'l) Check for updates

Dual-Localized Enzymatic Components Constitute the
Fatty Acid Synthase Systems in Mitochondria
and Plastids'OTEN!

Xin Guan,®? Yozo Okazaki,“?> Rwisdom Zhang,?d Kazuki Saito,“¢ and Basil J. Nikolau®P?f34

“Roy J. Carver Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University, Ames,
TIowa 50011

PEngineering Research Center for Biorenewable Chemicals, lowa State University, Ames, Towa 50011
“Metabolomics Research Group, RIKEN Center for Sustainable Resource Science, Yokohama 230-0045, Japan
9Department of Chemical Engineering, University of Southern California, Los Angeles, California 90007
“Graduate School of Pharmaceutical Sciences, Chiba University, Chiba 260-8675, Japan

fCenter for Metabolic Biology, Iowa State University, Ames, lowa 50011

ORCID IDs: 0000-0002-7983-2103 (X.G.); 0000-0002-4310-8519 (Y.O.); 0000-0001-6310-5342 (K.S.); 0000-0002-4672-7139 (B.].N.)

Plant fatty acid biosynthesis occurs in both plastids and mitochondria. Here, we report the identification and characterization of
Arabidopsis (Arabidopsis thaliana) genes encoding three enzymes shared between the mitochondria- and plastid-localized type II
fatty acid synthase systems (mtFAS and ptFAS, respectively). Two of these enzymes, B-ketoacyl-acyl carrier protein (ACP)
reductase and enoyl-ACP reductase, catalyze two of the reactions that constitute the core four-reaction cycle of the FAS system,
which iteratively elongates the acyl chain by two carbon atoms per cycle. The third enzyme, malonyl-coenzyme A:ACP
transacylase, catalyzes the reaction that loads the mtFAS system with substrate by malonylating the phosphopantetheinyl
cofactor of ACP. GFP fusion experiments revealed that the these enzymes localize to both chloroplasts and mitochondria.
This localization was validated by characterization of mutant alleles, which were rescued by transgenes expressing enzyme
variants that were retargeted only to plastids or only to mitochondria. The singular retargeting of these proteins to plastids
rescued the embryo lethality associated with disruption of the essential ptFAS system, but these rescued plants displayed
phenotypes typical of the lack of mtFAS function, including reduced lipoylation of the H subunit of the glycine
decarboxylase complex, hyperaccumulation of glycine, and reduced growth. However, these latter traits were reversible in
an elevated-CO, atmosphere, which suppresses mtFAS-associated photorespiration-dependent chemotypes. Sharing enzymatic
components between mtFAS and ptFAS systems constrains the evolution of these nonredundant fatty acid biosynthetic
machineries.

In plants, de novo fatty acid biosynthesis occurs in
two distinct subcellular compartments, the plastids and
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mitochondria (Ohlrogge and Jaworski, 1997, Wada
et al., 1997). These two fatty acid biosynthetic systems
utilize an acyl carrier protein (ACP)-dependent, multi-
component type II fatty acid synthase (FAS) to catalyze
the assembly of these essential cellular components.
Furthermore, genetic studies indicate that these two
FAS systems are not redundant and have been evolu-
tionarily retained (Guan et al., 2017). The plastid-
produced fatty acids serve as the acyl building blocks
for the assembly of the majority of the lipids in plant
cells, including membrane lipids, signaling lipids, and
storage lipids (Li-Beisson et al., 2013). In comparison,
the primary role of mitochondrial FAS (mtFAS) is to
synthesize the acyl precursor for the biosynthesis of
lipoic acid (Yasuno and Wada, 1998; Wada et al,,
2001a), which is the cofactor essential for the catalytic
competence of several key metabolic enzymes, including
the glycine decarboxylase complex (GDC), mitochondrial
pyruvate dehydrogenase, a-ketoglutarate dehydrogen-
ase (KGDH), branched-chain a-ketoacid dehydrogenase
(BCKDH; Taylor et al., 2004), and plastidial pyruvate
dehydrogenase (ptPDH; Wada et al., 2001b; Yasuno and
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Wada, 2002). In addition, mtFAS appears to be involved
in remodeling mitochondrial cardiolipins (Frentzen and
Griebau, 1994; Griebau and Frentzen, 1994) and in de-
toxifying free malonic acid (Guan and Nikolau, 2016), a
competitive inhibitor of succinate dehydrogenase of the
tricarboxylic acid cycle (Quastel and Wooldridge, 1928;
Greene and Greenamyre, 1995).

Detailed biochemical characterizations, going back to
the 1980s, have led to the identification of the four en-
zymatic components of the core plastidic FAS (ptFAS)
system: three isozymes of 3-ketoacyl-ACP synthases, a
3-ketoacyl-ACP reductase, a 3-hydroxyacyl-ACP de-
hydrase, and an enoyl-ACP reductase (ptER). In con-
trast, the enzymatic components of the mtFAS system
are less well characterized. To date, only two of the core
enzymatic components of the plant mtFAS system have
been characterized, B-ketoacyl-ACP synthase (mtKAS;
Olsen et al., 2004; Yasuno et al., 2004; Ewald et al., 2007)
and 3-hydroxyacyl-ACP dehydratase (mtHD; Guan
et al., 2017), along with the three mtACP isoforms
that carry the intermediates of the mtFAS system (Fu
et al,, 2020). Other characterized supportive compo-
nents of the mtFAS system include the mitochondrial
phosphopantetheinyl transferase (mtPPT) that acti-
vates mtACP by phosphopantetheinylation (Guan
et al, 2015) and malonyl-CoA synthetase (mtMCS)
that generates the malonyl-CoA precursor for mtFAS
(Guan and Nikolau, 2016). These more recent charac-
terizations of the mtFAS system establish that whereas
the ptFAS system uses acetyl-CoA, generated by the
ptPDH, as the precursor for fatty acid biosynthesis,
mtFAS uses malonyl-CoA as the precursor, which is
generated by mtMCS (Guan and Nikolau, 2016).

Here, we report the identification and characteriza-
tion of three additional enzymatic components of
mtFAS that have not previously been identified. Two of
these catalyze core reactions of the mtFAS cycle,
namely B-ketoacyl-ACP reductase (KR) and enoyl-ACP
reductase (ER), and the third is the mitochondrial
malonyl-CoA:ACP transacylase (MCAT), which loads
the mtFAS system by malonylating the phospho-
pantetheinyl cofactor of ACP. Unexpectedly, genetic
and transgenic expression of fluorescently tagged pro-
teins indicate that these three enzymatic components
are shared between the mtFAS and ptFAS systems.

RESULTS

Computational Identification of Candidate Genes
Encoding mtFAS Catalytic Components

BLAST analysis of the Arabidopsis (Arabidopsis
thaliana) genome using the sequences of the yeast
(Saccharomyces cerevisiae) mtFAS components and
Escherichia coli FAS components as queries identified
putative Arabidopsis open reading frames (ORFs)
coding for mitochondrial MCAT, KR, and ER catalytic
components (Supplemental Fig. S1). These analyses
identified a single candidate gene each for mitochondrial
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MCAT (AT2G30200; Bryant et al., 2011) and KR
(AT1G24360; Bryant et al., 2011) and two potential can-
didate genes for mitochondrial ER (AT3G45770 and
AT2G05990; Mou et al., 2000; Wu et al., 2015). The se-
quences of these candidate proteins were most similar in
the Arabidopsis proteome identified in TAIR10 (www.
arabidopsis.org), as indicated by BLAST e-value scores
of between 107!° and 107, and these proteins share
between 20% and 45% sequence identity with the query
sequences (Supplemental Fig. S1). Prior characterizations
have indicated that all but AT3G45770 encode compo-
nents of the ptFAS system (Mou et al., 2000; Bryant et al.,
2011; Wu et al., 2015), and computational analyses sug-
gest that AT3G45770 encodes a mitochondria-localized
ER component (Li-Beisson et al., 2010, 2013).

Organelle Targeting of Candidate mtFAS Components

Because prior studies of these candidate mtFAS
genes have indicated that they may be components of
the ptFAS system (Mou et al., 2000; Bryant et al., 2011;
Wu et al., 2015), initial characterizations directly eval-
uated whether these putative mtFAS component en-
zymes are mitochondrially located. Transgenic
experiments were conducted with GFP-fusion proteins,
expressed under the transcriptional regulation of the
cauliflower mosaic virus 35S promoter (Fig. 1). Three
types of GFP-fusion transgenes were evaluated for each
of the candidate mtFAS component proteins: (1) GFP
was translationally fused at the C terminus of each
candidate mtFAS component protein; (2) the
N-terminal segment from each candidate mtFAS com-
ponent protein that was computationally predicted to
be an organelle-targeting presequence was transla-
tionally fused to the N terminus of GFP; and (3) GFP
was translationally fused at the C terminus of each
candidate mtFAS component protein lacking the pu-
tative organelle-targeting presequence. Individual
GFP-fusion transgenes were stably integrated into the
Arabidopsis genome, and confocal micrographs of
the resulting transgenic roots and leaves visualized the
subcellular locations of the GFP-fusion proteins.

In these experiments, organelles were identified by a
combination of two fluorescence markers: (1) Mito-
Tracker Orange for mitochondria and chlorophyll
autofluorescence for plastids; and (2) the fluorescence
signals revealed by the expression of control GFP-tagged
markers, the p355::mtPPT;.249-GFP transgene (Fig. 1A)
that we previously identified as being targeted to mito-
chondria (Guanetal., 2015) and the p35S::UUGP3;_409-GFP
transgene that is plastid targeted (Okazaki et al., 2009;
Fig. 1A). These control markers show distinct patterns
that are consistent with mitochondrial or plastid locali-
zation, and these are distinct from the GFP signal ob-
served with the nontargeted GFP control, which, as
previously characterized (Li et al., 2011a), is located in
the cytosol and nucleus (Fig. 1A).

The fluorescence observed in transgenic plants carrying
C-terminal GFP fusions with each full-length candidate
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Figure 1. Subcellular localization of potential mtFAS proteins. Shown are confocal fluorescence micrographs of roots and leaf
mesophyll cells, imaging the emission of GFP, MitoTracker Orange, chlorophyll autofluorescence, and the merged images.
Fluorescence micrographs are from nontransgenic wild-type control plants (WT) and transgenic plants carrying the p35S::GFP
control, p355:mtPPT; 540-GFP, or p35S::UGP31.600-GFP transgenes (A); p35S::mtER; 1122-GFP, p355::mtER; 300-GFP, or
p355::mtER30;.1122-GFP transgenes (B); p35S:pt/mtMCAT;.1179-GFP, p35S::pt/mtMCAT; 516-GFP, or p355::pt/mtMCAT05.1179-GFP
transgenes (C); p35S:pt/mtKR;.95,-GFP, p35S:pt/mtKR;_534-GFP, or p35S::pt/mtKR314.957-GFP transgenes (D); and
p35S::pt/mtER;_1167-GFP, p35S::pt/mtER;_561-GFP, or p35S::pt/mtER65.1167-GFP transgenes (E).

mtFAS component protein showed an assortment of
organelle localizations. The interpretation of these re-
sults can be simplified if one considers that subcellular
targeting information is segregated between both the
N-terminal, potential organelle-targeting segment and
the mature segment of each protein. This was particu-
larly the case for the proteins encoded by AT2G05990,
AT2G30200, and AT1G24360. The full-length proteins
encoded by these three genes guide the expression of
the fused GFP to both mitochondria and plastids (Fig. 1,
C-E). In the case of the AT2G05990-encoded protein, the
N-terminal presequence directs GFP to plastids (row 2 of
Fig. 1E) but the segment that lacks this N-terminal pre-
sequence guides GFP to mitochondria (row 3 of Fig. 1E).
In contrast, the N-terminal presequences of AT2G30200
and AT1G24360 direct the GFP fusions to mitochondria
(row 2 of Fig. 1, C and D), whereas upon removal of these
N-terminal presequences from each protein, the remain-
ing mature segments direct the accumulation of the fused
GFP protein to plastids (row 3 of Fig. 1, C and D).

Plant Physiol. Vol. 183, 2020

Subcellular targeting information of the AT3G45770-
encoded protein is simpler to interpret, with the full-
length AT3G45770 protein (row 1 of Fig. 1B) and the
N-terminal presequence (row 2 of Fig. 1B) directing
GFP to mitochondria, whereas removal of the
N-terminal presequence from the AT3G45770-encoded
protein guides GFP to the cytosol (row 3 of Fig. 1B). In
summary, therefore, in contrast to the AT3G45770-
encoded protein, proteins encoded by AT2G30200,
AT1G24360, and AT2G05990 encode dual-localization
signals, for both mitochondria and plastids. One of
these signals resides in the N-terminal presequence and
the other in the mature portion of these proteins.

Experimental Authentication of Candidate mtFAS
Component Enzymes

The catalytic functions of the individual putative FAS
component proteins were explored via two independent
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Figure 1. Continued.
strategies. In the first series of experiments, the catalytic The expression of each candidate Arabidopsis protein
function of the putative mtFAS component proteins was was accurately targeted to yeast mitochondria, by ge-
evaluated by expressing each protein in S. cerevisiae netically fusing the mitochondrial presequence of the
mutant strains that lack a functional copy of an mtFAS yeast COQ3 protein (Hsu et al., 1996) to the N terminus
component and testing for genetic complementation. of the mature Arabidopsis proteins, and their expression
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Figure 1. Continued.

520 Plant Physiol. Vol. 183, 2020



D Roots

MitoTracker

p35S:: p358:
AT1G24360, ,, -GFP

AT1G24360, ,,,-GFP

p358S::
AT1G24360,,, ,.,-GFP

Mitochondrial Fatty Acid Synthase

Leaf mesophyll cells

Chlorophyll
auto-fluorescence

®
o
=

w
o
o

Mitochondria

Plastids

Figure 1. Continued.

in yeast was under the transcriptional control of the
constitutive phosphoglycerate kinase (PGK) promoter
(de Moraes et al., 1995).

The yeast mutant strains that lack mtFAS functions
cannot utilize glycerol as a sole carbon source because
they are deficient in respiration (Torkko et al., 2001). On
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yeast mutant strains lacking individual mtFAS compo-
nents (i.e. mct1, oarl, or etrl) showed no growth unless they
expressed the mitochondrially targeted Arabidopsis pro-
teins encoded by AT2G30200, AT1G24360, AT2G05990, or
AT3G45770 (Fig. 2A). In each case, these results
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mirrored the results obtained by similarly expressing
the yeast MCT1, OAR, or ETR1 protein (Fig. 2A). In
contrast, neither the control empty expression plasmid
nor the expression plasmid carrying only the COQ3
mitochondrial targeting element rescued the growth
deficiency of these yeast strains in glycerol media (Fig. 2A).

In the case of the ER components of the mtFAS
system, recombinant purified proteins encoded by
AT2G05990 or AT3G45770 (expressed in E. coli) were
also evaluated in vitro for their ability to catalyze the
expected chemical reaction. Because ERs are active with
both enoyl-ACP (their native substrate) and enoyl-CoA

(Chen et al., 2008), in these experiments each protein
was tested for the ability to reduce enoyl-CoA sub-
strates. These assays were conducted with A2trans-
10:1-CoA and A2%2ns-16:1-CoA, and activity was
monitored by the decrease in Az4o due to the coupled
oxidation of the pyrimidine nucleotides (NADH or
NADPH). Both AT2G05990 and AT3G45770 proteins
were capable of reducing the enoyl-CoA substrates,
and they exhibited comparable K;,, Vimax, and cata-
lytic efficiency (keat/Km) with both tested substrates
(Fig. 2B). Moreover, these assays established that
AT2G05990 is an NADH-dependent reductase, and
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Figure 2. Genetic and biochemical characterization of mtFAS gene candidates. A, Genetic complementation of yeast mtFAS
mutants (mct1, oar1, and etr1) by expression of Arabidopsis mtFAS candidate genes (AT2G30200, AT1G24360, AT3G45770, and
AT2G05990); expression of the wild-type yeast homologs (MCT1, OAR1, and ETRT) served as a positive control. Gene expression
was transcriptionally controlled by the PGK promoter (pPGK) and terminator (tPGK). The mitochondrial presequence of yeast
COQ3 protein was fused to the N terminus of each protein to ensure mitochondrial localization. All yeast strains, carrying the
indicated expression cassettes, were grown on medium containing either glycerol or Glc as the sole carbon source, and a dilution
series served as the inoculum for each strain. B, In vitro characterization of the catalytic capability of purified recombinant
Arabidopsis mtER and pt/mtER enzymes. Substrate concentration dependence of the enoyl reductase activity was assayed with
increasing concentrations of either trans-A2-10:1-CoA or trans-A2-16:1-CoA as substrate. The tabulated Michaelis-Menten kinetic
parameters were calculated from three to six replicates for each substrate concentration.
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Figure 2. Continued.

its activity with NADPH was undetectable. In con-
trast, AT3G45770 is an NADPH-dependent reduc-
tase, and its activity with NADH was undetectable.
In combination, therefore, the GFP transgenic fluo-
rescence data, the yeast genetic complementation ex-
periments, and the biochemical characterizations of
purified proteins indicated that three Arabidopsis
genes (AT2G30200, AT1G24360, and AT2G05990) en-
code proteins that are dual targeted to plastids and
mitochondria, and they have the ability to catalyze the
MCAT, KR, and ER reactions, respectively. We therefore
labeled these proteins as malonyl-coenzyme A:ACP
transacylase (pt/mtMCAT, AT2G30200), B-ketoacyl-
ACP reductase (pt/mtKR; AT1G24360), and enoyl-ACP
reductase (pt/mtER; AT2G05990), indicating their dual
localizations. In contrast, AT3G45770 encoded a mito-
chondrially localized ER enzyme, which we labeled as
mtER, indicating its functionality in the sole organelle.

The in Planta Roles of pt/mtMCAT and pt/mtKR in mtFAS

The role of pt/mtMCAT (AT2G30200) and pt/mtKR
(AT1G24360) as enzymatic components of the mtFAS
system was further evaluated by characterizing Arabi-
dopsis plants carrying T-DNA-tagged mutant alleles at
each locus (for details, see “Materials and Methods”).
As previously described (Bryant et al., 2011), mutant
plants homozygous for the T-DNA allele at the
AT2G30200 locus are not recoverable, as they are em-
bryo lethal. Similarly, mutant plants homozygous for
the T-DNA allele at AT1G24360 also display an
embryo-lethal phenotype. This embryo lethality is as-
sociated with the fact that these two gene products are
components of the ptFAS system (Bryant et al., 2011),
which prior genetic studies have established as being

Plant Physiol. Vol. 183, 2020
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essential; these genetic conclusions are exemplified by
mutations in other ptFAS components, such as the
heteromeric acetyl-CoA carboxylase (Li et al., 2011b)
and 3-ketoacyl-ACP synthase I (Wu and Xue, 2010).

Therefore, we designed transgenic complementation
experiments to further confirm that these dual-localized
gene products are also components of the mtFAS system.
Specifically, plants that were heterozygous mutants at the
AT2G30200 locus (pt/mtMCAT) or the AT1G24360 locus
(pt/mtKR) were transformed with transgenes that ex-
press two versions of the pt/mtMCAT or pt/mtKR pro-
teins, respectively. One version of these transgenes
expressed the ORF that encodes the full-length proteins,
and as indicated by the GFP transgenic localization ex-
periments, these full-length proteins contained both an
N-terminal, mitochondrial targeting presequence and an
internal plastid-targeting signal. These proteins would
therefore be expected to be dual targeted to both plastids
and mitochondria. The other version of these proteins
expressed ORFs missing the N-terminal targeting prese-
quence (removing the first 68 and 71 amino acids, re-
spectively, from the full-length proteins) and thereby
deleting the mitochondria-targeting information from
each protein. These truncated proteins contained only the
internal plastid-targeting signal and thereby would be
expected to express these catalytic functions only in
plastids but not in mitochondria.

Compared with the nontransgenic siblings, which failed
to generate homozygous mutant plants (due to missing
ptFAS function), all four recovered transgenic lines gen-
erated homozygous mutant progeny plants. At 16 d after
imbibition (DAI), the transgenic plants, which expressed
the full-length pt/mtMCAT or pt/mtKR proteins, were
indistinguishable from wild-type plants, indicating that
these transgenically expressed proteins complemented the
deficiency in both mtFAS and ptFAS function.

In contrast, the transgenic plants expressing the
N-terminally truncated pt/mtMCAT or pt/mtKR pro-
teins (i.e. these proteins were predicted to be plastid
localized but not targeted to mitochondria) exhibited
reduced size (Fig. 3A). Most significantly, when these
plants were grown in a 1% (v/v) CO, atmosphere,
where photorespiration deficiency is suppressed, the
stunted growth morphology was reversed (Fig. 3A).
Further biochemical analyses of these plants estab-
lished that the lipoylation status of the H-protein sub-
unit of GDC was reduced to less than 10% of the control
levels (Fig. 3B). Analogous immunoblot analyses
revealed the lipoylation states of three additional lip-
oylated proteins, namely the E2 subunits of mitochon-
drial PDH and KGDH and the E2 subunit of the
plastidial PDH (Supplemental Fig. S2); the E2 subunit
of BCKDH was not detectable (Ewald et al., 2007).

As a consequence of the reduced lipoylation of the
H-protein, Gly levels were induced by about 100-fold in
these plants (Fig. 3C). Growing these transgenic mutant
plants in the 1% (v/v) CO, atmosphere restored the
accumulation of Gly to nearly control levels (Fig. 3C).
Changes in the levels of other amino acids were barely
detectable (Supplemental Fig. S3).

523


http://www.plantphysiol.org/cgi/content/full/pp.19.01564/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01564/DC1

Guan et al.

Figure 3. In vivo physiological char- A
acterization of the pt/mtMCAT and
pt/mtkR genes. A, Morphological phe-
notypes of the pt/mtmcat and pt/mtkr
mutants complemented by full-length
or truncated transgenes. Plants were
grown in either ambient air or in a 1%
(v/v) CO, atmosphere. B, Western-blot
analysis of the H subunit of GDC
detected with either anti-H-protein an-

Ambient air

1% CO,
atmosphere

tibodies or anti-lipoic acid antibodies, B Anti-
detecting the lipoylation status of the H protein
H-protein. C, Gly accumulation. Plants Anti
of the indicated genotypes were grown livoi : id |
in either ambient air or in a 1% CO, Ipoic aci
atmosphere. C Glycine accumulation
£ 1000 A
= @ Air ; 4
g 750 - 1% CO:z I
s |
© 500 -
o
g 250 -
=
<]
g 0 L T T T T T T
T %
£ H B 2 % %
“E ~ 8 ~ 8 & < <
e T : 5 5
LG < W b T T
@ a [o] = U '
Genotype  £3 9 g £E £x £x
L £3 £3 3 EE EE
£8 5 £5 3G 88 88
) aa Qg 9 @ &
Q 8 B Q Q
Q <1

The reduced lipoylation of the H-protein of GDC is
an attribute previously characterized with mutations in
other mtFAS components, such as mtKAS (Ewald et al.,
2007), mtHD (Guan et al., 2017), mtPPT (Guan et al.,
2015), mtMCS (Guan and Nikolau, 2016), and mtACP
(Fu et al., 2020). These latter mutants exhibit a growth
stunting that is reversible when plants are grown in an
elevated CO, atmosphere. Such characteristics have
been attributed to the fact that mtFAS generates the
lipoic acid cofactor for GDC, and this deficiency blocks
photorespiration, leading to the growth deficiency, and
hyperaccumulation of Gly, traits that are all reversed
when mtFAS mutant plants are grown in an elevated
CO, atmosphere that suppresses photorespiration
(Guan et al., 2017). Collectively, therefore, these find-
ings demonstrate that the MCAT and KR catalytic
functions of the mtFAS and ptFAS systems are geneti-
cally encoded by two respective genes that each encode
dual-localized proteins, pt/mtMCAT and pt/mtKR.

Two ER Isozymes for mtFAS

Two genetic loci appear to encode proteins that cat-
alyze the enoyl-ACP reduction reaction of mtFAS: the
AT2G05990 locus, which encodes an NADH-dependent
reductase, and the AT3G45770 locus, which encodes an
NADPH-dependent reductase. The former protein was
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dual targeted (i.e. pt/mtER), and the latter was targeted to
mitochondria (ie. mtER). We genetically dissected the
roles of these two ER genes by characterizing three mu-
tant lines: (1) two T-DNA-tagged mutant alleles at the
mtER locus (mter-1 and mter-2), both of which eliminated
the expression of mtER; (2) RNA interference (RINAi)
knockdown lines of the pt/mtER locus (pt/mter-rnai-1 and
pt/mter -rnai-2), which reduced the expression of pt/mtER
to ~2% of wild-type levels; and (3) double mutant lines
(i.e. mter-1-pt/mter-rnai-1 and mter-1-pt/mter-rnai-2), which
eliminated the expression of mtER and reduced the ex-
pression of pt/mtER to ~2% of wild-type levels (Fig. 4).

As indicated by the exemplary data gathered from
plants at 16 DAI, plants homozygous for the mutant
mtER alleles were morphologically and metabolically
(i.e. amino acids, fatty acids, and lipids) indistinguish-
able from wild-type plants (Supplemental Table S1). In
contrast, the aerial organs of the pt/mter-rnai mutant
and mter-1-pt/mter-rnai double mutant lines were con-
siderably reduced in size (Fig. 4A). This growth phe-
notype was equally expressed independent of whether
these plants were grown in ambient air or a 1% (v/v)
CO, atmosphere (Fig. 4A); the expectation being that in
the latter conditions any potential mtFAS-associated
photorespiration phenotype would be suppressed
(Ewald et al., 2007). Therefore, these observations sug-
gest that these mutations do not affect mtFAS, and they
are consistent with prior characterization of an ethyl
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Figure 4. Physiological characterization of the
ptmtER and mtER genes. A, Morphological phe-
notypes of single or double mutants of the pt/mtER
and mtER genes. Plants were grown in either
ambient air or in a 1% (v/v) CO, atmosphere. B,
Western-blot analysis of the H subunit of GDC
detected with anti-H-protein antibodies, and the
lipoylation status of the H-protein detected with
anti-lipoic acid antibodies. Plants were grown in a
1% (v/v) CO, atmosphere. C, Gly accumulation.
Plants of the indicated genotypes were grown in
either ambient air or in a 1% (v/v) CO, atmos-
phere. WT, Wild type.
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methanesulfonate-generated pt/mter mutant (Mou et al.,
2000; Wu et al., 2015) that identified this gene product as
a component of the ptFAS system.

In contrast, biochemical analyses that evaluated the
metabolic status of these mutant plants indicated that
both mtER and pt/mtER contribute to mtFAS. The evi-
dence that supports this conclusion includes the follow-
ing: (1) immunoblot analysis that indicated the lipoylation
states of GDC in mter and pt/mter-rnai single mutants were
reduced to 60% to 80% of the wild-type levels, and this
protein was even further underlipoylated to about 10% of
the wild-type level in the double mutant plants (Fig. 4B);
(2) accompanied by the reduction in lipoylation status of
the H-protein, Gly accumulation was increased by about
15-fold in these double mutant lines; and (3) this latter
attribute was completely reversed when these double
mutant plants were grown in the 1% (v/v) CO, atmos-
phere, which suppresses photorespiration (Fig. 4C). Other
changes in amino acid levels were detected in these
double mutants (Supplemental Table S1). Collectively,
therefore, we conclude that the mtFAS system appears to
be redundantly enabled by two ERs, pt/mtER
(AT2G05990) and mtER (AT3G45770).

DISCUSSION

As a consequence of the evolutionary origin of mi-
tochondria and plastids as eubacterial symbionts in
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eukaryotic cells (Gray, 2004), plant cells have main-
tained two type Il FAS systems that are located in these
organelles. Whereas the genetic and enzymatic com-
ponents of the ptFAS system have received consider-
able attention (Ohlrogge and Jaworski, 1997), the
analogous components of the mtFAS system are only
just being characterized (Guan et al., 2015, 2017; Guan
and Nikolau, 2016; Fu et al., 2020). This complexity
associated with organelle specificity of the FAS systems
is further complicated by the genetic redundancy that
has been revealed by the genomic-based bioinformatic
analysis of plant genomes, as revealed by Li-Beisson
et al. (2013). This study completes the identification
and characterization of the core catalytic components of
the mtFAS system. These characterizations unexpect-
edly find that some of these components are shared
between the ptFAS and mtFAS systems, which was not
predictable based solely on bioinformatic analysis of
genomic data (Beisson et al., 2003).

Dual-Localized MCAT, KR, and ER Components of mtFAS

The plant mtFAS system is a pathway that contrib-
utes acyl substrates required for a series of essential
metabolic processes, including photorespiration and
biosynthesis of lipid A-like molecules (Guan et al.,
2017). To date, four enzymatic components of the
mtFAS system have been experimentally characterized:
mtKAS (Olsen et al., 2004; Yasuno et al., 2004; Ewald
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et al., 2007), mtHD (Guan et al., 2017), mtPPT (Guan
et al., 2015), and mtMCS (Guan and Nikolau, 2016). In
this study, we identified the additional three compo-
nents that are required to complete the mtFAS cycle.
These three components (pt/mtMCAT, pt/mtKR, and
pt/mtER) localized to both plastids and mitochondria,
referred to as dual targeted, and thus they contribute to
both mtFAS and ptFAS capabilities. In addition, the
mitochondrial ER reaction appears to be catalyzed by
redundant enzymes, an NADPH-dependent mtER and
a dual-targeted NADH-dependent pt/mtER. The pt/
mtER and mtER belong to two distinct families of en-
zymes; pt/mtER belongs to the short-chain dehydro-
genase/reductase family, whereas mtER belongs to
the medium-chain dehydrogenase/reductase family
(Hiltunen et al., 2010). Despite the distinct preference
for different reducing cofactors (NADH versus
NADPH), both pt/mtER and mtER display a similar
chain length preference for the 2-enoyl substrates, being
able to almost equally utilize both medium-chain (10
carbon atoms) and long-chain (16 carbon atoms) sub-
strates. This latter finding is consistent with the ability
of the plant mtFAS system to not only generate octanoic
acid for lipoic acid biosynthesis but also longer chain
fatty acids that are used in the assembly of lipid A-like
molecules (Guan et al., 2017).

The dual-localized mtFAS components (ie. pt/
mtMCAT and pt/mtKR) had previously been charac-
terized as components of the ptFAS system (Mou et al.,
2000; Wu and Xue, 2010; Bryant et al., 2011), and these
characterizations had established the essentiality of
these components and the ptFAS system during em-
bryogenesis. Thus, deducing that these are also com-
ponents of the mtFAS system required a combination of
reverse genetic and transgenic strategies. Specifically,
we generated plants that were deficient in mitochon-
drial MCAT or KR functions but normally expressed
plastid-localized MCAT or KR functions. This could be
achieved by the fact that for these two proteins, the
plastid-targeting information is encompassed within the
mature protein sequence, whereas the mitochondria-
targeting information is encompassed in the N-terminal
signal-peptide extension sequence. Thus, the transgeni-
cally expressed, N-terminally truncated MCAT or KR
proteins were singly targeted to plastids rather than to
both the plastids and mitochondria. Therefore, these
transgenically plastid-only retargeted MCAT or KR al-
leles rescued the embryo-lethal phenotypes associated
with the deficiency in ptFAS, but the recovered trans-
genic plants displayed phenotypes that are typical of
plants lacking mtFAS functionality. These phenotypes
include reduced H-protein lipoylation, elevated Gly
accumulation, and reduced growth; the latter two at-
tributes being reversed by growing plants in a CO,-
enriched atmosphere. Because these biochemical traits
are commonly expressed with other mutations that af-
fect mtFAS, these findings are consistent with the role
that these two gene products have in providing the
MCAT or KR enzymatic functions of the mtFAS system,
respectively.
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The characterization of the mitochondrial ER compo-
nent was more complex because two loci can provide this
functionality, a dual-localized pt/mtER (AT2G05990) and
a singly targeted mtER (AT3G45770). Plants deficient in
mitochondrial ER function were generated by combining
mutants that affect both loci, using a combination of
T-DNA-tagged null alleles at AT3G45770 and RNAi
knockdown alleles of AT2G05990. These plants exhibited
traits that are typical of a deficiency in mtFAS: namely,
depleted lipoylation of the H-protein, hyperaccumulation
of Gly, and miniature aerial organs. All these traits appear
when these plants are grown in ambient air, and Gly
hyperaccumulation is reversed when they are grown in
an elevated-CO, atmosphere.

Dual Localization of Proteins to Plastids and Mitochondria

Proteomic analyses of isolated organelles have indi-
cated that a number of proteins (greater than 100)
generated from a single gene locus may be dual tar-
geted to both mitochondria and plastids (Carrie et al.,
2009b). Although this conclusion is based on experi-
mental outcomes that are fraught with technical chal-
lenges associated with the ability to purify distinct
organelle preparations (van Wijk and Baginsky, 2011;
Rao etal., 2017), the use of fluorescently tagged proteins
substantiates the occurrence of this phenomenon, al-
though even these experiments need to be carefully
considered (Sharma et al., 2018a, 2018b). In this study,
we presented GFP localization studies that substantiate
the global proteomics evidence concerning dual plastid-
mitochondprial localization conclusions. Additional mo-
lecular genetic studies used transgenic constructs to
retarget the dual-localized proteins to either plastids or
mitochondria. These experiments confirmed that the
plastid-retargeted constructs only affected the ptFAS-
associated outcomes and the mitochondria-retargeted
constructs only affected the mtFAS-associated outcomes.

An obvious evolutionary advantage of such dual
localization of products from a single gene locus would
be the apparent energy and resource economy of
maintaining only one gene for both organelles instead
of a gene for each organelle. However, from an evolu-
tionary point of view, concentrating two functions in a
single gene locus is unusual, as the more common
tendency is for neospecialization following gene du-
plications (Carrie and Small, 2013). In addition, there
are clear disadvantages for dual-targeted proteins. For
example, the protein may not function optimally in
both organelles, in terms of pH optima, concentration of
substrates and cofactors, and protein-protein interac-
tions. Moreover, a single crucial mutation could lead to
the loss of this function in both organelles.

Insights may be provided by considering the func-
tions of the proteins that are known to be dual targeted.
Dual-targeted proteins appear to be enriched in a few
specific functional groups (Carrie and Small, 2013),
such as DNA replication, tRNA biogenesis, protein
translation, and metabolic processes (e.g. fatty acid
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biosynthesis, as demonstrated in this study). This po-
tential bias may reflect mechanistic constraints on dual
targeting and selection pressure that could favor dual
targeting over evolutionary time scales.

Mechanistically, for dual targeting between mito-
chondria and plastids, the targeted protein has to be
recognized by the import machinery of both organelles
(Carrie et al., 2009a). Evolutionarily, the protein-import
machineries in these organelles arose independently,
are nonhomologous, and therefore would normally be
expected to recognize different targeting signals
(Schleiff and Becker, 2011). Indeed, in the case of pt/
mtMCAT, pt/mtKR, and pt/mtER, these proteins ap-
pear to utilize bipartite targeting signals, an N-terminal
signal unique for one organelle and an internal signal
that specifies import to the other organelle. Deletion of
the N-terminal signal of pt/mtMCAT and pt/mtKR
abolishes import into mitochondria and enhances im-
port into plastids, whereas the contrary was observed
for pt/mtER. Similar situations have been reported
with many other such dual-targeted proteins (e.g. the
amino acyl-tRNA synthetases AspRS, LysRS, and
ProRS [Berglund et al., 2009a, 2009b], the mitochondrial
carrier protein BT1 [Bahaji et al., 2011], and phospha-
tidyl glycerophosphate synthasel [Babiychuk et al.,
2003]); deletion of their N-terminal targeting se-
quences only affects localization to one of these two
organelles. In the case of the mtER isozyme, deletion of
the N-terminal targeting sequence resulted in the cy-
tosolic localization of the protein, indicating the pres-
ence of an additional signal that is needed for dual
localization.

Dual localization of pt/mtMCAT, pt/mtKR, and pt/
mtER, a trait acquired during the coevolution of plas-
tids and mitochondria, suggests that further investiga-
tions of protein-sorting mechanisms and reevaluation
of organelle proteomes may be useful to reveal how
generalizable this phenomenon is in plant cells. More-
over, the general persistence of such genetic and bio-
chemical redundancy in plant metabolism may indicate
evolutionary biological advantages to the generation of
such complexity in metabolism, a characteristic that
was initially surmised from the study of specialized
metabolism (Pichersky and Lewinsohn, 2011).

MATERIALS AND METHODS
Yeast Strains and Genetic Complementation

The yeast (Saccharomyces cerevisiae) strain deficient in the MCT1, OAR1, and
ETR1 genes (YBR026C; BY4741 background; and MATa) was obtained from
Thermo Scientific. The yeast MCT1 (primers M1 and M2; see Supplemental
Table S2 for primer sequences), OAR1 (primers M3 and M4), and ETR1 (primers
M5 and M6) genes of wild-type BY4741 strain were cloned into YEp351 vector
(PGK promoter-driven gene expression; de Moraes et al., 1995). Arabidopsis
(Arabidopsis thaliana) pt/mtMCAT (AT2G30200; primers M7and M8), pt/mtKR
(AT1G24360; primers M9 and M10), pt/mtER (AT2G05990; primers M11 and
M12), and mtER (AT3G45770; primers M13 and M14) genes of the Columbia-0
(Col-0) strain were cloned into YEp351M (Guan et al., 2017; 5" plant targeting
signals were replaced by the yeast COQ3 mitochondrial presequence coding
sequence). Complementation tests were performed as previously described
(Torkko et al., 2001).
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Protein Overexpression and in Vitro Kinetic Assays

The mt/ptER (primers M15 and M16) and mtER (primers M17 and M18)
genes were cloned into pBE522 vector (Zhu et al., 2011). These constructs ex-
press recombinant proteins with a His tag located at the N terminus. Recom-
binant proteins were expressed in the Escherichia coli BL21* strain (Invitrogen)
and further purified using Probond Nickel-Chelating Resin (Invitrogen). The
kinetic constants of mt/ptER and mtER were determined spectrophotometri-
cally as previously described (Chen et al., 2008) with modification. Specifically,
the enoyl-CoA substrates (i.e. trans-A2-10:1 and trans-A2-16:1) were synthesized
as previously described (Guan et al., 2017). Concentrations of three ingredients
were optimized (i.e. 30 mm potassium phosphate [pH 7.8], 2 to 200 um enoyl-
CoA, 300 um NADPH or NADH, and 3 ug mL~! recombinant proteins). The
consumption of NADPH or NADH at 340 nm (for 0, 5, 10, 15, and 20 min at
22°C) was measured to monitor the enoyl-CoA reduction reaction. Kinetic
values for mt/ptER and mtER were calculated using Prism version 5.0
(GraphPad Software).

Plant Strains and Genetic Transformations

The Arabidopsis genetic strains used in this study included mcat-1 (Lands-
berg erecta background; GT_5_100190), kr-1 (Col-3 background;
SAIL_165_A11), mter-1 (Col-0 background; SALK_056770), and mter-2 (Col-0
background; SALK_085297), which were obtained from the Arabidopsis Bio-
logical Resource Center (http://abrc.osu.edu).

In the GFP transgene experiments, PCR inserts were obtained using the
following primer pairs: pt/mtMCAT17.1179 (primers M19 and M20), pt/mtMCAT;.
216 (primers M19 and M21), pt/mtMCAT5¢5.1179 (primers M22 and M20), pt/
mtKRy957 (primers M23 and M24), pt/mtKR; 3, (primers M23 and M25),
pt/mtKR;14.057 (primers M26 and M24), pt/mtER 1167 (primers M27 and M28),
pt/mtERq .61 (primers M27 and M29), pt/mtER 651167 (primers M30 and M28),
mtER7.112 (primers M31 and M32), mtER;_39o (primers M31 and M33), mtER 39;-
1122 (primers M34 and M32), and UGP3;_499 (primers M35 and M36). PCR inserts
were cloned into pENTR/D-TOPO vector (Invitrogen) and subcloned into
pEarleyGate103 (Earley et al., 2006) using Gateway LR Clonase II Enzyme Mix
(Invitrogen).

In the complementation transgene experiment, pt/mtMCAT; 115, (primers
M19 and M37), pt/mtMCAT5¢s5.115> (primers M22 and MB37), pt/mtKR;.960
(primers M23 and M38), and pt/mtKR14.969 (primers M26 and M38) were cloned
into pENTR/D-TOPO vector and subcloned into pEarleyGate100 (Earley et al.,
2006). Destination vectors were used to transform the Arabidopsis heterozy-
gous mutant plants deficient in pt/mtMCAT and pt/mtKR.

In the RNAi experiment, pt/mtER59,.350 (primers M39 and M40) was cloned
into pENTR/D-TOPO and subcloned into pB7GWIWG2(II) (Karimi et al.,
2002). Destination vectors were used to transform the Arabidopsis wild-type
plants or mter-1 mutant plants as previously described.

Plant seedlings were grown on Murashige and Skoog agar medium at 22°C
under continuous illumination (photosynthetic photon flux density of 100 wmol
m~2 s~1) as previously described (Jin et al., 2012). The atmospheric CO, con-
dition was maintained in the ambient level or the 1% (v/v) CO, level (in a
growth chamber).

Immunoblot Analyses

Total protein was extracted from 200 mg of fresh aerial organs of plants at 16
DAl as described previously (Che et al., 2002). Immunoblot analysis was carried
out with anti-lipoic acid antibodies (EMD Millipore) or with anti-H-protein
antibodies (a gift from Dr. David Oliver at Iowa State University) on 50 ug of
total protein as described previously (Ewald et al., 2007; Guan et al., 2015).

Metabolomic Analyses

Metabolites (three to six replicates) were extracted from 50 mg of fresh aerial
organs of plants (grown in a completely randomized design) at 16 DAI and
analyzed using multiple analytical platforms: Agilent 7890 GC-MS system for
fatty acids (Lu et al., 2008); Agilent 1200 HPLC system equipped with a fluo-
rescence detector for amino acids (Guan et al., 2015); and Waters Xevo
G2 Q-TOF MS equipped with Waters ACQUITY UPLC system for glycerolipids
and chlorophylls (Okazaki et al., 2015). Log, ratio and st were calculated as
described previously (Quanbeck et al., 2012).
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Accession Numbers

Accession numbers are as follows: AT2G30200, mt/ptMCAT; AT1G24360,
mt/ptKR; AT3G45770, mtER; and AT2G05990, pt/mtER.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Arabidopsis gene candidates.

Supplemental Figure S2. Western-blot analysis of the lipoylation status of
the indicated lipoylated proteins detected with anti-lipoic acid
antibodies.

Supplemental Figure S3. Amino acid accumulation in pt/mtmcat and pt/
mtkr mutants.

Supplemental Table S1. Metabolic profiling data.

Supplemental Table S2. Nucleic acid sequences of DNA primers used in
this study.
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