperature in lig-
uid culture containing 1 mMm isopropyl 1-thio-B-p-galactopyra-
noside and ampicillin. The cells were collected, mixed with
1 mm 1-thio-B-p-galactopyranoside, and spotted, either on
M9sup or NGM plates with ampicillin. Bleached embryos or
synchronized L1s were placed on the bacterial spots.

Oxidative stress assays

Ten worms subjected to RNAI treatment were transferred as
late L4 or young adults to agar plates supplemented with 15 mm
iron (II) sulfate and scored for survival every 30 min. Plates
were prepared the day before the experiment. Six experiments
were performed independently in triplicate.

Longevity assays

Lifespans were assayed at 20°C. Data were collected from
three independent trials, using an initial number of 50 worms/
treatment/trial. The worms were grown in M9sup and fed with
strain AL103 transformed with either the empty vector or the
MOI1F1.3 dsRNA-producing vector. Adult worms were trans-
ferred to fresh plates when necessary to avoid generation mixes.
Worms were considered dead when they lacked pharyngeal
pumping and failed to move when touched with a platinum
wire. Worms were considered “censored” if they exhibited pro-
truding vulva or internal hatching, or if they crawled off the
plate or burrowed into the medium.

GC/MS determination of fatty acid methyl-ester content

Lipid extraction was performed using the Bligh and Dyer
method (67). Briefly, second-generation N2 worms fed with
AL100 transformed with either the empty vector (at L3 larval
stage) or the MOIF1.3 dsRNA-producing vector (at the
arrested stage) were harvested and washed three times with
M9 buffer to eliminate excess bacteria. The worm pellet was
transferred to a glass tube and 3 ml of a chloroform:methanol
1:2 mixture was added. Dibutylhydroxytoluene was added as
an antioxidant at a final concentration of 5 ug/ml. The sam-
ples were incubated at —20 °C for at least 12 h. The fatty acid
methyl esters were prepared by transesterification of glycero-
lipids with 0.5 M sodium methoxide in methanol and then an-
alyzed in a Shimadzu GC-2010 Plus gas chromatograph-mass
spectrometer, on a capillary column (30 mm X 0.25 mm in di-
ameter) of 100% polyethylene glycol (SUPELCOWAX 10,
Sigma-Aldrich).
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Brood size assays

Four adult worms treated with MOIF1.3 RNAi were placed
in fresh plates and allowed to lay eggs for 4.5 h. Adults were
removed and progeny was scored 2 days later. Data were col-
lected from four independent trials.

Microscopy

Morphologic phenotypes were observed using an Olympus
MVX10 microscope and pictures were taken with an Olympus
DP72 camera. Microphotographs were taken with a Nikon
Eclipse 800 microscope and an Andor Clara camera. Images
were processed and analyzed with NIS-Elements and Image].

Bioinformatics analyses

Protein sequence searches were carried out using Uni-
ProtKB/Swiss-Prot (http://www.uniprot.org) (The UniProt
Consortium, 2014) and WormBase (RRID:SCR_003098). Ho-
mologous proteins were identified using BLASTP (http://www.
uniprot.org) (68), and protein alignments were generated with
T-Coffee (RRID:SCR_019024) (69) and formatted with Box-
Shade Server (RRID:SCR_007165). Mitochondrial localization
predictions were performed with MitoProtIl (RRID:SCR_
019023) (31) and TargetP (RRID:SCR_019022) (30).

Statistical analyses

All assays were performed in at least triplicate. Mean survival
days, standard error, intervals of mean survival days with 95%
confidence, and equality p values to compare averages were cal-
culated by log rank and Kaplan—Meier tests using OASIS 2
Online Application for Survival Analysis (70). For brood size
assays and lipid profiles, data are presented as means * S.D.
Statistical significance was determined using Student’s two-
tailed ¢ test. p values of <0.05 were taken to indicate statistical
significance.

Data Availability

All data are contained within this article and in the
supporting information.

Acknowledgments—We gratefully acknowledge Silvia Altabe for
technical help with GC/MS data processing. We thank John E.
Cronan, Jr. for the gift of strain QC145 and Antonio Uttaro for pro-
viding yeast mutants. We thank D. Krapf for the a-actin antibody.
We thank Marina Avecilla and Viviana Villalba for technical
support.

Author contributions—A. L., D. dM., and M. C. M. conceptualiza-
tion; A. L. and M. C. M. formal analysis; D. dM. and M. C. M. super-
vision; D. dM. and M. C. M. funding acquisition; A. L., and M. C. M.
investigation; A. L. and M. C. M. methodology; A. L., and M. C. M.
writing-original draft; A. L., D. dM., and M. C. M. project administra-
tion; D. dM. and M. C. M. writing-review and editing.

Funding and additional information—A. L. was a Fellow of the
National Scientific and Technical Research Council, and D. dM.

14984 J Biol. Chem. (2020) 295(44) 14973-14986

and M. C. M. are Career Investigators of the same institution. This
work was supported by the ANPCyT Grant PICT 2014-3693 (to D.
dM.), the National Scientific and Technical Research Council Grant
P-UE 2016-IBR (to M. C. M) and the Ministry of Science, Technol-
ogy, and Innovation Grant EULACH 16/T02-0161 (to M. C. M).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ACP, acyl carrier pro-
tein; BKDH, branched-chain a-ketoacid dehydrogenase; GCS, gly-
cine cleavage system; GevH, H subunit of GCS; LA, lipoic acid; LB,
Lysogeny broth; LD, lipoylable domain; mmBCFAs, monomethyl
branched-chain fatty acids; NGM, Nematode Growth Medium;
ODH, oxoglutarate dehydrogenase; PDH, pyruvate dehydrogenase;
DH, dehydrogenase; SAM, S-adenosylmethionine; C5ISO, isovale-
ric acid.

References

1. Reed, L. J., DeBusk, B. G., Gunsalus, I. C., and Hornberger, C. S. (1951)
Crystalline a-lipoic acid: a catalytic agent associated with pyruvate dehy-
drogenase. Science. 114, 93—94 CrossRef Medline

2. Tort, F., Ferrer-Cortes, X., and Ribes, A. (2016) Differential diagnosis of li-
poic acid synthesis defects. J. Inherit. Metab. Dis. 39, 781-793 CrossRef
Medline

3. Cronan, J. E. (2020) Progress in the enzymology of the mitochondrial dis-
eases of lipoic acid requiring enzymes. Front. Genet. 11, 510 CrossRef
Medline

4. Mayr, J. A, Feichtinger, R. G., Tort, F., Ribes, A., and Sperl, W. (2014 Li-
poic acid biosynthesis defects. J. Inherit. Metab. Dis. 37, 553—563 CrossRef
Medline

5. Perham, R. N. (2000) Swinging arms and swinging domains in multifunc-
tional enzymes: catalytic machines for multistep reactions. Annus. Rev. Bio-
chem. 69, 961-1004 CrossRef Medline

6. Spalding, M. D., and Prigge, S. T. (2010) Lipoic acid metabolism in micro-
bial pathogens. Microbiol. Mol. Biol. Rev. 74, 200-228 CrossRef Medline

7. Jordan, S. W., and Cronan, J. E. (2003) The Escherichia coli lipB gene enco-
des lipoyl (octanoyl)-acyl carrier protein:protein transferase. J. Bacteriol.
185, 1582—1589 CrossRef Medline

8. Zhao, X, Miller, J. R, Jiang, Y., Marletta, M. A., and Cronan, J. E. (2003)
Assembly of the covalent linkage between lipoic acid and its cognate
enzymes. Chem. Biol. 10, 1293—-1302 CrossRef Medline

9. Zhao, X., Miller, J. R., and Cronan, J. E. (2005) The reaction of LipB, the oc-
tanoyl-[acyl carrier protein]:protein N-octanoyltransferase of lipoic acid
synthesis, proceeds through an acyl-enzyme intermediate. Biochemistry
44, 16737-16746 CrossRef Medline

10. Cicchillo, R. M., and Booker, S. J. (2005) Mechanistic investigations of li-
poic acid biosynthesis in Escherichia coli: both sulfur atoms in lipoic acid
are contributed by the same lipoyl synthase polypeptide. J. Am. Chem. Soc.
127, 2860-2861 CrossRef Medline

11. Morris, T. W., Reed, K. E., and Cronan, J. E. (1995) Lipoic acid metabolism
in Escherichia coli: the IplA and lipB genes define redundant pathways for
ligation of lipoyl groups to apoprotein. /. Bacteriol. 177, 1-10 CrossRef
Medline

12. Morris, T. W., Reed, K. E., and Cronan, J. E. (1994) Identification of the
gene encoding lipoate-protein ligase A of Escherichia coli. Molecular clon-
ing and characterization of the /plA gene and gene product. J. Biol. Chem.
269, 16091-16100 Medline

13. Martin, N., Christensen, Q. H., Mansilla, M. C., Cronan, J. E., and de Men-
doza, D. (2011) A novel two-gene requirement for the octanoyltransfer
reaction of Bacillus subtilis lipoic acid biosynthesis. Mol. Microbiol. 80,
335-349 CrossRef Medline

14. Christensen, Q. H., Martin, N., Mansilla, M. C., de Mendoza, D., and
Cronan, J. E. (2011) A novel amidotransferase required for lipoic acid

SASBMB


http://www.uniprot.org
https://scicrunch.org/resolver/RRID:SCR_003098
http://www.uniprot.org
http://www.uniprot.org
https://scicrunch.org/resolver/RRID:SCR_019024
https://scicrunch.org/resolver/RRID:SCR_007165
https://scicrunch.org/resolver/RRID:SCR_019023
https://scicrunch.org/resolver/RRID:SCR_019023
https://scicrunch.org/resolver/RRID:SCR_019022
https://doi.org/10.1074/jbc.RA120.013760
http://dx.doi.org/10.1126/science.114.2952.93
http://www.ncbi.nlm.nih.gov/pubmed/14854913
http://dx.doi.org/10.1007/s10545-016-9975-4
http://www.ncbi.nlm.nih.gov/pubmed/27586888
http://dx.doi.org/10.3389/fgene.2020.00510
http://www.ncbi.nlm.nih.gov/pubmed/32508887
http://dx.doi.org/10.1007/s10545-014-9705-8
http://www.ncbi.nlm.nih.gov/pubmed/24777537
http://dx.doi.org/10.1146/annurev.biochem.69.1.961
http://www.ncbi.nlm.nih.gov/pubmed/10966480
http://dx.doi.org/10.1128/MMBR.00008-10
http://www.ncbi.nlm.nih.gov/pubmed/20508247
http://dx.doi.org/10.1128/jb.185.5.1582-1589.2003
http://www.ncbi.nlm.nih.gov/pubmed/12591875
http://dx.doi.org/10.1016/j.chembiol.2003.11.016
http://www.ncbi.nlm.nih.gov/pubmed/14700636
http://dx.doi.org/10.1021/bi051865y
http://www.ncbi.nlm.nih.gov/pubmed/16342964
http://dx.doi.org/10.1021/ja042428u
http://www.ncbi.nlm.nih.gov/pubmed/15740115
http://dx.doi.org/10.1128/jb.177.1.1-10.1995
http://www.ncbi.nlm.nih.gov/pubmed/8002607
http://www.ncbi.nlm.nih.gov/pubmed/8206909
http://dx.doi.org/10.1111/j.1365-2958.2011.07597.x
http://www.ncbi.nlm.nih.gov/pubmed/21338420

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

cofactor assembly in Bacillus subtilis. Mol. Microbiol. 80, 350-363
CrossRef Medline

Martin, N., Lombardia, E., Altabe, S. G., de Mendoza, D., and Mansilla,
M. C. (2009) A lipA (yutB) mutant, encoding lipoic acid synthase, provides
insight into the interplay between branched-chain and unsaturated fatty
acid biosynthesis in Bacillus subtilis. ]. Bacteriol. 191, 7447-7455 CrossRef
Medline

Cao, X, Zhu, L., Song, X., Hu, Z., and Cronan, J. E. (2018) Protein moon-
lighting elucidates the essential human pathway catalyzing lipoic acid as-
sembly on its cognate enzymes. Proc. Natl. Acad. Sci. U. S. A. 115, E7063—
E7072 CrossRef Medline

Rasetto, N. B, Lavatelli, A., Martin, N., and Mansilla, M. C. (2019) Unrav-
elling the lipoyl-relay of exogenous lipoate utilization in Bacillus subtilis.
Mol. Microbiol. 112, 302—316 CrossRef Medline

Cronan, J. E. (2016) Assembly of lipoic acid on its cognate enzymes: an
extraordinary and essential biosynthetic pathway. Microbiol. Mol. Biol.
Rev. 80, 429-450 CrossRef Medline

Soreze, Y., Boutron, A., Habarou, F., Barnerias, C., Nonnenmacher, L.,
Delpech, H., Mamoune, A., Chrétien, D., Hubert, L., Bole-Feysot, C.,
Nitschke, P., Correia, 1., Sardet, C., Boddaert, N., Hamel, Y., et al. (2013)
Mutations in human lipoyltransferase gene LIPT1 cause a Leigh disease
with secondary deficiency for pyruvate and alpha-ketoglutarate dehydro-
genase. Orphanet J. Rare Dis. 8,192 CrossRef Medline

Tort, F., Ferrer-Cortes, X., Thié, M., Navarro-Sastre, A., Matalonga, L.,
Quintana, E., Bujan, N., Arias, A., Garcia-Villoria, J., Acquaviva, C., Via-
ney-Saban, C., Artuch, R., Garcia-Cazorla, A., Briones, P., and Ribes, A.
(2014) Mutations in the lipoyltransferase LIPT1 gene cause a fatal disease
associated with a specific lipoylation defect of the 2-ketoacid dehydrogen-
ase complexes. Hum. Mol. Genet. 23,1907-1915 CrossRef Medline

Baker, P. R, Friederich, M. W., Swanson, M. A., Shaikh, T., Bhattacharya,
K., Scharer, G. H., Aicher, J., Creadon-Swindell, G., Geiger, E., MacLean,
K. N., Lee, W.-T., Deshpande, C., Freckmann, M.-L., Shih, L.-Y., Wasser-
stein, M., et al. (2014) Variant non ketotic hyperglycinemia is caused by
mutations in LIAS, BOLA3 and the novel gene GLRXS. Brain 137, 366—
379 CrossRef Medline

Mayr, J. A., Zimmermann, F. A,, Fauth, C., Bergheim, C., Meierhofer, D.,
Radmayr, D., Zschocke, J., Koch, J., and Sperl, W. (2011) Lipoic acid syn-
thetase deficiency causes neonatal-onset epilepsy, defective mitochondrial
energy metabolism, and glycine elevation. Am. J. Hum. Genet. 89, 792797
CrossRef Medline

Tsurusaki, Y., Tanaka, R., Shimada, S., Shimojima, K., Shiina, M., Naka-
shima, M., Saitsu, H., Miyake, N., Ogata, K., Yamamoto, T., and Matsu-
moto, N. (2015) Novel compound heterozygous LIAS mutations cause
glycine encephalopathy. J. Hum. Genet. 60, 631-635 CrossRef Medline
Habarou, F., Hamel, Y., Haack, T. B., Feichtinger, R. G., Lebigot, E., Mar-
quardt, I, Busiah, K., Laroche, C., Madrange, M., Grisel, C., Pontoizeau,
C,, Eisermann, M., Boutron, A., Chrétien, D., Chadefaux-Vekemans, B., et
al. (2017) Biallelic mutations in LIPT2 cause a mitochondrial lipoylation
defect associated with severe neonatal encephalopathy. Am. . Hum. Genet.
101, 283-290 CrossRef Medline

Kaletta, T., and Hengartner, M. O. (2006) Finding function in novel tar-
gets: C. elegans as a model organism. Nat. Rev. Drug Discov. 5, 387-398
CrossRef Medline

Kamath, R. S., Fraser, A. G., Dong, Y., Poulin, G., Durbin, R., Gotta, M.,
Kanapin, A., Le Bot, N., Moreno, S., Sohrmann, M., Welchman, D. P,,
Zipperlen, P., and Ahringer, J. (2003) Systematic functional analysis of
the Caenorhabditis elegans genome using RNAi. Nature 421, 231-237
CrossRef Medline

Rual, J.-F., Ceron, J., Koreth, J., Hao, T., Nicot, A.-S., Hirozane-Kishi-
kawa, T., Vandenhaute, J., Orkin, S. H., Hill, D. E., van den Heuvel, S.,
and Vidal, M. (2004) Toward improving Caenorhabditis elegans phe-
nome mapping with an ORFeome-based RNAi library. Genome Res.
14, 2162-2168 CrossRef Medline

Nicolet, Y., and Drennan, C. L. (2004) AdoMet radical proteins—from
structure to evolution—alignment of divergent protein sequences reveals
strong secondary structure element conservation. Nucleic Acids Res. 32,
4015-4025 CrossRef Medline

SASBMB

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Protein lipoylation in C. elegans

Cicchillo, R. M., Lee, K.-H., Baleanu-Gogonea, C., Nesbitt, N. M., Krebs,
C., and Booker, S. J. (2004) Escherichia coli lipoyl synthase binds two dis-
tinct [4Fe-4S] clusters per polypeptide. Biochemistry 43, 11770-11781
CrossRef Medline

Emanuelsson, O., Brunak, S., von Heijne, G., and Nielsen, H. (2007) Locat-
ing proteins in the cell using TargetP, SignalP and related tools. Nat. Pro-
toc. 2,953-971 CrossRef Medline

Claros, M. G., and Vincens, P. (1996) Computational method to predict
mitochondrially imported proteins and their targeting sequences. Eur. J.
Biochem. 241, 779-786 CrossRef Medline

Yi, X., and Maeda, N. (2005) Endogenous production of lipoic acid is
essential for mouse development. Mol. Cell Biol. 25, 8387—-8392 CrossRef
Medline

Marvin, M. E., Williams, P. H., and Cashmore, A. M. (2001) The isolation
and characterisation of a Saccharomyces cerevisiae gene (LIP2) involved in
the attachment of lipoic acid groups to mitochondrial enzymes. FEMS
Microbiol. Lett. 199, 131-136 CrossRef Medline

Brody, S., Oh, C., Hoja, U., and Schweizer, E. (1997) Mitochondrial acyl
carrier protein is involved in lipoic acid synthesis in Saccharomyces cerevi-
siae. FEBS Lett. 408, 217-220 CrossRef Medline

Simmer, F., Tijsterman, M., Parrish, S., Koushika, S. P., Nonet, M. L., Fire,
A., Ahringer, J., and Plasterk, R. H. A. (2002) Loss of the putative RNA-
directed RNA polymerase RRF-3 makes C. elegans hypersensitive to
RNAI. Curr. Biol. 12,1317-1319 CrossRef Medline

Zhu, H., Shen, H., Sewell, A. K., Kniazeva, M., and Han, M. (2013) A novel
sphingolipid-TORC1 pathway critically promotes postembryonic devel-
opment in Caenorhabditis elegans. eLife. 2, 600429 CrossRef Medline
Kniazeva, M., Crawford, Q. T., Seiber, M., Wang, C.-Y.,, and Han, M.
(2004) Monomethyl branched-chain fatty acids play an essential role in
Caenorhabditis elegans development. PLos Biol. 2, €257 CrossRef Medline
Packer, L., Witt, E. H., and Tritschler, H.J. (1995) a-lipoic acid as a biologi-
cal antioxidant. Free Radic. Biol. Med. 19, 227—250 CrossRef

Valentini, S., Cabreiro, F., Ackerman, D., Alam, M. M., Kunze, M. B. A,,
Kay, C. W. M., and Gems, D. (2012) Manipulation of i vivo iron levels can
alter resistance to oxidative stress without affecting ageing in the nema-
tode C. elegans. Mech. Ageing Dev. 133, 282—290 CrossRef Medline

Wu, Z., Smith, J. V., Paramasivam, V., Butko, P., Khan, I, Cypser, J. R., and
Luo, Y. (2002) Ginkgo biloba extract EGb 761 increases stress resistance
and extends life span of Caenorhabditis elegans. Cell. Mol. Biol. (Noisy-le-
grand) 48, 725-731 Medline

Wilson, M. A., Shukitt-Hale, B., Kalt, W., Ingram, D. K., Joseph, J. A., and
Wolkow, C. A. (2006) Blueberry polyphenols increase lifespan and ther-
motolerance in Caenorhabditis elegans. Aging Cell. 5, 59-68 CrossRef
Medline

Qadota, H., Inoue, M., Hikita, T., Képpen, M., Hardin, J. D., Amano, M.,
Moerman, D. G., and Kaibuchi, K. (2007) Establishment of a tissue-specific
RNAi system in C. elegans. Gene 400, 166—173 CrossRef Medline

Reche, P. A. (2000) Lipoylating and biotinylating enzymes contain a ho-
mologous catalytic module. Protein Sci. 9,1922-1929 CrossRef Medline
Hermes, F. A, and Cronan, J. E. (2013) The role of the Saccharomyces cere-
visiae lipoate protein ligase homologue, Lip3, in lipoic acid synthesis. Yeast
30, 415-427 CrossRef Medline

Braeckman, B. P., Houthoofd, K., and Vanfleteren, J. R. (2009) Intermedi-
ary metabolism. WormBook 1-24 CrossRef Medline

Jia, F., Cui, M, Than, M. T., and Han, M. (2016) Developmental defects of
Caenorhabditis elegans lacking branched-chain a-ketoacid dehydrogenase
are mainly caused by monomethyl branched-chain fatty acid deficiency. J.
Biol. Chem. 291, 2967—-2973 CrossRef Medline

Burr, S. P., Costa, A. S. H., Grice, G. L., Timms, R. T, Lobb, I. T., Freisinger,
P., Dodd, R. B, Dougan, G., Lehner, P. J., Frezza, C., and Nathan, J. A.
(2016) Mitochondrial protein lipoylation and the 2-oxoglutarate dehydro-
genase complex controls HIFla stability in aerobic conditions. Cell
Metab. 24, 740-752 CrossRef Medline

Epstein, A. C., Gleadle, J. M., McNeill, L. A., Hewitson, K. S., O'Rourke, J.,
Mole, D. R., Mukherji, M., Metzen, E., Wilson, M. I, Dhanda, A., Tian,
Y. M., Masson, N., Hamilton, D. L., Jaakkola, P., Barstead, R., et al. (2001)
C. elegans EGL-9 and mammalian homologs define a family of

J. Biol. Chem. (2020) 295(44) 14973-14986 14985


http://dx.doi.org/10.1111/j.1365-2958.2011.07598.x
http://www.ncbi.nlm.nih.gov/pubmed/21338421
http://dx.doi.org/10.1128/JB.01160-09
http://www.ncbi.nlm.nih.gov/pubmed/19820084
http://dx.doi.org/10.1073/pnas.1805862115
http://www.ncbi.nlm.nih.gov/pubmed/29987032
http://dx.doi.org/10.1111/mmi.14271
http://www.ncbi.nlm.nih.gov/pubmed/31066113
http://dx.doi.org/10.1128/MMBR.00073-15
http://www.ncbi.nlm.nih.gov/pubmed/27074917
http://dx.doi.org/10.1186/1750-1172-8-192
http://www.ncbi.nlm.nih.gov/pubmed/24341803
http://dx.doi.org/10.1093/hmg/ddt585
http://www.ncbi.nlm.nih.gov/pubmed/24256811
http://dx.doi.org/10.1093/brain/awt328
http://www.ncbi.nlm.nih.gov/pubmed/24334290
http://dx.doi.org/10.1016/j.ajhg.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22152680
http://dx.doi.org/10.1038/jhg.2015.72
http://www.ncbi.nlm.nih.gov/pubmed/26108146
http://dx.doi.org/10.1016/j.ajhg.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28757203
http://dx.doi.org/10.1038/nrd2031
http://www.ncbi.nlm.nih.gov/pubmed/16672925
http://dx.doi.org/10.1038/nature01278
http://www.ncbi.nlm.nih.gov/pubmed/12529635
http://dx.doi.org/10.1101/gr.2505604
http://www.ncbi.nlm.nih.gov/pubmed/15489339
http://dx.doi.org/10.1093/nar/gkh728
http://www.ncbi.nlm.nih.gov/pubmed/15289575
http://dx.doi.org/10.1021/bi0488505
http://www.ncbi.nlm.nih.gov/pubmed/15362861
http://dx.doi.org/10.1038/nprot.2007.131
http://www.ncbi.nlm.nih.gov/pubmed/17446895
http://dx.doi.org/10.1111/j.1432-1033.1996.00779.x
http://www.ncbi.nlm.nih.gov/pubmed/8944766
http://dx.doi.org/10.1128/MCB.25.18.8387-8392.2005
http://www.ncbi.nlm.nih.gov/pubmed/16135825
http://dx.doi.org/10.1111/j.1574-6968.2001.tb10663.x
http://www.ncbi.nlm.nih.gov/pubmed/11356580
http://dx.doi.org/10.1016/S0014-5793(97)00428-6
http://www.ncbi.nlm.nih.gov/pubmed/9187370
http://dx.doi.org/10.1016/S0960-9822(02)01041-2
http://www.ncbi.nlm.nih.gov/pubmed/12176360
http://dx.doi.org/10.7554/eLife.00429
http://www.ncbi.nlm.nih.gov/pubmed/23705068
http://dx.doi.org/10.1371/journal.pbio.0020257
http://www.ncbi.nlm.nih.gov/pubmed/15340492
http://dx.doi.org/10.1016/0891-5849(95)00017-R
http://dx.doi.org/10.1016/j.mad.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22445852
http://www.ncbi.nlm.nih.gov/pubmed/12396085
http://dx.doi.org/10.1111/j.1474-9726.2006.00192.x
http://www.ncbi.nlm.nih.gov/pubmed/16441844
http://dx.doi.org/10.1016/j.gene.2007.06.020
http://www.ncbi.nlm.nih.gov/pubmed/17681718
http://dx.doi.org/10.1110/ps.9.10.1922
http://www.ncbi.nlm.nih.gov/pubmed/11106165
http://dx.doi.org/10.1002/yea.2979
http://www.ncbi.nlm.nih.gov/pubmed/23960015
http://dx.doi.org/10.1895/wormbook.1.146.1
http://www.ncbi.nlm.nih.gov/pubmed/19248207
http://dx.doi.org/10.1074/jbc.M115.676650
http://www.ncbi.nlm.nih.gov/pubmed/26683372
http://dx.doi.org/10.1016/j.cmet.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27923773

Protein lipoylation in C. elegans

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

dioxygenases that regulate HIF by prolyl hydroxylation. Cell 107, 43—-54
CrossRef Medline

Trent, C., Tsuing, N., and Horvitz, H. R. (1983) Egg-laying defective
mutants of the nematode Caenorhabditis elegans. Genetics 104, 619-647
Medline

Sambrook, J., Fritch, E. F., and Maniatis, T. (1989) Molecular cloning: a
laboratory manual 2nd ed., Cold Spring Harbor Laboratory Press, New
York

Spizizen, J. (1958) Transformation of biochemically deficient strains of Ba-
cillus subtilis by deoxyribonucleate. Proc. Natl. Acad. Sci. U. S. A. 44,
1072-1078 CrossRef Medline

Sherman, F., Fink, G. R., and Hicks, J. B. (1986) Laboratory Course Manual
for Methods in Yeast Genetics. Cold Spring Harbor Laboratory Press, New
York CrossRef

Brenner, S. (1974) The genetics of Caenorhabditis elegans. Genetics 77,
71-94 Medline

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
Smith, J. A., and Struhl, K. (1987) Current Protocols in Molecular Biology
Wiley and Sons, New York

Dubnau, D., and Davidoff-Abelson, R. (1971) Fate of transforming DNA
following uptake by competent Bacillus subtilis. 1. Formation and proper-
ties of the donor-recipient complex. /. Mol. Biol. 56, 209-221 CrossRef
Medline

Christensen, Q. H., and Cronan, J. E. (2009) The Thermoplasma acidophi-
lum LplA-LplB complex defines a new class of bipartite lipoate-protein
ligases. J. Biol. Chem. 284, 21317-21326 CrossRef Medline

Takiff, H. E., Chen, S. M., and Court, D. L. (1989) Genetic analysis of the
rnc operon of Escherichia coli. ]. Bacteriol. 171, 2581-2590 CrossRef
Medline

Schonauer, M. S., Kastaniotis, A. J., Kursu, V. A. S., Hiltunen, J. K., and Die-
ckmann, C. L. (2009) Lipoic acid synthesis and attachment in yeast mito-
chondria. /. Biol. Chem. 284, 23234—23242 CrossRef Medline

Guzman, L. M, Belin, D., Carson, M. J., and Beckwith, J. (1995) Tight regu-
lation, modulation, and high-level expression by vectors containing the
arabinose PBAD promoter. J. Bacteriol. 177, 4121-4130 CrossRef Medline

14986 . Biol. Chem. (2020) 295(44) 14973-14986

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Trajtenberg, F., Albanesi, D., Ruétalo, N., Botti, H., Mechaly, A. E., Nieves,
M., Aguilar, P. S, Cybulski, L., Larrieux, N., de Mendoza, D., and
Buschiazzo, A. (2014) Allosteric activation of bacterial response regula-
tors: the role of the cognate histidine kinase beyond phosphorylation.
MBio. 5,02105 CrossRef Medline

Mumberg, D., Miiller, R., and Funk, M. (1995) Yeast vectors for the con-
trolled expression of heterologous proteins in different genetic back-
grounds. Gene 156, 119-122 CrossRef Medline

Timmons, L., and Fire, A. (1998) Specific interference by ingested dsRNA.
Nature 395, 854—854 CrossRef Medline

Thomason, L. C., Costantino, N., and Court, D. L. (2007) E. coli genome
manipulation by P1 transduction. Curr. Protoc. Mol. Biol. 79, 1.17.1-
1.17.8 CrossRef Medline

Entchev, E. V., Schwudke, D., Zagoriy, V., Matyash, V., Bogdanova, A.,
Habermann, B., Zhu, L., Shevchenko, A., and Kurzchalia, T. V. (2008)
LET-767 is required for the production of branched chain and long chain
fatty acids in Caenorhabditis elegans. J. Biol. Chem. 283, 17550—17560
CrossRef Medline

Lowry, O. H., Rosebrough, N. ], Farr, A. L., and Randall, R. J. (1951) Pro-
tein measurement with the Folin phenol reagent. /. Biol. Chem. 193, 265—
275 Medline

Sattlegger, E., Visweswaraiah, J., Dautel, M., and Sattlegger, E. (2011) Gen-
erating highly concentrated yeast whole cell extract using low-cost equip-
ment. Protoc. Exch. CrossRef

Bligh, E. G., and Dyer, W.]. (1959) A rapid method of total lipid extraction
and purification. Can. J. Biochem. Physiol. 37,911-917 CrossRef Medline
Altschul, S. F., and Lipman, D. J. (1990) Protein database searches for mul-
tiple alignments. Proc. Natl. Acad. Sci. U. S. A. 87, 55095513 CrossRef
Medline

Notredame, C., Higgins, D. G., and Heringa, J. (2000) T-coffee: a novel
method for fast and accurate multiple sequence alignment. J. Mol. Biol.
302, 205-217 CrossRef Medline

Han, S. K., Lee, D., Lee, H., Kim, D., Son, H. G, Yang, J.-S., Lee, S.-]. V., and
Kim, S. (2016) OASIS 2: online application for survival analysis 2 with fea-
tures for the analysis of maximal lifespan and healthspan in aging research.
Oncotarget. 7,56147-56152 CrossRef Medline

SASBMB


http://dx.doi.org/10.1016/S0092-8674(01)00507-4
http://www.ncbi.nlm.nih.gov/pubmed/11595184
http://www.ncbi.nlm.nih.gov/pubmed/11813735
http://dx.doi.org/10.1073/pnas.44.10.1072
http://www.ncbi.nlm.nih.gov/pubmed/16590310
http://dx.doi.org/10.1002/jobm.3620290205
http://www.ncbi.nlm.nih.gov/pubmed/4366476
http://dx.doi.org/10.1016/0022-2836(71)90460-8
http://www.ncbi.nlm.nih.gov/pubmed/4994568
http://dx.doi.org/10.1074/jbc.M109.015016
http://www.ncbi.nlm.nih.gov/pubmed/19520844
http://dx.doi.org/10.1128/jb.171.5.2581-2590.1989
http://www.ncbi.nlm.nih.gov/pubmed/2540151
http://dx.doi.org/10.1074/jbc.M109.015594
http://www.ncbi.nlm.nih.gov/pubmed/19570983
http://dx.doi.org/10.1128/jb.177.14.4121-4130.1995
http://www.ncbi.nlm.nih.gov/pubmed/7608087
http://dx.doi.org/10.1128/mBio.02105-14
http://www.ncbi.nlm.nih.gov/pubmed/25406381
http://dx.doi.org/10.1016/0378-1119(95)00037-7
http://www.ncbi.nlm.nih.gov/pubmed/7737504
http://dx.doi.org/10.1038/27579
http://www.ncbi.nlm.nih.gov/pubmed/9804418
http://dx.doi.org/10.1002/0471142727.mb0117s79
http://www.ncbi.nlm.nih.gov/pubmed/18265391
http://dx.doi.org/10.1074/jbc.M800965200
http://www.ncbi.nlm.nih.gov/pubmed/18390550
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://dx.doi.org/10.1038/protex.2011.212
http://dx.doi.org/10.1139/o59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://dx.doi.org/10.1073/pnas.87.14.5509
http://www.ncbi.nlm.nih.gov/pubmed/2196570
http://dx.doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
http://dx.doi.org/10.18632/oncotarget.11269
http://www.ncbi.nlm.nih.gov/pubmed/27528229

	Defining Caenorhabditis elegans as a model system to investigate lipoic acid metabolism
	Results
	C. elegans is capable of synthesizing LA de novo
	M01F1.3 (RNAi) worms display growth and developmental defects
	Reducing M01F1.3 function by RNAi affects the synthesis of monomethyl branched-chain fatty acids
	Deficiency in LA affects C. elegans resistance to oxidative stress and lifespan
	Blocking M01F1.3 neuronal expression reduces worm brood size
	M01F1.3 fully rescues LipA deficiency in B. subtilis and E. coli
	ZC410.7 encodes an octanoyltransferase
	C45G3.3 encodes the worm amidotransferase

	Discussion
	Experimental procedures
	Growth conditions
	Genetic and molecular biology techniques
	Strains and plasmids construction
	Immunoblotting analyses
	RNAi by feeding
	Oxidative stress assays
	Longevity assays
	GC/MS determination of fatty acid methyl-ester content
	Brood size assays
	Microscopy
	Bioinformatics analyses
	Statistical analyses

	Data Availability
	References


