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Lipoic acid (LA, 6,8-dithiooctanoic acid) is a sulfur containing coenzyme essential for
the activity of several key enzymes involved in oxidative and single carbon metabolism
in most bacteria and eukaryotes. LA is synthetized by the concerted activity of
the octanoyltransferase (LIP2, EC 2.3.1.181) and lipoyl synthase (LIP1, EC 2.8.1.8)
enzymes. In plants, pyruvate dehydrogenase (PDH), 2-oxoglutarate dehydrogenase
or glycine decarboxylase are essential complexes that need to be lipoylated. These
lipoylated enzymes and complexes are located in the mitochondria, while PDH is also
present in plastids where it provides acetyl-CoA for de novo fatty acid biosynthesis. As
such, lipoylation of PDH could regulate fatty acid synthesis in both these organelles. In
the present work, the sunflower LIPT and LIP2 genes (HalLIP1Tm and HallP2m) were
isolated sequenced, cloned, and characterized, evaluating their putative mitochondrial
location. The expression of these genes was studied in different tissues and protein
docking was modeled. The genes were also expressed in Escherichia coli and
Arabidopsis thaliana, where their impact on fatty acid and glycerolipid composition
was assessed. Lipidomic studies in Arabidopsis revealed lipid remodeling in lines
overexpressing these enzymes and the involvement of both sunflower proteins in the
phenotypes observed is discussed in the light of the results obtained.

Keywords: sunflower, octanoyltransferase, lipoyl synthase, lipoic acid, mitochondrial lipoylation

INTRODUCTION

Lipoic acid (LA; 6,8-dithiooctanoic acid) is a sulfur containing coenzyme found in most bacteria
and eukaryotic organisms. This co-factor is essential for the activity of several key enzymes
involved in oxidative and single carbon metabolism, including pyruvate dehydrogenase (PDH),
2-oxoglutarate dehydrogenase (2-OGDH), branched-chain 2-oxoacid dehydrogenase (BCDH),

Abbreviations: ACP, acyl carrier protein; BCDH, branched-chain 2-oxoacid dehydrogenase; DAF, days after flowering;
DAG, diacylglycerol; FAMES, fatty acids methyl esters; FAS, fatty acid synthase; HaLIPIm, sunflower lipoyl synthase;
HaLIP2m, sunflower octanoyltransferase; KAS, B-ketoacyl-(ACP) synthase; LA, lipoic acid; LIPA, bacterial lipoyl synthase;
LIPB, bacterial octanoyltransferase; LIP1, plant lipoyl synthase; LIP2, plant octanoyltransferase; LPLA, lipoate protein ligase;
2-OGDH, 2-oxoglutarate dehydrogenase; PC, phosphatidylcholine; PCA, principal component analysis; PDH, pyruvate
dehydrogenase; PE, phosphatidylethanolamine; SAM, S-adenosylmethionine; TAG, triacylglycerols; WT, wild type.
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acetoin dehydrogenase and the glycine cleavage system (Mooney
et al., 2002). The activity of all these complexes requires the
covalent binding of LA molecules to either the E2 subunit in the
case of PDH, 2-OGDH, or BCDH, or to protein H of the glycine
cleavage system.

Lipoic acid is generated from the octanoyl-acyl carrier protein
(ACP) during de novo fatty acids biosynthesis through the
activity of B-ketoacyl-(ACP) synthase (KAS). Octanoyl-ACP is
the substrate of a two-step reaction catalyzed by the enzymes
octanoyltransferase (LIP2) and lipoyl synthase (LIP1). In the
first step, LIP2 transfers the octanoyl moiety from octanoyl-ACP
to the corresponding apo-proteins, to which it binds through
an amide bond. LIP2 acts as an acylated intermediate in this
reaction, with the octanoate transferred from the ACP to a Cys
residue of this enzyme and finally, to the target apo-protein (Zhao
et al., 2005; Ma et al., 2006). In the second reaction, LIP1 inserts
two sulfur atoms into the octanoyl chain, producing LA and
hence, the lipoylated holo-subunit. LIP1 contains two distinct
[4Fe-4S] clusters. The RS cluster, characteristic of the superfamily
of enzymes that reduce S-adenosylmethionine (SAM), which is
involved in SAM reduction, and that generates 5'-deoxyadenosyl
radicals which attack the C-H bonds at position C6 and C8
of the octanoyl chain for further sulfur insertion. The second
cluster is specific to lipoyl synthases and it is called an auxiliary
cluster, which is thought to act as the donor for the sulfur atoms
(Cicchillo et al., 2004; Harmer et al., 2014).

Lipoylation has mostly been studied in bacteria (reviewed in
Cronan, 2016) and in Escherichia coli, two redundant pathways
exist: de novo LA biosynthesis and scavenging of free lipoate.
De novo biosynthesis is catalyzed by the sequential action of
lipoyl synthase and octanoyltransferase (called LIPA and LIPB
in bacteria: Morris et al., 1995). LIPB transfers the octanoyl
chain from the octanoyl-ACP substrate to target proteins (Zhao
et al., 2003, 2005) and then LIPA adds two sulfur atoms to
generate LA. A second lipoylation pathway involves the activity
of the lipoate protein ligase (LPLA) on free LA (Zhao et al,,
2003). As such, E. coli LPLA attaches to free lipoate through
a two-step ATP-dependent reaction in which lipoyl-AMP is an
activated intermediate.

In plants, the 2-OGDH and glycine cleavage system complexes
are exclusive to mitochondria, whereas PDH is also found in
plastids where it is essential for de novo fatty acid biosynthesis
(Martins-Noguerol et al.,, 2019). Both these organelles possess
specific enzymatic machinery for LA biosynthesis and protein
lipoylation. Plastidial lipoylation involves the concerted activities
of LIP2 and LIP1 (Wada et al, 2001; Ewald et al., 2014).
In mitochondria, lipoylation can take place through a similar
pathway involving the LIP2 and LIP1 isoforms specific to that
organelle (Wada et al., 2001), or by recycling free LA catalyzed
by a LPLA similar to its bacterial homolog (Ewald et al., 2014).

The mitochondrial isoforms of LIP2 and LPLA have been
characterized in Arabidopsis thaliana and they are essential for
the plant’s viability (Ewald et al., 2014). In this regard, octanoyl-
ACP for LIP2/LIP1 lipoylation is provided by p-oxidation or
mitochondrial fatty acid synthase (FAS) activity, which in turn
relies on a carbon supply in the form of acetyl-CoA produced by
the lipoylated PDH complex. The crossed dependence of these

processes makes lipoylation an important regulatory node for
fatty acid biosynthesis in this organelle. In mitochondria, most of
the de novo fatty acid synthesis is directed toward the synthesis of
LA (Wada et al., 1997). Plastidial lipoyl synthases from sunflower
have been characterized (Martins-Noguerol et al., 2020) and a set
of plastidial octanoyltransferases has also been evaluated in this
species. Here, a different system for LA synthesis in sunflower
was found, comprised of a lipoyl synthase (HaLIP1m) and an
octanoyltransferase (HaLIP2m) that differed in their sequence
and predicted location from the aforementioned plastidial forms.
Both genes were homologous to those previously described in
A. thaliana mitochondria and they were both cloned, sequenced
and characterized to study their expression and structure. The
effect of the expression of these genes on fatty acid synthesis
in E. coli and in transgenic Arabidopsis seeds, along with the
description of the lipidomic remodeling in these transgenic seeds,
illustrate the role of the mitochondrial lipoylation pathway in
plant lipid metabolism.

MATERIALS AND METHODS

Cloning of Two cDNAs That Encode the
HaLIP1m and HaLIP2m Sequences

Sunflower genes homologous to those of A. thaliana
mitochondrial lipoyl synthase (AtLIPIm; At2g20860) and
octanoyltransferase (AtLIP2m; At1g04640) were identified by
searching the Heliagene sunflower database' (Badouin et al.,
2017). Both genes were amplified from developing sunflower
seed ¢cDNA using specific pairs of primers containing the
corresponding start and stop codons (HaLIP1m-F-BambHI,
HaLIP1m-R-HindIll, HaLIP2m-F-BambHI, and HaLIP2m-
R-HindIIl: Supplementary Table 1). The resulting fragments
were cloned into the pMBL-T Easy vector (Canvax, Spain) and
examined by sequencing (Eurofins, Germany), the resulting
BLASTp alignments confirming that they corresponded to
complete ORFs containing the ATG and STOP codons. The
sequences obtained were deposited in GenBank under accession
numbers MT610108 (HaLIP1m) and MT610109 (HaLIP2m).

Phylogenetic Characterization of
HaLIP1m and HaLIP2m Protein

Sequences

The deduced amino acid sequences for the HaLIPIm and
HaLIP2m genes were aligned with homologous sequences using
the ClustalX v.2.0.10 program (Larkin et al., 2007), employing the
default settings to produce the corresponding phylogenetic trees
with the MEGAG6 software tool (Tamura et al., 2013). This analysis
assessed the support of three nodes by applying a bootstrap
analysis with 10,000 replicates. Signal peptides were identified
in the protein sequences using the network-based programs
ESLPred (Bhasin and Raghava, 2004), iPSORT (Bannai et al.,
2002), and DeepMito (Savojardo et al., 2020). HaLIPIm and
HaLIP2m were aligned with homologous proteins from different

"https://www.heliagene.org/
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phylogenetic groups using the ClustalX v.2.0.10 and BioEdit
programs in order to study evolutionary conserved residues. For
the HaLIP1m alignment, the homologous proteins selected were
from Arabidopsis thaliana, Ricinus communis, Oryza sativa, and
Physcomitrella patens. For HaLIP2m the species were Arabidopsis
thaliana, Ricinus communis, Oryza sativa, and Selaginella
moellendorffii. The location of critical residues involved in
catalytic activity was determined by alignment with known and
crystallized-structure of lipoyl synthases from Mycobacterium
tuberculosis (McLaughlin et al., 2016) and Thermosynechococcus
elongatus (Harmer et al., 2014) for HaLIP1m, and for crystallized
octanoyltransferase from Mycobacterium tuberculosis (Ma et al.,
2006) for HaLIP2m.

Modeling Three-Dimensional Structures

and Molecular Docking

The Swiss Model Server (Schwede et al., 2003?) was used for
structural modeling and the tertiary structures of HaLIPIm
and HaLIP2m were modeled using available homologous X-ray
structures as templates: lipoyl synthase from Mpycobacterium
tuberculosis (MtLIPA, Protein Data Bank Accession 5EXK:
McLaughlin et al., 2016) and octanoyltransferase from
Mycobacterium  tuberculosis (MtLIPB, Protein Data Bank
Accession 2QHS: Ma et al., 2006). Furthermore, molecular
docking models were obtained for both novel proteins using the
SwissDock server (Grosdidier et al., 2011). The substrates for
docking were lipoyl-Lys (ZINC12494640) and 5’'-deoxyadenosine
radical (ZINC01999286) for HalIPlm, and octanoic acid
(ZINCO01530416) for HaLIP2m. The models were visualized with
the UCSF Chimera program (Pettersen et al., 2004).

Expression in Sunflower Tissues

The expression of HaLIP1m and HaLIP2m was assessed by
RT-qPCR using cDNAs from different vegetative tissues (roots,
stems, cotyledons, and leaves) and developing seeds (12, 14, 18,
20, 25, and 28 days after flowering — DAF), and with primer
pairs specific to each gene (HaLIP1m-qpcr-F and HaLIPlm-
qper-R for HaLIP1m and HaLIP2m-qpcr-F and HaLIP2m-qpcr-
R for HaLIP2m: Supplementary Table 1). The reactions were
performed with SYBR Green I (QuantiTect SYBR Green PCR
Kit, Qiagen, United Kingdom) over 50 PCR cycles of: 94°C for
30 s, 57°C for 30 s, and 72°C for 1 min. The expression of the
sunflower actin gene HaACT1 (GenBank Accession FJ487620)
was assessed with the HaActin-qpcr-F4 and HaActin-qpcr-
R4 primers (Supplementary Table 1) to normalize the data.
The relative expression of the genes was calculated using the
27 AACT method.

Expression and Purification of
Recombinant Proteins in Escherichia coli

Sequences corresponding to mature HaLIPIm and HaLIP2m
were cloned into the pQE-80L expression vector (Qiagen,
Germany) using the BamHI/HindIII restriction sites to produce
proteins fused to a N-terminal (His)s-tag for purification.

Zhttp://swissmodel.expasy.org/

PCR amplicons of both genes were digested with BamHI and
Hindlll, and ligated into the opened pQE-80L vector to produce
the pQE-80L:HaLIP1m and pQE-80L:HaLIP2m constructs, later
confirmed by sequencing. The E. coli XL1-Blue strain was
transformed with these vectors and cultures were grown at 37°C
in LB media (1% Bacto Tryptone, 0.5% yeast extract and 1% NaCl
[pH 7.0]) supplemented with 50 pg/mL ampicillin for plasmid
selection. Isopropyl p-D-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.5 mM to induce protein
expression when the cultures reached an ODggp nm value of
0.4. After induction, the cultures were grown for 4 h and the
cells were harvested by centrifugation at 3000 x g for 20 min.
The pellets were resuspended in Binding Buffer (20 mM sodium
phosphate [pH 7.4], 500 mM NaCl and 20 mM imidazole)
and the cells were then disrupted by 15 cycles of sonication
at 70° amplitude during 10 s pulses with 10 s intervals for
cooling on ice. The lysate was centrifuged at 2000 x g at 4°C
for 20 min to recover the clear supernatant with the soluble
fraction for protein purification. Proteins were purified using the
His SpinTrap Kit (GE Healthcare, United Kingdom) according
to the manufacturer instructions. Eluates obtained at different
imidazole concentrations (100-500 mM) were collected and
submitted to SDS-PAGE electrophoresis to monitor the presence
of the recombinant protein (see Martins-Noguerol et al., 2020).

Total Fatty Acid Composition of

Escherichia coli

Escherichia coli cultures harboring pQE-80L:HaLIPIm and pQE-
80L:HaLIP2m were grown at 37°C with 220 rpm shaking,
inducing protein expression at an ODgoyy nm of 0.4. After
induction, the cultures were grown for 4 h and the cells were
then recovered by centrifugation at 3000 x g for 20 min,
washing the pellets twice with sterilized water. Cultures harboring
the empty pQE-80L vector were used as controls. The total
lipids from the cultures were methylated by adding 3 mL of
the methylation mixture containing methanol/toluene/sulfuric
acid (88:10:2, v/v/v) and by heating at 80°C for 1 h (Garcés
and Mancha, 1993), and heptadecanoic acid (17:0, 150 ng)
was added to the samples as an internal standard. Total fatty
acids methyl esters (FAMES) were extracted with 1 mL hexane,
transferred to fresh tubes and washed with 2 mL Na,;SOy4 (6.7%).
Again, the upper phase was recovered in clean tubes and the
solvent was evaporated under nitrogen. Methyl esters were finally
resuspended in 200 pL heptane for gas chromatography (GC)
analysis as described previously (Gonzalez-Mellado et al., 2010).

Functional Complementation of an
Escherichia coli lipA Strain

To verify the activity of HaLIPlm protein in vivo genetic
complementation of an E. coli strain lacking lipoyl synthase
(E. coli lipA, JW0623) was performed, a strain obtained from
the Coli Genetic Stock Center (CGSC). Electrocompetent cells
were generated and then transformed by electroporation with the
PQE-80L:HaLIP1m or the empty pQE-80L vector. Transformants
were incubated at 37°C overnight (ON) on LB-agar media
plates supplemented with kanamycin (30 pg/mL) and ampicillin
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(50 pwg/mL) for selection, and the resulting colonies were
inoculated in 30 mL M9 glucose minimal medium and grown at
37°C ON. Subsequently, 5 mL of these cultures at 0.1 ODgpo nm
were used to inoculate M9 glucose medium supplemented with
ampicillin, kanamycin and 0.5 mM IPTG for plasmid induction.
The JW0623 mutant transformed with empty pQE-80L, with and
without LA supplementation (50 ng/mL), was used as a positive
and negative control, respectively. The ODgpg nm Was monitored
every 90 min over 9 h, and ODgpp nm measurements were taken
after 24 and 30 h.

Generation of Transgenic Arabidopsis

thaliana Plants

The complete gene sequences for both HaLIP1m and HaLIP2m
were cloned into the pBIN19-35S binary vector driven by the
35S promoter from cauliflower mosaic virus (CaMV). PCR
reactions with specific primers were performed to produce
the gene sequences flanked by the BamHI and HindIII
restriction sites (HaLIP1m-F-BamHI and HaLIP1m-R-HindIII
for HaLIP1m/HaLIP2m-F-BamHI and HaLIP2m-R-Xbal for
HaLIP2m: Supplementary Table 1). A specific pair of primers for
the pBIN19-35S vector were designed to screen the CAMV-35S-F
and pBIN19-R constructs (Supplementary Table 1), which were
subsequently confirmed by sequencing. Then constructs were
then transformed into Agrobacterium tumefaciens strain GV3101
competent cells.

Arabidopsis thaliana Columbia-0 (Col-0) ecotype plants
were grown in a growth chamber under a controlled
environment (22°C day/20°C night, 60% humidity, 16-h,
250 wmol m~2 s~! photoperiod). Transgenic Arabidopsis
lines were generated by floral dip transformation as described
previously (Sayanova et al, 2006). First generation seeds
from the transformed plants were selected by germination in
MS medium supplemented with kanamycin (50 pg/mL: as
described in Harrison et al., 2006). Genomic DNA extracted
from leaves of the growing plants was used to confirm
the insertion of the sunflower gene into the A. thaliana
genome by PCR. In the positive transgenic plants, the
expression of both HaLIPIm and HaLIP2m was confirmed
by RT-PCR wusing HaLIP1m-F/HaLIP1m-R, HaLIP2m-F-
BamHI/HaLIP2m-R-HindIII and At18S-F/At18S-R pair of
primers (Supplementary Table 1). Third generation seeds of
confirmed transgenic A. thaliana plants were used to analyze
their lipid composition.

Fatty Acids Analysis of Transgenic

Arabidopsis thaliana Seeds

The fatty acid composition of the total lipid seed extract was
determined as described previously (Martins-Noguerol et al,
2020). Three replicates were prepared using 50 seeds for each
genotype (transgenic HaLIP1m, transgenic HaLIP2m and wild
type, WT), which were ground in 3 mL hexane:isopropanol
3:2 (v/v). The samples were the mixed with 1.5 mL of 6.7%
Na,SO4 (w/v) and the organic upper phase was transferred into
new tubes. The aqueous residue was re-extracted with 2.5 mL
hexane:isopropanol 7:2 (v/v) and the upper phase obtained

was combined with the organic phase collected previously. The
solvent was then evaporated under nitrogen and the lipids
obtained resuspended in 200 L heptane. Methylation of lipids
was performed by adding 2 mL of the methylation mixture
(methanol/toluene/H,;SOy4, 88:10:2 v/v/v) and maintaining this
at 80°C for 1 h, before adding 2 mL hexane and recovering the
upper phase. The organic phase was then washed with 1.5 mL of
6.7% Na,SO4 (w/v), the solvent was evaporated under nitrogen,
and the precipitate containing the FAMES was resuspended in
200 pL heptane and analyzed by GC on a Hewlett Packard
6890 gas chromatograph (Palo Alto, CA, United States) with
a Supelco SP-2380 fused-silica capillary column (30 m length,
0.25 mm id., 020 mm film thickness: Supelco, Bellefonte,
PA, United States).

Lipidomic Analysis of Transgenic Seeds

For lipidomic studies, lipids were extracted from 20 mg of
ice-dried Arabidopsis seeds as described previously (Martins-
Noguerol et al., 2019). The solvent was evaporated under an
atmosphere of nitrogen and the lipids were solubilized in
200 pL isopropanol. The samples were then diluted fourfold
and analyzed by ultra-high performance liquid chromatography
coupled with quadrupole-time of flight mass spectrometry (LC-
HRMS2) following the protocol described elsewhere with some
modifications (Ulmer et al, 2017). LC was performed by
HPLC 1290 (Agilent Technologies) and the lipid species were
separated on a C18 Hypersil Gold column (100 x 2.1 mm,
1.9 pm. Thermofisher) following the temperature and gradient
solvent conditions described (Martins-Noguerol et al., 2019). LC-
electrospray ionization (ESI)-HRMS2 analysis was performed by
coupling the LC system to a hybrid quadrupole time-of-flight
high definition (QToF) mass spectrometer (Agilent 6538, Agilent
Technologies) equipped with an ESI dual source. MassHunter
B.07 software was used to control the parameters and the
chromatogram was built as indicated (Martins-Noguerol et al.,
2020). The peaks were annotated using two different databases:
lipid Match (Koelmel et al., 2017) and lipid Blast (Kind et al.,
2013). The normalization was performed by the sum of all the
lipid species annotated (peak height annotated*100/Sum of all
peaks annotated).

Statistical Analysis

All the statistical analyses were performed with the IBM SPSS
v. 24.0 software (IBM Corp., Armonk, NY, United States).
The data were tested for normality (Kolmogorov-Smirnov
test) and for homogeneity of variance (Levene test), and
then a one-way analysis of variance (ANOVA) was performed
and significant differences were determined with the SNK
test. The data from the lipidomic analysis were analyzed
using Metaboanalyst v4.0 (Chong et al., 2019), performing a
multivariant analysis. A Principal Component Analysis (PCA)
was performed to study the differences in the lipid profiles among
the different genotypes and an agglomerative analysis was then
carried out to define hierarchical clusters. These clusters were
represented in heatmaps where cells represent the concentration
of each lipid species.
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RESULTS AND DISCUSSION

LIP1 and LIP2 are the enzymes involved in de novo LA
biosynthesis, the former an essential coenzyme for the activity
of several enzyme complexes like PDH. Plants contains two
distinct and spatially separated PDH complexes, one in the
mitochondrial matrix that is the primary entry point for carbon
into the citric acid cycle, and the other in the plastid stroma
providing acetyl-coA for fatty acid biosynthesis. In plants, fatty
acid biosynthesis mainly takes place in plastids and some of the
acyl groups produced in that organelle are used as precursors
for mitochondrial glycerolipids (Michaud et al., 2017). However,
mitochondria also possess their own FAS, which differs from
that of plastids (Wada et al., 1997; Gueguen et al., 2000; Guan
and Nikolau, 2016; Guan et al., 2017; Fu et al., 2020). Unlike
plastids, fatty acids are produced in mitochondria by a type
IT FAS, using malonate as a precursor. Among the metabolites
synthesized by the mitochondrial pathways, octanoic acid has
been demonstrated to be the major product (Wada et al., 1997),
a molecule that is primarily used for the lipoylation of the
target proteins.

The Distribution and Phylogeny of
Sunflower Octanoyltransferase and

Lipoyl Synthase

A LIP1 and LIP2 gene homologous to the Arabidopsis
mitochondrial genes were isolated here and cloned from
sunflower seed cDNA (HaLIP1m and HaLIP2m). These genes
were 1122 and 705 bp long, respectively, containing 372 amino
acids (aa, HaLIP1m) and 234 aa (HaLIP2m). The sunflower
genome contains two sets of genes related to de novo LA
synthesis, one of which corresponds to the plastidial isoforms
that support the synthesis of this co-factor and that contributes
to the PDH complex in that organelle. These are nuclear genes
with well-defined transit peptides, such as the plastidial lipoyl
synthases characterized previously (Martins-Noguerol et al.,
2020). Arabidopsis also possesses two sets of enzymes, one
located in plastids (Yasuno and Wada, 1998; Ewald et al,
2014) and the other in mitochondria (Ewald et al., 2014), with
the localization of LPLA and LIP2 in the latter confirmed in
western blots of mitochondrial matrix proteins. These genes were
necessary for plant viability as they support the synthesis and
transfer of LA to mitochondrial complexes involved in essential
functions for the plant, such as PDH.

Here, starting from the HaLIP1m and HaLIP2m sequences, we
analyzed their distribution predicted by different bioinformatics
platforms. In the case of HaLIP1m, all platforms unequivocally
identified it as a mitochondrial protein, with the Mitoprot,
iPSORT, Predotar, PredSL, TPpred, MitoFates, and TargetP
algorithms (reviewed by Martelli et al., 2021) yielding high scores
for its location in the mitochondrial matrix (Supplementary
Table 2). The hierarchical tree generated by the DeepLoc
algorithm for protein location (Almagro Armenteros et al., 2017)
also predicted a 99% probability of mitochondrial location for
HaLIP1m (Supplementary Figure 1). In the case of HaLIP2m
the predictions of the bioinformatics platforms were not so clear

and while they yielded scores indicating a possible mitochondrial
location, they were not conclusive (Supplementary Table 2).
In this regard, the orthologous Arabidopsis enzyme, AtLIP2m,
yielded similar scores when launched in these prediction
programs, the mitochondrial location of which has been
demonstrated (Ewald et al., 2014). Hence, it seems that this family
of proteins is not unequivocally identified as mitochondrial by
the aforementioned algorithms. Considering that the presence
of a complete LA synthesis system in the mitochondrial matrix
is essential for the viability of plants, it would be expected
that HaLIP1Im and HaLIP2m form part of the mitochondrial
lipoic synthesis system in sunflower, pending confirmation of this
hypothesis through specific studies of their distribution.

Based on the sequences of these genes, both are nuclear
encoded proteins with Nt mitochondria targeting sequence
(MTS). Most mitochondrial proteins are encoded by nuclear
genes and then transported into the target organelle in different
ways (Hansen and Herrmann, 2019). The signal peptide of
these proteins is an N-terminal sequence varying in length from
11 to 109 aa in A. thaliana (Zhang and Glaser, 2002). The
transit peptide in HaLIP1m had 69 aa with a predominance of
hydroxylated (17.4% Ser and 13% Thr), hydrophobic (13% Leu)
and positively charged (8.7% Arg) residues. HaLIP2m had a 12
aa signal sequence with a predominance of Arg (25%, positively
charged) and Leu (16.7%, hydrophobic) residues, while it also
contained Glu, Ile, Met, and Val. There is strong variability in the
amino acid composition of mitochondrial transit signals but with
a prevalence of positively charged, hydroxylated and hydrophobic
residues (Hansen and Herrmann, 2019), characteristics of the
transit signals from the two novel sunflower proteins.

A phylogenetic tree was generated that included the novel
HaLIPIm and HaLIP2m proteins, and their known plant
homologs (Figures 1, 2). In both dendrograms, HaLIP1m and
HaLIP2m clustered together with the Lactuca sativa and Cynara
cardunculus isoforms, close to the Solanaceae and Rosaceae
families. These characteristics were also observed when the
phylogeny of other sunflower proteins was studied (Gonzalez-
Thuillier et al., 2016; Troncoso-Ponce et al., 2018).

The protein alignments with homologs from different
phylogenetic groups (Figures 3, 4) identified highly conserved
domains, indicating a strong evolutionary conservation of these
enzymes. The main differences were observed in the N- and
C-termini of the proteins. The catalytic aa of both enzymes were
found by aligning their sequences with MfLIPA and MtLIPB from
M. tuberculosis (see Figures 3, 4), homologous proteins with a
previously resolved structure (Ma et al., 2006; McLaughlin et al.,
2016).

The activity of LIP2 first involves transfer of octanoate from
acyl-ACP to form a thiol bond with a Cys residue in the enzyme,
which is followed by the formation of an amide bond between
the octanoate and a Lys residue of the target subunit, the E2
protein in the case of the PDH complex (Zhao et al., 2003; Ma
et al., 2006). In the crystal structure of MtLIPB, two invariant
Cys and Lys residues are thought to act as acid-base catalysts
for such transfers. The conserved Cys residue is also that which
binds to octanoate during the reaction (Ma et al., 2006; Kim
et al., 2008). These residues correspond to Cys178 and Lys144
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FIGURE 1 | Phylogenetic tree of annotated mitochondrial lipoyl synthases. The plant species included in the tree are: Ach, Actinidia chinensis; Ad, Arachis
duranensis; Ah, Arachis hypogaea; Ai, Arachis ipaensis; At, Arabidopsis thaliana; Ata, Aegilops tauschii; Bd, Brachypodium distachyon, Ca, Coffea Arabica; Car,
Cicer arietinum; Cc, Cynara cardunculus; Cca, Cajanus cajan, Cch, Capsicum chinense; Ccl, Citrus clementine; Cp, Cucurbita pepo;, Dz, Durio zibethinus; Gm,
Glycine max; Hb, Hevea brasiliensis; Ls, Lactuca sativa; Mc, Macleaya cordata; Md, Malus domestica; Mn, Morus notabilis; Mt, Medicago truncatula; Nt, Nicotiana
tabacum; Os, Oryza sativa; Pa, Prunus avium; Ph, Panicum hallii; Pp, Prunus persica; Ps, Papaver somniferum; Psa, Pisum sativum; Pt, Populus trichocarpa; Qs,
Quercus suber; Re, Rosa chinensis; Sa, Striga asiatica; Sb, Sorghum bicolor; Si, Setaria italic; SI, Solanum lycopersicum; Sm, Salvia miltiorrhiza; So, Spinacia
oleracea; Sp, Solanum pennellii; Ss, Salvia splendens;Tc, Theobroma cacao,Vu, Vigna unguiculata. LIP1m from a bryophyte species (Ppa. Physcomitrella patens)

was used as the outgroup (green subtree). HaLIP1m is marked in blue, the Asteraceae family in red, the Dicotyledoneae group in orange, Monocotyledoneae

species in purple and two Proteobacteria species in gray (Hg, Halomonas gudaonensis and Mb, Myxococcales bacterium).

in HaLIP2m, and the Cys residue is part of a conserved PCG
motif that is also found in HaLIP2m (Pro177-Cys1778-Gly179:
Figure 3). Several aromatic residues are also thought to be
involved in the substrate interaction of MtLIPB and they form
a hydrophobic pocket that interacts with the substrate (Tyr22,
His49, His83, and Tyr91: Ma et al., 2006), the homologs of
which in HaLIP2m were Tyrl7, His45, His86, Tyr94 (Figure 3).
Moreover, other Gly residues are involved in the formation of
the cavity depicted in M{LIPB, these residues corresponding to
Gly80, Gly81, Gly149, and Gly160 in HaLIP2m (Figure 3). Like
other enzymes depending on acyl-ACP, several positive charged

residues are detected at the substrate access site, such as Arg58,

Argl30, and Argl49 in MtLIPB (Ma et al,, 2006). Two of these

homologous residues have been detected in HaLIP2m (Arg54 and
Argl151), although one Arg residue was unexpectedly replaced by
a negatively charged one (Glul35). However, this Glu was also
found in this position in other plant LIP1m sequences used in the
alignment (see Figure 3).

The reaction catalyzed by LIP1 involves the insertion of two
sulfur atoms into an octanoyl-chain bound to the apo-subunit
to form LA in a reaction that depends on SAM as a co-factor.
Two invariant 4[Fe-4S] clusters are present in this protein, one
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FIGURE 2 | Phylogenetic tree of the annotated mitochondrial octanoyltransferases. Plant species included are: Aa, Artemisia annua; Ac, Actinidia chinensis; Al,
Arabidopsis lyrata; At, Arabidopsis thaliana; Ata, Aegilops tauschii; Bd, Brachypodium distachyon,; Bn, Brassica napus; Ca, Capsicum annuum;, Car, Coffea Arabica;
Cc, Cynara cardunculus; Cca, Corchorus capsularis; Ccl, Citrus clementine; Cr, Capsella rubella; Csi, Camellia sinensis; Ga, Gossypium austral; Ha, Helianthus
annuus; Hb, Hevea brasiliensis; Hi, Handroanthus impetiginosus; Hu, Herrania umbratica, Jc, Jatropha curcas; Ls, Lactuca sativa; Md, Malus domestica; Me,
Manihot esculenta; Mn, Morus notabilis; Mr, Morella rubra; Oe, Olea europaea; Os, Oryza sativa; Pm, Panicum miliaceum; Pp, Prunus persica; Pt, Populus
trichocarpa; Qs, Quercus suber; Rc, Ricinus communis; Rch, Rosa chinensis; Sb, Sorghum bicolor; Si, Sesamun indicum; Tc, Theobroma cacao, To, Trema
orientale; Tp, Trifolium pratense; S|, Solanum lycopersicum; Zj, Ziziphus jujuba; Zm, Zea mays. LIP2m from a bryophyte (Ppa, Physcomitrella patens) was used as an
outgroup (green subtree), and HaLIP2m is marked in blue, the Asteraceae family in red the dicots in orange, the monocots in purple and two proteobacteria species

in gray (Da, Desulfurella acetivorans and Db, Deltaproteobacteria bacterium).
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of which is bound by three conserved Cys residues that constitute
the CX3CX,C motif, a characteristic of proteins that reduce SAM
(this cluster is referred to as the “RS cluster”). In HaLIP1m this
RS cluster is bound by Cys136, Cys140, and Cys 143 (boxed in
red in Figure 4). The second or “auxiliary” cluster is specific
to lipoyl synthases and it is coordinated by a CX3CX,;C motif.
Accordingly, this cluster is coordinated by Cys105, Cys110, and
Cysl16 in HaLIP1lm (indicated in green in Figure 4). This

auxiliary cluster also binds to a highly unusual Ser residue located
close to the C-terminus and that is conserved in LIP1 enzymes,
corresponding to Ser352 in HaLIP1m (in green in Figure 4).
Other residues characteristic of the RS protein superfamily were
also identified in HaLIP1m, including: (i) two invariant Asn
and Glu residues that correspond to Asn233 and Glu238 in
HaLIP1m (orange boxes in Figure 4); (ii) a “GXIXGX,E” motif
corresponding to S;77IMLGCGEjg5 in HaLIP1m (blue box in
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FIGURE 3 | Alignment of the sunflower octanoyltransferase (HaLIP2m) amino acid sequence with homologous sequences from species in different phylogenetic
groups: Arabidopsis thaliana (AtLIP2m; NP_001030961.1); Ricinus communis (RcLIP2m; XP_015578958.1); Oryza sativa (OsLIP2m; XP_015631649.1); and
Physcomitrella patens (PpLIP2m; XP_024367327.1). Identical evolutionarily conserved residues are highlighted in black and highly conserved residues are
highlighted in gray. Residues involved in substrate binding are indicated with a green (Lys) or red arrow (Cys). The conserved PCG motif is indicated by a purple box,
while Gly residues involved in the formation of the cavity where the substrate is allocated are in orange boxes. Aromatic residues that presumably interact with the
substrate are indicated by yellow boxes and other positively charged residues surrounding the access to the active site are in pink boxes.
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Figure 4); and (iii) a conserved Met residue, Met279 in HaLIP1m
(marked with a blue arrow as part of the “GXIXGX,E” motif in
Figure 4).

Tertiary Structure Prediction and

Molecular Docking

A structural model of HaLIP2m was obtain based on the crystal
structure of MtLIPB (Ma et al., 2006) as HaLIP2m and MtLIPB
share 45.90% of identity. The model consisted of a single
monomer constituted by eight o helices and nine f strands, with
the B strands grouped into two  sheets with a gap between
both (Figures 5A,B). The larger f sheet contained six f strands
(B1B2-p6-p7-p8-p9) and the minor B sheet was formed by three
strands ($3-B4-B5). LIP2 proceeds by transferring the acyl group
from an octanoyl-ACP substrate to a specific Lys residue in

the target apo-proteins. For this activity, LIP2 forms a thioester
intermediate with an octanoyl chain via the conserved Cys
residue in the structure (Ma et al., 2006; Kim et al., 2008). The
docking model of HaLIP2m using octanoic acid as a substrate
(Figures 5B-D) was consistent with this hypothesis, and in our
docking model octanoic acid was positioned in the core gap
between the two B sheets, with the carboxylic group outside and
next to Cys178. This Cys187 also formed part of the conserved
PCG motif and it lay next to the conserved Lys144 residue.
To transfer the acyl group from the octanoyl-ACP substrate
to the specific Lys residue in the target apo-proteins, LIP2
forms a thioester intermediate with the octanoyl chain through
the conserved Cys residue in the structure (Zhao et al., 2005;
Ma et al,, 2006). Our docking model is consistent with this
hypothesis and we propose that Cys178 is responsible for the
thioester bond that forms with the octanoyl chain to establish this
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FIGURE 4 | Alignment of the sunflower lipoyl synthase (HaLIP1m) aa sequence with homologous proteins from Arabidopsis thaliana (AtLIP1m; OAP07537.1);
Solanum lycopersicum (SILIP1m; XP_004243321.1); Oryza sativa (OsLIP1m; XP_015633364.1); and Physcomitrella patens (PpLIP1m; XP_024391419.1). Strictly
conserved residues are highlighted in black and highly conserved residues in gray. The signal peptide sequence is indicated with a dashed line and the [4Fe-4S]
clusters that participate in the catalytic activity of LIP1 are marked by a red (RS cluster involved in SAM cleavage) and green box (auxiliary cluster with the Ser residue
that also coordinates this cluster marked with a green arrow). The conserved R(S/T)S motif in the C-terminus is marked by a blue box. The residues involved in SAM
recognition are in orange boxes (Asn and Glu in the ribose motif, and the “GXIXGXoE” motif-like characteristic of RS enzymes) and with an orange arrow (Arg).

intermediate during catalysis, as this Cys178 remains next to the  (Ma et al., 2006). Accordingly, the conserved Lys144 in HaLIP2m
carboxyl group (Figure 5D). The conserved Lys residue probably  remains next to Cys178 in the 3D structure (Figure 5D), which
interacts with this Cys residue when a substrate is not available ~would be consistent with its proposed function. Other studies
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FIGURE 5 | Proposed structure and molecular docking model for HaLIP2m. (A) Tertiary structure. The core consisted of two B sheets (a minor g sheet in orange and
alarge B sheet in green). The secondary structure elements with a helix motif are in blue. (B) Coulombic surface coloring showing the gap where the octanoyl chain
interacts. (C) Ribbon diagram with the octanoic acid substrate in a 3D view next to the Cys residue (in red and forming part of the purple PCG motif). The Lys residue
involved in acyltransferase activity with Cys/Lys is in green and the conserved Gly residues forming the gap in the core structure are in orange. The positively charged
residues that participate in the interaction with substrate are marked in pink and the aromatic residues also involved in the interaction with the substrate are in yellow.
(D) Wider angle of the active center of the protein with the substrate in a ribbon diagram.

have provided evidence for this mechanism of action. The
structure of LIPB from Thermus thermophilus (TthLIPB: Kim
et al., 2008), which has been crystallized with decanoic acid,
revealed the same Cys and Lys residues to be involved in catalysis.
In addition, the activity of LIPB from E. coli (EcLIPB) appears to
proceed by forming a thioester intermediate with the thiol group
from a conserved Cys residue (Cys169 in EcLIPB: Zhao et al,,
2005).

A structural model of HaLIPlm was obtained based on
the crystal structure of MtLIPA (McLaughlin et al., 2016), as
both these proteins sharing 41.26% identity (see alignments in
Supplementary Figure 2). The model obtained had a monomeric
structure consisting of 13 « helices and 7 B strands (B7/al3),
and there was a partial TIM barrel pattern (Figure 6A)
described previously for other lipoyl synthases, even though
the number of o helix or B strands varies (Harmer et al.,
2014; McLaughlin et al., 2016). In this model, the B strands
remained in the core of the protein while the o helices had
an outward disposition. This was a structure very similar
to the two plastidial isoforms of sunflower lipoyl synthase
(HaLIP1pl and HaLllIP1p2) characterized previously by our
group (Martins-Noguerol et al., 2020).

Two gaps were visible in the computed surface model of
HaLIP1m (Figure 6B). In the docking model, these gaps were
occupied by the substrates selected, the peptide chain of the
lipoyl-lys substrate remained outside the gap while the sulfur
atoms were situated within the structure, 5'-deoxyadenosine
staying close to the lipoyl group (Figures 6C,D). The lipoyl-
lys substrate is positioned near to the auxiliary cluster and
it is responsible for the insertion of sulfur into the octanoyl
chain and the generation of lipoyl-lys. In addition, both docking
substrates were located very close together, with the sulfur atoms
of lipoyl-lys toward the core of the structure. The unusual Ser
residue that coordinates the auxiliary cluster was also located
very close to this cluster at the active site of the protein.
The 5'-deoxyadenosine was also located near to the RS cluster
responsible for the cleavage of SAM and the generation of the
radical. Site-directed mutagenesis suggests that the Ser residue
is essential for lipoyl group formation but not for the reductive
cleavage of SAM (Harmer et al., 2014). Moreover, alignment of
590 lipoyl synthase sequences (Akiva et al., 2014) shows that the
serine ligand is conserved in over 98% of these sequences. These
findings are consistent with the mechanism of action described
for lipoyl synthases. When the substrate is available, the octanoyl
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active center of the protein with the substrates.

FIGURE 6 | Proposed structure and molecular docking model for HaLIP1m. (A) TIM partial barrel structure showing the secondary structure elements, with an a
helix motif are in blue and the B strands are in orange. (B) Coulombic surface coloring showing the gaps where substrates interact. Indicated in red is the gap where
octanoyl-Lys is positioned to form lipoyl-Lys, while the gap where SAM interacts to form 5’-deoxyadenosyne radicals is in green. (C) Molecular docking. 3D Ribbon
diagram with substrates (lipoyl-lys and 5’'deoxiadenosine) located at the active site of protein. The residues involved in catalytic activity are in red (the RS cluster
responsible for SAM reduction) and green (auxiliary cluster donating the sulfur atoms during LA synthesis). The Ser residue in green forms part of the R(S/T)Y motif (in
blue) located close to the auxiliary cluster that allows the coordination of the cluster. The residues involved in SAM recognition are in orange and the lipoyl-lys peptide
chain is positioned out of the gap with the sulfur atoms of the LA ring toward the core of the protein, close to 5'deoxiadenosine. (D) Amplified ribbon diagram of the

chain bound to the target apo-protein is positioned close to the
N-terminus of lipoyl synthase and this chain is accommodated
between the two [4Fe-4S] clusters (McLaughlin et al., 2016).
A conformational change of the structure has then been described
that bring the clusters together, involving a shortening from 15.3
to 11.8 A in MtLIPA (McLaughlin et al., 2016). The docking
model of HaLIP1m reflected the structure of the protein when
this conformational change took place (Figure 6) as the reference
model is a structure crystallized with the substrate. The proposed
conformational change enables the reduction of SAM and the first
sulfur insertion of the octanoyl chain at C6 through the action of
the RS cluster. The cleavage of SAM generates methionine and
a 5’-deoxyadenosyl radical. Although the exact function of the
auxiliary cluster has not yet been fully established it has been

suggested that both sulfur atoms are transferred from a single
lipoyl synthase molecule (Cicchillo et al., 2004). Accordingly, the
auxiliary cluster acts as the sulfur donor for the second insertion
at C8. This hypothesis involves the scarification of the auxiliary
cluster during activity (Cronan, 2016), although this mechanism
remains controversial.

HaLIP1m and HaLIP2m Expression

The expression of HaLIPIm and HaLIP2m was analyzed by RT-
qPCR in different vegetative sunflower tissues and in developing
seeds. Transcripts from these genes accumulated in all the
tissues analyzed, with the expression of HaLIP2m always several
fold-higher than that of HaLIPIm. Both genes were maximally
expressed in leaf tissue (Figure 7) and both genes were expressed
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similarly in developing sunflower seeds, with a decrease in the
number of transcripts at later developmental stages (25-28 DAF:
Figure 7). Therefore, plant leaf mesophyll tissue has a high LA
requirement as these cells have large amounts of the glycine
cleavage system complex to catalyze the conversion of Gly into
Ser during photorespiration (Bauwe et al., 2010). Hence, leaf
mesophyll is the main site of LA biosynthesis in plants (Wada
et al., 1997) and consequently HaLIP1m and HaLIP2m were
expressed most strongly in these tissues. By contrast, LIP2m from
A. thaliana has been described as an essential protein expressed
mostly in leaves and photosynthetic organs, yet not in roots and
flowers (Ewald et al., 2014).

Complementation of JW0623 With the

Sunflower HaLIP1m Gene

In order to ratify the activity of HaLIPIm in vivo, a genetic
complementation study was performed in the JW0623 IlipA
deficient E. coli mutant strain that grows poorly even in rich
medium (Santos and Hirshfield, 2016). The growth rate of
this stain was even slower in M9 minimal medium where no
free LA is available for lipoate scavenging by LPLA. HaLIP1m
expression was able to restore the normal growth rate of the
mutant (Figure 8). Although in the first hours of HaLIP1m
expression by the mutant it grew in parallel to the negative
control (E. coli mutant strain transfected with the empty vector),
a normal growth rate was recovered after 24 h similar to that
of the positive control (E. coli with empty vector in minimal
medium supplemented with LA). Hence, the HaLIPIm expressed
by bacteria clearly produced a functional enzyme.

Fatty Acid Analysis of Escherichia coli
Expressing HaLIP1m and HaLIP2m

The mature protein coding regions of both HaLIPlm and
HaLIP2m were cloned into pQE-80L expression vector to

express these genes heterologously in E. coli XL1-Blue cells.
Both proteins were expressed strongly in this system and they
were purified from the soluble fraction of the cell lysates by
affinity chromatography on Ni-NTA columns as recombinant
proteins of the predicted molecular weight (Supplementary
Figure 3). Qualitative modifications in terms of bacterial
fatty acid composition were measured, and overexpression
of both HaLIPIm and HaLIP2m produced changes in some
fatty acid species relative to the fatty acids isolated from
the controls carrying the empty pQE-80L vector (Table 1).

30 —a— pQE-80L c
“7 --e- pQE-80L + LA .
—A— pQE-80L::HaLIP1m 2
2.54 {
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£
D§
1.54
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a a ] n
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FIGURE 8 | Complementation of LipA-deficient JW0623 E. coli in M9 glucose
minimal medium following transformation with HaL/P7m in a pQE-80L
expression vector, and using E. coli cells transformed with the empty pQE-80L
vector as a control: LA, lipoic acid supplementation (50 ng/mL). All cultures
were induced with 0.5 mM IPTG and the break in the graph separates the
growth during the first 9 h from the measurements at 24 and 30 h. The data
represent the mean + SD of three independent replicates and the different
letters are the mean statistical differences (p < 0.05) at each time point.
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Although these changes were quite mild, significantly HaLIP1m
produced an increase of 18:14 !! while HaLIP2m increased
the 18:14 ! species and decreased the 14:0, 16:0, and
19:0A species. Moreover, HaLIP2m overexpression produced
an increase in the unsaturated to saturated fatty acid ratio
(UFA/SFA; Table 1) and a decrease in the total amount
of fatty acids was detected in both strains overexpressing
the heterologous sunflower proteins (Table 1). In E. coli,
LA is synthesized from octanoyl-ACP through the sequential
activity of LIPB and LIPA, although octanoyl-ACP can also
be used by P-ketoacyl-ACP synthase I (FABB in E. coli) for
acyl chain elongation to form decanoic acid. The data from
E. coli expressing HaLIP2m could be explained by competition
between this enzyme and LIPB or FABB for the intracellular
octanoyl-ACP substrate. Thus, the overexpression of HaLIP2m
could produce octanoyl-ACP depletion (which would remain
bound to HaLIP2m to form the acyl thioester intermediate),
reducing its availability for the synthesis of longer fatty acids
and inducing the decrease in fatty acid synthesis observed.
Furthermore, a decrease in the growth of bacteria harboring
HaLIP2m was observed (data not shown) which supports the
competition hypothesis.

The fatty acid profile associated with HaLIPIm was essentially
the same as in the control. Overexpression of lipoyl synthase
activity in bacteria was expected to produce more LA and
more lipoylation of the E2-PDH complex, enhancing its activity
and consequently, more acetyl-CoA can be produced for fatty
acid biosynthesis. However, there were no significant differences
in the total amount of fatty acids in the transgenic cultures
relative to the controls. This could reflect the endogenous

TABLE 1 | Fatty acid composition (mol%) of E. coli transformed with recombinant
plasmids.

pPQE-80L  pQE-80L:HaLIP1m pQE-80L:HaLIP2m

14:0 3.75 4 0.352 3.80 4+ 0.262 2.81 4 0.29P
16:0 45.00 + 0.492 46.32 + 1.902 42.30 + 0.35°
16:1 20.32 + 3.072 22.60 + 0.69? 16.52 + 0.522
17:0A2 9.94 4+ 2.782 6.01 & 3.322 10.41 + 0.552
18:0 0.94 +0.212 0.75 + 0.022 1.63 + 0.062
181411 18.95 + 0.342 20.26 + 0.64° 25.68 + 0.34°
19:0A2 1.10 &+ 0.692 0.26 + 0.152 0.65 + 0.06°
SFAP 49.69 + 0.312 50.88 + 2.132 46.74 + 0.06°
UFAC 50.31 4+ 0.312 49.12 + 2.132 53.26 + 0.60°
UFA/SFA 1.01 £0.012 0.97 + 0.082 114 +£0.03°
mg FAs/unit 0.44 + 0.092 0.36 + 0.012° 0.30 + 0.06°
OD600 nm

Fatty acids: 14:0, myristic acid; 16:0, palmitic acid; 16:1A9, palmitoleic acid;
17:0A, cis-9,10-methylenehexadecanoic acid; 18:0, stearic acid; 18:1A11, cis-
vaccenic acid; 19:0A, cis-9,10-methyleneoctadecanoic acid. Protein expression
was induced with 0.5 mM IPTG, and the data represent the average + SD of three
independent samples (HalIP1m and HalLlP2m) and of six samples for the control
cultures transformed with the empty pQE-80L.

Different letters represent statistical differences (p < 0.05).

aC17 and 19 cyclopropanes derived from C16:1 and 18:1, respectively.
bSaturated fatty acids 14:0 4+ 16:0 + 18:0.

CUnsaturated fatty acids and their derivatives 16:129 4+ 17:0A + 18:1477 4 19:0A.

regulation of PDH by bacterial lipoylation machinery to
maintain its activity.

Together these results indicated that both the HaLIP2m and
HaLIP1m enzymes are functional and that they can modify
fatty acid metabolism in bacteria. Other target complexes for
LA in bacteria are 2-OGDH, which acts in the citric acid cycle
for cell respiration, and the glycine cleavage system, yielding
carbon dioxide, ammonia, 5,10-methylenetetrahydrofolate plus a
reduced pyridine nucleotide (Cronan et al., 2005). In this context,
it is important to consider that HaLIP2m and HaLIP1m could
also interact with these other metabolic pathways.

Effect of HaLIP1m and HaLIP2m
Expression on the Arabidopsis thaliana
Lipidome

Most plant fatty acids are synthetized in plastids (or chloroplasts
in green tissues) and they serve as precursors for glycolipids (the
main lipids forming photosynthetic membranes), phospholipids
(the principal components of cell membranes) or acylglycerols
(including triacylglycerols - TAGs-, the main compounds in
storage lipid seeds). Mitochondria also have their own fatty
acid biosynthetic machinery, which is mainly dedicated to
produce LA and lipid A (Guan et al, 2017). Although, the
majority of fatty acids for lipid biosynthesis are derived from
intraplastidial biosynthesis, there is evidence that fatty acid
biosynthesis in mitochondria is essential for correct plant
lipid metabolism (Guan et al., 2017). Transgenic A. thaliana
plants overexpressing HaLIPIm or HaLIP2m did not show any

TABLE 2 | Fatty acid composition (mol%) of A. thaliana seeds overexpressing
HaLIP1m or HaLlP2m.

WT Col-0 HaLIP1m HaLIP2m
16:0 7.69 + 0.05 8.20 + 0.46 7.55 £ 0.10
16:149 0.21 +0.04 0.17 +0.00 0.24 4+ 0.01
18:0 3.46 + 0.11 3.43+£0.16 3.45 +0.06
18:149 17.35 £ 0.07 *16.03 + 0.34 16.91 £ 0.22
181411 0.09 + 0.03 0.07 + 0.01 0.08 +0.02
18:249412 27.79 £ 0.25 *27.29 4+ 0.06 27.87 +£0.12
18:3409412A15 16.04 4+ 0.04 *17.70 +£ 0.10 16.84 + 0.05
20:0 2.01 £0.05 2.06 + 0.03 2.18 £ 0.03
20:1AM 21.33+0.18 21.00 4 0.31 20.76 + 0.13
20:1A18 1.70 £ 0.01 1.78 £ 0.02 1.79+£0.14
20:249412 0.29 + 0.02 0.33 + 0.02 0.31 £ 0.01
22:0 0.23 + 0.01 0.19 + 0.01 0.18 + 0.06
22:1A18 1.67 £ 0.05 1.65 + 0.05 1.68 £ 0.02
24:0 0.14 +0.08 0.11 4+ 0.05 0.15 + 0.04
SFA2 13.53 + 0.02 13.98 + 0.57 13.52 + 0.13
UFAP 86.47 +0.02 86.02 + 0.57 86.48 +0.13
UFA/SFA 6.39 + 0.01 6.16 + 0.29 6.40 + 0.07

The data represent the mean £SD of three independent replicates.

aSaturated fatty acid: 16:0 + 18:0 + 20:0 + 22:0 + 24.0.

bUnsaturated fatty acids and their derivatives: 16:1% 9 + 18:18 9 4 18:14
T4 18:08 9A 12 4 1g.3A 9A 124 15 4 0p.qA 11 4 pp-7A 18 4 pp.0A 94
12 4 20:12 78,

*Significant differences (p < 0.05).
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FIGURE 9 | Principal component analysis (PCA) showing similar relationships between mature Arabidopsis WT Col-0 seeds and transgenic HaL/P1m (A) and
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FIGURE 10 | Hierarchical clustering and heatmap of the most significantly different lipid species (right) comparing mature control (WT, in red) and transgenic
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external phenotype (Supplementary Figure 4) and thus, 3rd
generation of transgenic Arabidopsis seeds, confirmed by RT-
PCR (Supplementary Figure 5), were used to analyze the total
fatty acid composition of seeds (Table 2). No differences in
seed fatty acid composition were observed when HaLIP2m was
overexpressed. However, some minor changes were found in
seeds when they overexpressed HaLIPIm, in particular a mild
increase in linolenic acid at the expense of oleic and linoleic
acid (Table 2).

To gain further insights into the involvement of HaLIP2m and
HaLIP1m in seed lipid biosynthesis, the lipidome of transgenic
seeds overexpressing either HaLIP1m or HaLIP2m was analyzed.
Despite the absence of an effect on the total fatty acid content
in both transgenic lines, the content of some lipid species was
altered by HaLIP1m or HaLIP2m overexpression, indicating a
reorganization of the fatty acid distribution of the different lipid
classes. In this study a total of 42 lipid species were identified
and annotated, and an unsupervised PCA was initially employed
to determine the experimental variation. In both cases, when
the WT Col-0 lipidome was compared to the transformants,
two separate groups of plots were detected that corresponded
to the different genotypes (Figure 9). This overview of the

lipid composition of the different seeds indicated that the
different genotypes have distinct lipid compositions. A ¢-test
was performed to detect the lipid species that were significantly
different between the WT and each of the transgenic seed lines
and hierarchical clustering was used to visualize these differences
in heatmaps of the 25 seed lipids displaying the most significant
differences (Figures 10, 11). A clear change in the content of
some glycerolipid species was detected when both enzymes were
overexpressed relative to the WT.

The overexpression of HaLIP2m affected some lipid species
in seeds, such as TAGs species, producing an increase in TAGs
54:4, 54:3, 52:4, 56:7, 56:6, and 56:5, and a decrease in TAGs 58:4,
54:8, 54:7, 587, 56:2, 58:3, and PC 36:4 (Figure 11). Some of
these TAG species represent a relevant component of the storage
oil in seeds. The results indicated that overexpressing sunflower
octanoyltransferase in Arabidopsis altered metabolism in a way
that affected plant lipid biosynthesis. In this regard, an excess of
octanoyltransferase in mitochondria could provoke a depletion
of octanoyl-ACP within this organelle by interacting with this
intermediate, competing with the endogenous mitochondrial
KAS (Yasuno et al., 2004). This could restrict mitochondrial fatty
acid synthesis, inducing a deficit of LA and lipid A. Defects in
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lipoylation have previously been reported in the A. thaliana mtkas
mutant, deficient in mitochondrial KAS activity (Ewald et al.,
2007). This mutation produced weaker H protein lipoylation
from the glycine cleavage system, essential in photorespiration
(Bauwe et al., 2010), since 95% of the complex is lipoylated
through octanoyl-ACP produced by KAS activity via LIP2-LIP1
(Ewald et al., 2007). The restrictions in the lipoylated glycine
system provoke metabolic alterations due to a decrease in the
photorespiratory ability of the plant. These alterations affect the
metabolism of cuticle formation and TAG synthesis, both at the
level of gene expression and metabolism (Guan et al., 2017).
Accordingly, the alterations caused by HaLIP2m overexpression
could affect general lipid metabolism, which could in turn alter
the distribution of fatty acid species in complex lipids, modifying
the fatty acid metabolism of developing seeds. As a result, there
may also be alterations in the pools of certain key metabolites
like acyl-CoAs, which would modify the glycerolipid species
accumulated based on their availability.

HaLIPlm overexpression also caused some variations
in major TAG species in Arabidopsis seeds, provoking an
increase in TAG 56:4, TAG 54:5, TAG 56:5, TAG 544,
TAG 54:3, TAG 56:3, TAG 54:6, TAG 56:7, and a decrease
in TAG 52:6, TAG 58:3, TAG 58:3, TAG 52:2, TAG 50:2,
and TAG 56:2. In this case, the phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and diacylglycerol (DAG)
glycerolipid content in transgenic HaLIPIm seeds was also
altered, decreasing significantly in mature seeds (Figure 12).
Thus, HaLIP1m overexpression decreased DAG to 50%, PC
to 51%, and PE to 50%. These changes were analogous to
those reported for the overexpression of the plastidial forms
of this enzyme in Arabidopsis (HaLIP1pl and HaLIP1p2:
Martins-Noguerol et al., 2020), indicating that both enzymes
had the same effect on plant lipid metabolism probably
involved in the de novo biosynthesis of PC and PE. Thus,
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FIGURE 12 | Relative (in reference to the total lipids) diacylglycerols (DAG),
phosphatidyl choline (PC) and phosphatidylethanolamine (PE) in control
A. thaliana seeds (white bars) and seeds transformed with HaLIP1m (gray
bars). The data represents the average of three biological replicates and (*)
indicates a significant difference (p < 0.05).

the glycerolipid biosynthesis of DAG, PC and PE is probably
related, between them and with TAG synthesis (Li-Beisson
et al., 2013). Thus, DAG is a precursor of PC and PE due
to the action of amino alcohol phosphotransferases. These
enzymes catalyze the biosynthesis of PC through CDP-
choline by diacylglycerol cholinephosphotransferase and the
biosynthesis of PE from CDP-ethanolamine by diacylglycerol
ethanolaminephosphotransferase. Both CDP-derivatives are
originated from PC or PE through the activity of choline-
phosphate cytidyltransferase or CTP:phosphoethanolamine
cytidyltransferase, respectively. PE can also be converted to
PC by N-methyltransferase, which is dependent on SAM.
Since HaLIPIm is also an enzyme that consumes SAM, its
overexpression could cause the depletion of this co-factor in
plant cells, restricting the PE/PC interconversion as previously
hypothesized for sunflower plastidial LIP1 forms overexpressed
in Arabidopsis seeds (Martins-Noguerol et al., 2020).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

RM-N performed most of the experimental work. AM-P, SA,
MT-P, and BT participated in the lipidomic analysis of mature
seeds. RG, EM-E JS, and AM-P participated in the work
direction and experimental design. All the authors wrote and
revised the manuscript.

FUNDING

This work was financed by the PID2020-113134RB-
100/AEI/10.13039/501100011033 project granted by the Spanish
State Research Agency within the State Programs for Research
and Innovation Oriented to the Challenges of Society.

ACKNOWLEDGMENTS

We are grateful to Guadalupe Ferndndez Arévalo and Arantxa
Gonzalez Callejas for their technical assistance. We acknowledge
support of the publication fee by the CSIC Open Access
Publication Support Initiative through its Unit of Information
Resources for Research (URICI).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
781917/full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 781917


https://www.frontiersin.org/articles/10.3389/fpls.2021.781917/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.781917/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Martins-Noguerol et al.

Sunflower Mitochondrial Lipoic Acid Synthesis

REFERENCES

Akiva, E., Brown, S., Almonacid, D. E., Barber, A. E. 2nd., Custer, A. F., Hicks,
M. A, et al. (2014). The structure-function linkage database. Nucleic Acids Res.
42, D521-D530. doi: 10.1093/nar/gkt1130

Almagro Armenteros, J. J., Senderby, C. K., Senderby, S. K., Nielsen, H., and
Winther, O. (2017). DeepLoc: prediction of protein subcellular localization
using deep learning. Bioinformatics 33, 3387-3395. doi: 10.1093/bioinformatics/
btx431

Badouin, H., Gouzy, J., Grassa, C. J., Murat, F., Staton, S. E., Cottret, L., et al. (2017).
The sunflower genome provides insights into oil metabolism, flowering and
Asterid evolution. Nature 546, 148-152. doi: 10.1038/nature22380

Bannai, H., Tamada, Y., Maruyama, O., Nakai, K., and Miyano, S. (2002). Extensive
feature detection of N-terminal protein sorting signals. Bioinformatics 18,
298-305. doi: 10.1093/bioinformatics/18.2.298

Bauwe, H., Hagemann, M., and Fernie, A. R. (2010). Photorespiration: players,
partners and origin. Trends Plant Sci. 15, 330-336. doi: 10.1016/j.tplants.2010.
03.006

Bhasin, M., and Raghava, G. P. S. (2004). ESLpred: SVM-based method for
subcellular localization of eukaryotic proteins using dipeptide composition and
PSI-BLAST. Nucleic Acids Res. 32(Suppl. 2), W414-W419. doi: 10.1093/nar/
gkh350

Chong, J., Wishart, D. S., and Xia, J. (2019). Using metaboanalyst 4.0 for
comprehensive and integrative metabolomics data analysis. Curr. Protoc.
Bioinform. 68:¢86. doi: 10.1002/cpbi.86

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 distinct
[4Fe4S] clusters per polypeptide. Biochemistry 43, 11770-11781. doi: 10.1021/
bi0488505

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. doi: 10.1128/MMBR.00073-15

Cronan, J. E,, Zhao, X., and Jiang, Y. (2005). Function, attachment and synthesis of
lipoic acid in Escherichia coli. Adv. Microb. Physiol. 50, 103-146. doi: 10.1016/
$0065-2911(05)50003- 1

Ewald, R., Hoffmann, C., Florian, A., Neuhaus, E., Fernie, A. R., and Bauwe, H.
(2014). Lipoate-protein ligase and octanoyltransferase are essential for protein
lipoylation in mitochondria of Arabidopsis. Plant Physiol. 165, 978-990. doi:
10.1104/pp.114.238311

Ewald, R., Kolukisaoglu, U., Bauwe, U., Mikkat, S., and Bauwe, H. (2007).
Mitochondrial protein lipoylation does not exclusively depend on the mtKAS
pathway of de novo fatty acid synthesis in Arabidopsis. Plant Physiol. 145,
41-48. doi: 10.1104/pp.107.104000

Fu, X., Guan, X., Garlock, R., and Nikolau, B. J. (2020). Mitochondrial fatty acid
synthase utilizes multiple acyl carrier protein isoforms. Plant Physiol. 183,
547-557. doi: 10.1104/pp.19.01468

Garcés, R., and Mancha, M. (1993). One-step lipid extraction and fatty acid methyl
esters preparation from fresh plant tissues. Anal. Biochem. 211, 139-143. doi:
10.1006/abio.1993.1244

Gonzélez-Mellado, D., von Wettstein-Knowles, P., Garcés, R., and Martinez-
Force, E. (2010). The role of B-ketoacyl-acyl carrier protein synthase III in
the condensation steps of fatty acid biosynthesis in sunflower. Planta 231,
1277-1289. doi: 10.1007/s00425-010-1131-z

Gonzilez-Thuillier, 1., Venegas-Calerén, M., Sanchez, R., Garcés, R., von
Wettstein-Knowles, P., and Martinez-Force, E. (2016). Sunflower (Helianthus
annuus) fatty acid synthase complex: B-hydroxyacyl-[acyl carrier protein]
dehydratase genes. Planta 243, 397-410. doi: 10.1007/s00425-015-2410-5

Grosdidier, A., Zoete, V., and Michielin, O. (2011). SwissDock, a protein-small
molecule docking web service based on EADock DSS. Nucleic Acids Res. 39,
W270-W277. doi: 10.1093/nar/gkr366

Guan, X., and Nikolau, B.J. (2016). AAE 13 encodes a dual-localized malonyl-CoA
synthetase that is crucial for mitochondrial fatty acid biosynthesis. Plant J. 85,
581-593. doi: 10.1111/tpj.13130

Guan, X., Okazaki, Y., Lithio, A., Li, L., Zhao, X,, Jin, H., et al. (2017). Discovery
and characterization of the 3-hydroxyacyl-ACP dehydratase component of the
plant mitochondrial fatty acid synthase system. Plant Physiol. 173, 2010-2028.
doi: 10.1104/pp.16.01732

Gueguen, V., Macherel, D., Jaquinod, M., Douce, R., and Bourguignon, J. (2000).
Fatty acid and lipoic acid biosynthesis in Higher Plant mitochondria. J. Biol.
Chem. 275, 5016-5025. doi: 10.1074/jbc.275.7.5016

Hansen, K. G., and Herrmann, J. M. (2019). Transport of proteins into
mitochondria. Protein J. 38, 330-342. doi: 10.1007/s10930-019-09819-6

Harmer, J. E., Hiscox, M. J., Dinis, P. C,, Fox, S. J., Iliopoulos, A., Hussey, J. E.,
et al. (2014). Structures of lipoyl synthase reveal a compact active site for
controlling sequential sulfur insertion reactions. Biochem. J. 464, 123-133. doi:
10.1042/BJ20140895

Harrison, S. J., Mott, E. K., Parsley, K., Aspinall, S., Gray, J. C., and Cottage, A.
(2006). A rapid and robust method of identifying transformed Arabidopsis
thaliana seedlings following floral dip transformation. Plant Methods 2:19. doi:
10.1186/1746-4811-2-19

Kim, D.J., Lee, S. J., Kim, H. S., Kim, K. H., Lee, H. H., Yoon, H. J., et al. (2008).
Structural basis of octanoic acid recognition by lipoate-protein ligase B. Proteins
70, 1620-1625. doi: 10.1002/prot.21843

Kind, T., Liu, K. H,, Lee, D. Y., DeFelice, B., Meissen, J. K., and Fiehn, O. (2013).
LipidBlast in silico tandem mass spectrometry database for lipid identification.
Nat. Methods 10, 755-758. doi: 10.1038/nmeth.2551

Koelmel, J. P., Kroeger, N. M., Ulmer, C. Z., Bowden, J. A., Patterson, R. E.,
Cochran, J. A,, etal. (2017). LipidMatch: an automated workflow for rule-based
lipid identification using untargeted high-resolution tandem mass spectrometry
data. BMC Bioinform. 18:331. doi: 10.1186/s12859-017-1744-3

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A.,
McWilliam, H., et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics
23, 2947-2948. doi: 10.1093/bioinformatics/btm404

Li-Beisson, Y., Shorrosh, B., Beisson, F., Andersson, M. X., Arondel, V., Bates,
P.D,, etal. (2013). Acyl-lipid metabolism. Arabidopsis Book/Am. Soc. Plant Biol.
11:e0161.

Ma, Q., Zhao, X., Eddine, A. N., Geerlof, A., Li, X., Cronan, J. E., et al. (2006). The
Mycobacterium tuberculosis LipB enzyme functions as a cysteine/lysine dyad
acyltransferase. Proc. Natl. Acad. Sci. U.S.A. 103, 8662-8667. doi: 10.1073/pnas.
0510436103

Martelli, P. L., Savojardo, C., Fariselli, P., Tartari, G., and Casadio, R. (2021).
Computer-aided prediction of protein mitochondrial localization. Methods
Mol. Biol. 2275, 433-452.

Martins-Noguerol, R., Moreno-Pérez, A. J., Acket, S., Makni, S., Garcés,
R., Troncoso-Ponce, A., et al. (2019). Lipidomic analysis of plastidial
octanoyltransferase mutants of Arabidopsis thaliana. Metabolites 9:209. doi:
10.3390/metabo9100209

Martins-Noguerol, R., Moreno-Pérez, A. J., Acket, S., Troncoso-Ponce, M. A.,
Garcés, R, Thomasset, B., et al. (2020). Impact of sunflower (Helianthus annuus
L.) plastidial lipoyl synthases genes expression in glycerolipids composition
of transgenic Arabidopsis plants. Sci. Rep. 10:3749. doi: 10.1038/s41598-020-
60686-2

McLaughlin, M. L, Lanz, N. D., Goldman, P. J., Lee, K. H., Booker, S. J., and
Drennan, C. L. (2016). Crystallographic snapshots of sulfur insertion by lipoyl
synthase. Proc. Natl. Acad. Sci. U.S.A. 113, 9446-9450. doi: 10.1073/pnas.
1602486113

Michaud, M., Prinz, W. A., and Jouhet, J. (2017). Glycerolipid synthesis and lipid
trafficking in plant mitochondria. FEBS J. 284, 376-390. doi: 10.1111/febs.
13812

Mooney, B. P., Miernyk, J. A., and Randall, D. D. (2002). The complex fate of a-
ketoacids. Annu. Rev. Plant Biol. 53, 357-375. doi: 10.1146/annurev.arplant.53.
100301.135251

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. J. Bacteriol. 177, 1-10. doi: 10.1128/jb.177.1.1-
10.1995

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
and Meng, E. C. (2004). UCSF Chimera—a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605-1612. doi: 10.1002/jcc.20084

Santos, V., and Hirshfield, 1. (2016). The physiological and molecular
characterization of a small colony variant of Escherichia coli and its phenotypic
rescue. PLoS One 11:¢0157578. doi: 10.1371/journal.pone.0157578

Savojardo, C., Bruciaferri, N., Tartari, G., Martelli, P. L., and Casadio, R. (2020).
DeepMito: accurate prediction of protein sub-mitochondrial localization

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 781917


https://doi.org/10.1093/nar/gkt1130
https://doi.org/10.1093/bioinformatics/btx431
https://doi.org/10.1093/bioinformatics/btx431
https://doi.org/10.1038/nature22380
https://doi.org/10.1093/bioinformatics/18.2.298
https://doi.org/10.1016/j.tplants.2010.03.006
https://doi.org/10.1016/j.tplants.2010.03.006
https://doi.org/10.1093/nar/gkh350
https://doi.org/10.1093/nar/gkh350
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1021/bi0488505
https://doi.org/10.1021/bi0488505
https://doi.org/10.1128/MMBR.00073-15
https://doi.org/10.1016/S0065-2911(05)50003-1
https://doi.org/10.1016/S0065-2911(05)50003-1
https://doi.org/10.1104/pp.114.238311
https://doi.org/10.1104/pp.114.238311
https://doi.org/10.1104/pp.107.104000
https://doi.org/10.1104/pp.19.01468
https://doi.org/10.1006/abio.1993.1244
https://doi.org/10.1006/abio.1993.1244
https://doi.org/10.1007/s00425-010-1131-z
https://doi.org/10.1007/s00425-015-2410-5
https://doi.org/10.1093/nar/gkr366
https://doi.org/10.1111/tpj.13130
https://doi.org/10.1104/pp.16.01732
https://doi.org/10.1074/jbc.275.7.5016
https://doi.org/10.1007/s10930-019-09819-6
https://doi.org/10.1042/BJ20140895
https://doi.org/10.1042/BJ20140895
https://doi.org/10.1186/1746-4811-2-19
https://doi.org/10.1186/1746-4811-2-19
https://doi.org/10.1002/prot.21843
https://doi.org/10.1038/nmeth.2551
https://doi.org/10.1186/s12859-017-1744-3
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1073/pnas.0510436103
https://doi.org/10.1073/pnas.0510436103
https://doi.org/10.3390/metabo9100209
https://doi.org/10.3390/metabo9100209
https://doi.org/10.1038/s41598-020-60686-z
https://doi.org/10.1038/s41598-020-60686-z
https://doi.org/10.1073/pnas.1602486113
https://doi.org/10.1073/pnas.1602486113
https://doi.org/10.1111/febs.13812
https://doi.org/10.1111/febs.13812
https://doi.org/10.1146/annurev.arplant.53.100301.135251
https://doi.org/10.1146/annurev.arplant.53.100301.135251
https://doi.org/10.1128/jb.177.1.1-10.1995
https://doi.org/10.1128/jb.177.1.1-10.1995
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1371/journal.pone.0157578
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Martins-Noguerol et al.

Sunflower Mitochondrial Lipoic Acid Synthesis

using convolutional neural networks. Bioinformatics 36, 56-64. doi: 10.1093/
bioinformatics/btz512

Sayanova, O., Haslam, R., Venegas-Calerén, M., and Napier, J. A. (2006).
Identification of Primula “front-end” desaturases with distinct n-6 or n-3
substrate preferences. Planta 224, 1269-1277. doi: 10.1007/s00425-006-0306-0

Schwede, T., Kopp, J., Guex, N., and Peitsch, M. C. (2003). SWISS-MODEL: an
automated protein homology-modeling server. Nucleic Acids Res. 31, 3381-
3385. doi: 10.1093/nar/gkg520

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGAG6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725~
2729. doi: 10.1093/molbev/mst197

Troncoso-Ponce, M. A,, Rivoal, J., Dorion, S., Sinchez, R., Venegas-Calerén, M.,
Moreno-Pérez, A. J., et al. (2018). Molecular and biochemical characterization
of the sunflower (Helianthus annuus L.) cytosolic and plastidial enolases in
relation to seed development. Plant Sci. 272, 117-130. doi: 10.1016/j.plantsci.
2018.04.007

Ulmer, C. Z., Patterson, R. E., Koelmel, J. P., Garrett, T. J., and Yost, R. A. (2017).
A robust lipidomics workflow for mammalian cells, plasma, and tissue using
Liquid-Chromatography High-Resolution tandem mass spectrometry. Methods
Mol. Biol. 1609, 91-106. doi: 10.1007/978-1-4939-6996-8_10

Wada, H., Shintani, D., and Ohlrogge, J. (1997). Why do mitochondria synthesize
fatty acids? Evidence for involvement in lipoic acid production. Proc. Natl.
Acad. Sci. U.S.A. 94, 1591-1596. doi: 10.1073/pnas.94.4.1591

Wada, M., Yasuno, R., Jordan, S. W., Cronan, J. E., and Wada, H. (2001). Lipoic acid
metabolism in Arabidopsis thaliana: cloning and characterization of a cDNA
encoding lipoyltransferase. Plant Cell Physiol. 42, 650-656. doi: 10.1093/pcp/
pce081

Yasuno, R., von Wettstein-Knowles, P., and Wada, H. (2004). Identification and
molecular characterization of the B-ketoacyl-[acyl carrier protein] synthase
component of the Arabidopsis mitochondrial fatty acid synthase. J. Biol. Chem.
279, 8242-8251. doi: 10.1074/jbc.M308894200

Yasuno, R., and Wada, H. (1998). Biosynthesis of lipoic acid in Arabidopsis: cloning
and characterization of the cDNA for lipoic acid synthase. Plant Physiol. 118,
935-943. doi: 10.1104/pp.118.3.935

Zhang, X. P., and Glaser, E. (2002). Interaction of plant mitochondrial and
chloroplast signal peptides with the Hsp70 molecular chaperone. Trends Plant
Sci. 7, 14-21. doi: 10.1016/S1360-1385(01)02180-X

Zhao, X., Miller, J. R., and Cronan, J. E. (2005). The reaction of LipB, the octanoyl-
[Acyl carrier protein]:Protein N-octanoyltransferase of lipoic acid synthesis,
proceeds through an acyl-enzyme intermediate. Biochemistry 44, 16737-16746.
doi: 10.1021/bi051865y

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. doi: 10.1016/j.chembiol.2003.11.016

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Martins-Noguerol, Acket, Troncoso-Ponce, Garcés, Thomasset,
Venegas-Calerén, Salas, Martinez-Force and Moreno-Pérez. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

18

November 2021 | Volume 12 | Article 781917


https://doi.org/10.1093/bioinformatics/btz512
https://doi.org/10.1093/bioinformatics/btz512
https://doi.org/10.1007/s00425-006-0306-0
https://doi.org/10.1093/nar/gkg520
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1016/j.plantsci.2018.04.007
https://doi.org/10.1016/j.plantsci.2018.04.007
https://doi.org/10.1007/978-1-4939-6996-8_10
https://doi.org/10.1073/pnas.94.4.1591
https://doi.org/10.1093/pcp/pce081
https://doi.org/10.1093/pcp/pce081
https://doi.org/10.1074/jbc.M308894200
https://doi.org/10.1104/pp.118.3.935
https://doi.org/10.1016/S1360-1385(01)02180-X
https://doi.org/10.1021/bi051865y
https://doi.org/10.1016/j.chembiol.2003.11.016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Characterization of Helianthus annuus Lipoic Acid Biosynthesis: The Mitochondrial Octanoyltransferase and Lipoyl Synthase Enzyme System
	Introduction
	Materials and Methods
	Cloning of Two cDNAs That Encode the HaLIP1m and HaLIP2m Sequences
	Phylogenetic Characterization of HaLIP1m and HaLIP2m Protein Sequences
	Modeling Three-Dimensional Structures and Molecular Docking
	Expression in Sunflower Tissues
	Expression and Purification of Recombinant Proteins in Escherichia coli
	Total Fatty Acid Composition of Escherichia coli
	Functional Complementation of an Escherichia coli lipA Strain
	Generation of Transgenic Arabidopsis thaliana Plants
	Fatty Acids Analysis of Transgenic Arabidopsis thaliana Seeds
	Lipidomic Analysis of Transgenic Seeds
	Statistical Analysis

	Results and Discussion
	The Distribution and Phylogeny of Sunflower Octanoyltransferase and Lipoyl Synthase
	Tertiary Structure Prediction and Molecular Docking
	HaLIP1m and HaLIP2m Expression
	Complementation of JW0623 With the Sunflower HaLIP1m Gene
	Fatty Acid Analysis of Escherichia coli Expressing HaLIP1m and HaLIP2m
	Effect of HaLIP1m and HaLIP2m Expression on the Arabidopsis thaliana Lipidome

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


